ABSTRACT

Senthil N Velu. Charge Based Modeling in State Variable Based Simulator. (Under
the direction of Dr. Michael B. Steer.)

A new parameterized nonlinear device model formulation is described that en-
ables the same computer code to be used in any circuit analysis (ie. Harmonic Bal-
ance, Transient and D.C) routine with no charge conservation issues. The parametric
description provides great flexibility for the design of nonlinear device models. The
number of parameters or state variables required is the minimum number necessary
and can be chosen to achieve robust numerical characteristics. An example illustrates
charge conservation problems that can occur in the transient simulation of microwave
circuits if the models are not correctly formulated. Implementation of the BJT and
MESFET in fREEDA™ using both the Universal Modeling algorithm (Charge as state
variable) and the conventional algorithm (Voltage as state variable) is described. The
above concept allows the modeling of thermal effects to be included in the simula-
tions of electronic circuits, by viewing thermal sub-systems as sub-circuits. All these
developments are implemented in a circuit simulator program, called fREEDA™. This
program provides unprecedented flexibility for the addition of new device models or
circuit analysis algorithms. fREEDA™ was applied to the two tone harmonic balance
simulation of a MESFET amplifier. Distortion in MESFET models was studied and

the importance of the time delay parameter 7 is discussed with the aid of IM3 plots.
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Chapter 1

Introduction

1.1 Motivation

Traditionally device model formulation and circuit simulator technology are intri-
cately related with the consequence that for each circuit analysis a particular device
formulation is required. Thus, one formulation of a transistor model is required
for transient analysis and another for harmonic balance. This is required in part
because of the need for derivatives in the analysis iteration algorithm but also be-
cause of peculiarities related to the choice of state variables and local convergence
control. The major contribution of this thesis is to present a universal model technol-
ogy that enables the same model (i.e. computer code) to be used with any analysis
type; has global convergence properties; thus avoiding the need for local convergence
control; and enables physically realistic choice of state variables so that model de-
velopment can proceed smoothly without the need to use what can be construed as
artificial voltage-like or current-like quantities. The use of automatic differentiation
also avoids the need to perform derivative evaluations with the device model code
dramatically reducing the amount of code needed (typically a factor of 10 reduction
is achieved compared to the normal modeling procedure). Object-oriented design
practices further extend the functionality of device models [9, 3].

Parameterized models [22] can be used to allow the modeling of nonlinear devices

in different analysis types using the same implementation of the device’s equations
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Figure 1.1: Topologies that may present charge conservation problems in microwave
circuits.

(generic evaluation, [4]). In this way the number of nonlinear state variables is kept
reduced to the minimum number necessary, the models can be formulated to avoid
positive exponential dependencies, and the resulting code can be developed faster and
maintained more easily because the equations must be coded only once.

Modern transient circuit simulators use charge or flux as the state variables of
capacitors or inductors to avoid stability and accuracy problems in transient analysis
[5]. This type of problems have rarely been reported for microwave circuits. When
these state variables are not used, accuracy problems occur when there is a series
connection of capacitors and at least one of them is nonlinear [5]. For example, some
designs of distributed amplifiers, voltage-controlled oscillators and phase shifters [21]
present a series connection of a Schottky junction with a linear capacitor as shown in
Fig. 1.1.

It is shown that in the original parametric formulation it is not always possible
to write a charge-conserving model with the minimum number of state variables [4].
Further, the necessary modifications to the formulation to obtain a charge-conserving
model with the minimum number of state variables and flexible parameterization
is presented. The derivation of the Jacobian of the element in the time domain is
shown. The formulation is developed for a bipolar junction transistor (BJT) using the
Gummel-Poon model and a MESFET using both the Curtice-Ettenberg model and
Materka-Kacrapaz model [24]. The numerical error in transient analysis that results
due to a model not based on charge is illustrated with a microwave circuit example.

Joint computer simulation of circuits and thermal interactions in high performance



integrated circuits is of particular importance for the modeling of electronic packaging
since these are complex coupled systems where all these aspects interact in a dynamic
sense.

The implementation of thermal modeling in fREEDA™ and the simultaneous thermal-
electrical simulation of transistor amplifier circuits as an example are shown. One way
of incorporating thermal effects in a circuit simulator is to make the thermal model
look like an electrical circuit. The thermal and electrical circuits are then solved
simultaneously as if they were one large electrical circuit. Power dissipated in the
active devices is represented as a heat current source referenced to thermal ground.
One problem with this strategy is provision of separate circuits for the electrical and
thermal parts. This has been addressed by the concept of local reference nodes. The
use of local reference nodes guarantees that there is no mixing of electric and thermal

currents.

1.2 Thesis Overview

Chapter 2 describes the existing trends in device modeling and simulation incorpo-
rated by widely used circuit simulator (i.e. Spice2, Aplac,... etc.). Chapter 2 is
concluded with an introduction to fREEDA™, a circuit simualator developed at North
Carolina State University. A study of the various off-the-self libraries (i.e. ADOL-C
and NNES) used to implement a universal modeling algorithm.

Chapter 3 describes the universal modeling algorithm. Implementation of the algo-
rithm in a state-variable-based simulator (FREEDA™) is described with the assistance
of two transistors (BJT and MESFET). Chapter 3 concludes with an introduction to
the implementation of electro-thermal models in fREEDA™.

Chapter 4 presents results obtained by using the same model computer code for
different analysis types(i.e D.C, Transient and Harmonic Balance) are shown. The
results obtained by simulating an electro-thermal bipolar junction transistor model
are explained and the results are compared with the static temperature models used
in Spice. Results obtained for a two-tone analysis of microwave devices is described

with the aid of two tone measurements and simulations.



Chapter 5 summarizes the work presented in this thesis. It outlines requirements
for future research involving extension of the universal algorithm to model electro-
thermal elements and EM structures. Future plans of modeling Monolithic Microwave

Integrated Circuits (MMIC) and model validation is outlined.

1.3 Original Contributions

The implementation of the BJT in fREEDA™required calculation of second order
derivative of state variables. This was accomplished by changing the source code
of ADOL-C. The algorithm to calculate the second order derivative is shown in Sec-
tion 3.5. The original ADOL-C program was modified to facilitate the implementation
of the universal model formulation algorithm. The modifications involve evaluation
of state variable functions at various stages of the model formulation as shown in
Section 3.6.

Another original contribution was the implementation of the BJT (Gummel Poon)
device in fREEDA™using both the voltage based state variable routine and the charge
based universal formulation method, shown in Sections 3.5 and 3.6. The MESFET
devive (Cutice Ettenberg and Materka Kacprazak) models were implemented and
validated using the charge based algorithm. Two tone simulations using the MESFET
model were validated against measure data [29] as shown in Section 4.4. Another
contribution was the implementation of the electro-thermal BJT device in fREEDA™

shown in Section 4.5.



Chapter 2

Literature Review

2.1 Introduction

This chapter outlines the work related to universal modeling and charge conserva-
tion. This presents a base for the original contributions presented in this thesis.
Section 2.2 describes the efforts taken in the past to develop parameterized device
models for circuit simulators. Section 2.3 details the need for a universal modeling
algorithm and the drawbacks in some simulators. Section 2.4 describes circuit sim-
ulators written in an object-oriented circuit simulator. Section 2.5 gives an outline
of FREEDA™ and the external packages used in the simulator. Section 2.6 extends the
goal of universal modeling to include the simultaneous simulation of electrical and

thermal characteristics in a circuit simulator.

2.2 Parameterized Device Modeling

The current circuit simulation architecture was largely established in the late 1960’s
leading up to the development of ASTAP at IBM and the Spice program at the Uni-
versity of California Berkeley. A prime aspect of this architecture is the integrated
time-discretization of element characteristics along with a Newton iteration rendering
circuit modeling as the iterative solution of a resistive companion model of the circuit.

A key feature of this approach is the implementation of heuristically-based local con-



vergence control for elements with strongly nonlinear characteristics. This leads to a
generally robust circuit simulation strategy, but one based only on Newton’s method
and not amenable to incorporating advances in numerical analysis techniques. An ex-
ample of local convergence control is the way in which the exponential current-voltage
characteristic of a diode is handled. Within the diode model code, the voltage and
current updates are limited to relatively small changes. As mentioned, the require-
ments of local convergence control renders it not possible to use globally convergent
schemes. Furthermore the use of voltage and current controlled primitives imposes
severe restrictions on the types of devices that can be modeled. In fREEDA™, the
embodiment of a global simulation architecture, parameterized device models are
used as shown in Fig. 2.1 for a diode. By converting the strong exponential current-
voltage nonlinearity to two smoother functions of current and voltage as functions of
a state-variable z the nonlinear problem becomes much better behaved [3]. Thus the
unknowns in a simulation become the state-variables z and advanced off- the-shelf
numerical methods can be used as network equation formulation is done at the top
circuit level. Parameterization and the use of state variables increases the model
development flexibility for modeling electro-opto-mechanical systems where the state
variables can be chosen to achieve robust numerical characteristics. Furthermore
fREEDA™ uses an object-oriented design paradigm, which dramatically reduces the
amount of code required to implement a model.

The modeling of a mixed system is facilitated by using an error function concept
that applies to all physical systems. This is a combination of a sameness error con-
dition (for a circuit this becomes equivalent to requiring that at each terminal in the
circuit the voltage calculated for each element should be the same), and a sum-to-zero
condition (which, for a circuit, becomes the sum of currents entering a terminal is
zero). In an electrical circuit this increases robustness in simulating situations of near
zero current as occurs frequently in CMOS circuits. Thus we have a general unifying
concept of fluxes and potentials that leads to the universal error formulation: the sum
of fluxes at a terminal must be zero and all potentials calculated for a particular ter-
minal must be the same. This analogy is used to model the thermal and mechanical

systems where the potentials are temperature and position, respectively [18].
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In the future on-chip signal integrity analysis will require distributed electromag-
netic analysis to provide the rigor needed for multi-gigahertz signal integrity-driven
designs. This contrasts with the current quasi-static approach that leads to inde-
pendent inductance, capacitance and resistance extraction. For example, effects such
as current crowding and common-impedance coupling, which have been shown to be
of critical importance to the accurate prediction of interconnect-induced delay and
crosstalk, cannot be quantified properly without the simultaneous modeling of in-
ductive and capacitive coupling. Distributed electromagnetic modeling renders the
concept of a global reference node inadequate as it implies instantaneous redistribu-
tion of charge among spatially separated components. Instead the concept of local
reference node is used to properly accommodate distributed models. The local ref-
erence node concept facilitates the modeling of mixed systems where, for example,
the local reference node is absolute zero kelvin for a thermal system and the inertial
reference frames for mechanical systems.
fREEDA™ implements several types of analysis including a time marching analy-

sis (with several different integration methods available), a unique wavelet transient
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Figure 2.4: Equivalent Diode model in Spice.

analysis, and harmonic balance analysis. All of the analyses described use the same
element model code. This is made possible by using generic evaluation mechanism
combined with automatic differentiation technology. Consequently the element code
does not include code to calculate derivatives (or equivalently the development of

companion models) so model development time is dramatically simplified.

2.3 Universal Device Modeling

The nonlinear diode equation in SPICE is expressed by
qVa ) —
NKT

Fig. 2.4 illustrates an equivalent circuit representation of the linearized diode equa-

I, = I [exp( (2.1)

tion:

Id = Gd * Vd + qu. (22)

The circuit in Fig. 2.4 is the equivalent circuit SPICE [2] uses to represent diodes
in the system equations. This equivalent circuit is know as the linear diode model.
In SPICE, diodes are modeled by a conductance in parallel with a current source.
During a simulation, the conductance value G; will be stored in the conductance
array. In turn these values will be used to compute a new set of solution voltages.
At each solution point, the diode current and conductance values are computed and
stored within the system equations.

When discussing the linear diode model, the distinction between the linear model

and the small-signal diode model should be made. Although the linear diode model
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is similar to the small-signal diode model, the two are not the same. The linear model
of the diode contains two elements, the dynamic conductance (Gg4) of the diode and
the equivalent current (/). The small signal model also contains two elements,
the dynamic resistance (1/g4) and the small signal capacitance (¢;). The linear diode
model may or may not contain the small signal capacitance (¢;) depending on whether
a transient analysis is being performed and the small signal diode model does not
contain the equivalent current (/). Transistors are represented by extending the
linear diode model. Hence it is obvious that the same device model cannot be used
for both transient and small signal analysis.

In this thesis a new parameterized nonlinear device model formulation is presented.
The new formulation enables a unique description of the model in any circuit analysis
type and avoids charge conservation problems that may arise in transient analysis [4].
The parametric description provides great flexibility for the design of nonlinear de-
vice models. The number of parameters or state variables required is the minimum

necessary and they can be chosen to achieve robust numerical characteristics.

2.4 Object Oriented Circuit Simulators

APLAC [9] is a significant achievement in the development of object-oriented circuit
simulators with the object orientation implemented in the standard C language using
macros. The most important feature in APLAC is that every circuit element is
modelled internally using independent and voltage controlled current sources. Since
all models in APLAC are eventually mapped to current sources, the simple nodal
linear DC analysis, Gu = 7, is all that is required to realize nonlinear DC, AC,
transient and harmonic balance analysis. Here G, u and j denote conductance matrix,
nodal voltages and the independent source current, respectively. The cost of this
approach is reduced speed. In part this is because the C language is not optimal
for OO applications but also because high level of abstraction introduces overhead.
However the objective of providing great functionality to enable experimentation with
new element types and analysis techniques was achieved.

Another object-oriented circuit simulator Sframe adopts a common interface for



11

all the circuit elements. In this way, all the code related to one element is separated
from the rest of the program. The main program does not have dependencies on the
individual elements. The result is that the programming effort required to add new
elements and algorithms is greatly reduced. Sframe is written in C++ and allows
one element to be be composed of other basic elements. Sframe incorporates several
novel features including automatic differentiation. In this simulator C++ is used as

the circuit description language rather than a SPICE netlist.

2.5 Freeda

2.5.1 Introduction

The rapid rate of innovation of microwave and millimeter wave systems requires the
development of an easily extensible and modifiable computer aided engineering (CAE)
environment. While great strides have been made in the flexibility of commercial CAE
tools, these sometimes prove inadequate in modeling advanced systems. As with vir-
tually all aspects of electronic engineering the abstraction level of RF and microwave
theory and techniques has increased dramatically. In particular, large systems are
being designed with attention given to the interaction of components at many levels.
One of the most significant developments relevant to computer aided engineering is
the rise of object—oriented (OO) design practice [11, 12]. While it is normal to think of
OO-specific programming languages as being the main technology for implementing
OO design, good OO practice can be implemented in more conventional program-
ming languages such as C. However OO-specific languages foster code reuse and have
constructs that facilitate object manipulation. The OO abstraction is well suited
to modeling electronic systems, for example, circuit elements are already viewed as
discrete objects and at the same time as an integral part of a (circuit) continuum.
The OO view is a unifying concept that maps extremely well onto the way humans
perceive the world around them.

Non-OO circuit simulators always become complicated with many layers of spe-

cial cases. Referring to circuit elements again, traditional simulation implementa-
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tions have many if-then like statements and individually identify every element in
many places for special handling. An integral part of the various high performance
computing initiatives is the separation of the core components embodying numeri-
cal methods from the modeling and solver formulation process with the result that
numerical techniques developed by computer scientists and mathematicians can be
formulated using formal correctness procedures [26]. Thus, what is adopted, is that
the circuit abstraction is adapted so that highly reliable and efficient pre-developed
libraries can be used. C+-+ was once considered slow for scientific applications. Ad-
vances in compilers and programming techniques, however, have made this language
attractive and in some benchmarks C++ outperforms Fortran. Several OO numerical
libraries have been developed. Of great importance to the work described here is the
incorporation of the standard template library (STL). The STL is a C++ library of
container classes, algorithms, and iterators; it provides many of the basic algorithms
and data structures of computer science. The STL is a generic library, meaning that
its components are heavily parameterized: almost every component in the STL is
a template. The current ISO/ANSI C++ standard has not been fully implemented
and C++ compilers support a variable subset of the standard. The biggest areas of
noncompliance being the templates and the standard library. The goal in design was
to obtain speed in development, to use off the shelf advanced numerical techniques,
and to allow easy expansion and testing of new models and numerical methods. The
circuit simulator implementing these ideas is fREEDA™. fREEDA™ is the first circuit
simulator to use recent OO techniques. The design intent was to to combine the
advantages of previous OO circuit simulators with these new developments as well as

expanding capability. FREEDA™ uses C++ libraries written in C or Fortran.

2.5.2 Support Libraries

fREEDA™ makes intensive use of support libraries and these have been reviewed re-

cently: see [3].
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2.5.3 Automatic Differentiation

The Automatic Differentiation library will be reviewed here as the capabilities of this
library are critical to the universal device modeling presented in this thesis. Auto-
matic differentiation is a technology for evaluating the derivative of a function with
respect to a variable without explicit expressions for the derivative. Most nonlinear
computations require the evaluation of first and higher derivatives of vector functions
with m components in n real or complex variables. Often these functions are defined
by sequential evaluation procedures involving many intermediate variables. By elim-
inating the intermediate variables symbolically, it is theoretically always possible to
express the m dependent variables directly in terms of the n independent variables.
Typically, however, the attempt results in unwieldy algebraic formulae, if it can be
completed at all. Symbolic differentiation of the resulting formulae will usually exac-
erbate this problem of expression swell and often entails the repeated evaluation of
common expressions.

An obvious way to avoid such redundant calculations is to apply an optimizing
compiler to the source code that can be generated from the symbolic representation
of the derivatives in question. Given a code for a function F : " — R™, automatic
differentiation (AD) uses the chain rule successively to compute the derivative matrix.
AD has two basic modes, forward mode and reverse mode. The difference between
these two is the way the chain rule is used to propagate the derivatives [27].

A versatile implementation of the AD technique is Adol-C, a software package
written in C and C++. The numerical values of derivative vectors (required to fill a
Jacobian for solving non-linear elements using Newton’s method) are obtained free of
truncation errors at a small multiple of the run time required to evaluate the original
function with little additional memory required. It is important to note that AD is
not numerical differentiation and the same accuracy achieved by evaluating analyti-
cally developed derivatives is obtained. The eval() method of the nonlinear element
class (a fREEDA™ class) is executed at initialization time and so the operations to
calculate the currents and voltages of each element are recorded by Adol-C in a tape

which is actually an internal buffer. After that, each time that the values or the
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derivatives of the nonlinear elements are required, an Adol-C function is called and
the values are calculated using the tapes. This implementation is efficient because
the taping process is done only once (this almost doubles the speed of the calcula-
tion compared to the case where the functions are taped each time they are needed).
When the Jacobian is needed, the corresponding Adol-C function is called using the
same tape. In the case of Harmonic Balance simulations, the program has been tested
with large circuits with many tones, and the function or Jacobian evaluation times
are always very small compared with the time required to solve the matrix equation
(typically some form of Newton’s method) that uses the Jacobian. The conclusion is
that there is little detriment to the performance of the program introduced by using
automatic differentiation. However the advantage in terms of rapid model develop-
ment is significant. The majority of the development time in implementing models in
simulators, is in the manual development of the derivative equations. Unfortunately
the determination of derivatives using numerical differences is not sufficiently accu-
rate for any but the simplest circuits and in any event, is computationally intensive.
With Adol-C full ‘analytic’ accuracy is obtained and the implementation of nonlinear
device models is dramatically simplified. From experience the average time to de-
velop and implement a transistor model is an order of magnitude less than deriving
and coding the derivatives manually. Note that time differentiation, time delay and
transformations are left outside the automatic differentiation block. The calculation
speed achieved is approximately ten times faster than the speed achieved by including

time differentiation, time delay and transformations inside the block.

2.6 Electro-Thermal Modeling

The performance and characteristics of semiconductor components in electronic pack-
ages can be considerably affected by temperature variations, and for this reason accu-
rate circuit simulation requires that the dynamic temperature effects induced by the
heat dissipated in the circuit be taken into account [18]. Modeling electro-thermal
interactions in integrated circuits has been addressed in a variety of ways. Existing

methods can be broadly classified into two groups: “relaxation” methods, which sim-
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ulate the thermal and electrical problems separately and periodically exchange tem-
perature and power information until thermal and electrical convergence is reached.
The second method, direct or fully coupled methods, where a single circuit simulta-
neously handles both electrical and thermal states. In the later, the thermal model
is integrated into the circuit simulator, thus the presentation of the thermal environ-
ments is rather simple. Direct coupled methods have better convergence properties
than relaxation methods.

The electro-thermal problem has been a major concern in analog circuit design
because the bipolar circuits consume a large amount of power and have potential
thermal runaway problem. An overview of the generic electrothermal analysis flow is
presented.

Electrothermal simulation consists of electrical and thermal simulations. The
purpose of electrical simulation is to obtain the information on power dissipation and
the performance of devices or circuits. On the other hand, the thermal simulation
is used to find the temperature profile and to update all the temperature-dependent
physical parameters of the device or circuit model.

A coupled set of nonlinear electrothermal equations is first generated. The equa-
tions are represented by a matrix form and then linearized and solved using the

Newton-Raphson method. The linearized circuit matrix contains three parts.
1. Elements corresponding to the electrical circuit (Yy ).
2. Elements corresponding to the thermal circuit (Yy,).
3. Elements corresponding to the coupling between the two circuits.

Once the matrix is solved and the dc solution is found at time t the transient solution
of the temperature and the node voltages can be found using the preferred integration

formula. The above procedure are similar to those of SPICE.
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Chapter 3

Universal Modeling

3.1 Introduction

This chapter describes in detail the Universal Modeling algorithm implemented in fREEDA™.
Section 3.2 is an introduction to nonlinear device models. Several issues which com-
plicate the task of modeling a nonlinear device are explained.

Section 3.3 describes the use of parameterized device models [22]. The nonlinear diode
model (Fig. 3.2) example is used to emphasize the need for device parameterization

in circuit simulators.

Section 3.4 describes the universal device model implemented in fREEDA™. The uni-

versal device model formulation was designed to solve two issues,

1. Nonlinear device charge conservation.

2. Analysis independent device model.

The Gummel-Poon BJT was initially implemented in fREEDA™ using the conven-
tional voltage based state variable algorithm. The equations and the implementation
of the BJT in fREEDA™ | using the voltage state variable routine, are described in Sec-

tion 3.4.1 and Section 3.5 respectively. The observations made during the modeling
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procedure were,

1. The model did not conserve charge.

2. Implementation of the BJT device equations in fREEDA™ were time consuming.

The algorithm adopted to obtain the final terminal currents and voltages, involved
calculation of second order derivatives of the state variables, (i.e. voltage). This is
was time consuming and computationally expensive.

The universal algorithm was hence designed to solve the charge non—conservation
problem observed in the BJT and reduce the time taken to implement non-linear
devices in fREEDA™. The universal algorithm makes use of the automatic differentia-
tion feature present in ADOL-C. Section 3.6 describes the universal model formulation
with the assistance of the BJT non-linear device model. Charge is chosen as the state
variable in this algorithm as opposed to voltage. The final terminal current is ob-
tained as a time derivative of the state variable, (i.e. charge). It was observed that
the maximum order of the state variable derivative can never exceed 1 using the uni-
versal model formulation. This reduces the time required to implement non—linear
device models in fREEDA™.

Section 3.7 describes the steps involved in implementing the Curtise-Ettenberg MES-
FET in fREEDA™.

The need for a universal model was discussed in Chapter 2.3. By using the universal
formulation algorithm proposed in this chapter, we were able to use the same device
model code for different analysis routines. This mechanism is termed as generic
evaluation. Both time domain and frequency domain simulations were used to validate
the universal BJT and MESFET models. The results obtained using different analysis
routines and the same device model code are shown in Chapter 4.

Section 3.9 extends the concept of generic evaluation to include electro-thermal sim-
ulations. The algorithm used to implement electro-thermal models in fREEDA™ is
described. The simulation results obtained for a electro-thermal BJT are shown in

Section 4.5.
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3.2 Nonlinear Device Models and Circuits

Techniques for the analysis of linear systems are powerful and relatively simple at
the same time. In circuits the inputs are provided by independent sources while the
outputs can be voltages or currents anywhere in the circuit. A circuit is said to be

linear if and only if it satisfies the principle of superposition, that is
Flay(t) + B2(t)] = [z1(8)] + [2(8)]- (3.1)

where a and 3 are real numbers; otherwise, the circuit is said to be nonlinear. Any
two signals applied to a linear circuit are processed independently (i.e. different
frequencies applied to the circuit do not interact). The only frequencies present in a
linear circuit are those of the independent sources. Linear circuits must be necessarily
made of linear circuit elements, that is, elements that are defined by the equations
that satisfy the principle of superposition. For example, there is a linear relationship
between voltage and current in a linear resistor. Conversely, equations of definition
of nonlinear circuit elements do not satisfy (3.1).

A resistor defined by the voltage-current characteristic
i = a1v + axv® + azv®. (3.2)

is clearly nonlinear. Suppose a voltage Vi coswit+ V5 coswst is applied to the resistor.
Then

i = a1(Vhcoswit + Vacoswat) + as(Vy coswnt (3.3)
+V; coswat)? + as(Vi coswit (3.4)
+ V3 cos wyt ). (3.5)

It is obvious that several new frequencies will be generated for the resistor, by expand-
ing terms ay (V) coswit+Va coswat)? and as(V) coswit+ Vs coswset)? in (3.5). A closer
examination reveals that the term v™ generates frequencies having the form pw;+qwo,
where p and ¢ are integers such that |p| + |¢| < n. For analog systems the generation
of new frequencies is the most relevant effect of nonlinearities and is what differen-

tiates linear and nonlinear circuits for practical purposes. The total current at the
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Figure 3.1: Example: partition representation of the time-invariant harmonic balance
method.

frequency w; in (3.2) is given by

3 V3
a1V1 + *agfl

50 T V1 Vi cos wit. (3.6)

The amplitude of this current is a nonlinear function of both V4 and V5. Hence, even
the relationship between quantities at the same frequency is nonlinear in a nonlinear
device. The situation becomes more complex when the resistor defined by (3.2) is

connected in a circuit.

3.3 Parameterized Device Models

This section presents a way to formulate the equations of the nonlinear device inside a
circuit. This concept was originally applied to the piecewise harmonic balance circuit
analysis proposed by Nakhla and Vlach [23]. This approach is based on partitioning
the linear and nonlinear portions of the circuit as shown in Fig. 3.1.

The nonlinear device model can be described with the following set of equa-

tions [22]:

v(t) = v (x(t),dx/dt,...,d"x/dt" xp(t)) (3.7)
i(t) = i(x(t),dx/dt,...,d"x/dt™ ,xp(t)). (3.8)
where v(t) and i(t) are vectors of voltages and currents at the ports of the nonlinear

device, x(t) is a vector of parameters or state variables and xp(t) a vector of time-

delayed state variables, i.e., [xp(t)]; = z;(t—7;). All vectors in (3.7) and (3.8) have the
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Figure 3.2: Example: schematic of the simplified Diode Model.

same size equal to the number of ports of the nonlinear device being modeled. This
kind of representation is convenient from the physical viewpoint, as it is equivalent
to a set of implicit integro-differential equations in the port currents and voltages.
This results in complete generality in device modeling. For example, it is no longer
necessary to express nonlinear elements as voltage controlled current sources.
Consider the simplified microwave diode model of Fig. 3.2. The corresponding

equations are the following:

i1(v) = Is(exp(aw) —1).
Ciu(l —v/p)~7 4+ Cygo exp(a’v)

cj(v) = if v <.8¢ ,
Cio(.2)77 + Cyoexp(a’v) if v > 8¢

where v is the junction voltage. The capacitor charge ¢; can be evaluated as

q;(v) = /Ov cj(u)du.

Accurate transient analysis modeling requires ¢; to be chosen as the state variable.
We need v to calculate i1 (v). Since it is not possible to analytically solve for v(q), the
only alternative is to model the diode with two state variables, namely ¢ and v or z
(x for the diode model is defined in [22]). The addition of extra state variables is not
desirable because it increases the dimension of the nonlinear system of equations in

the circuit analysis algorithm [26].
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Note also that even if we could analytically solve for ¢(v), the advantageous para-
metric formulation demonstrated in [22] is no longer possible.
We propose to formulate the diode equations in different stages. First, the voltage
(v) and the current (i;) through the ideal diode in Fig. 3.2 are calculated from a
parameter x. The capacitor charge g(v) can also be calculated at this stage. Then
the current through the capacitor 7. is evaluated at a second stage with
P

Cat

The actual code that performs the derivation is outside the nonlinear device model,
and so the model itself is independent of the type of circuit analysis. This proce-
dure provides for good numerical properties of parameterization, charge conservation
in transient analysis and immunity to discontinuities in the first derivative of the
capacitances. The general formulation is described in the next section.

To obtain better numerical properties [22], this model can be parameterized as

follows

T ifx <V
Vo= (3.9)
Vi+1l/aln(l+a(z—V)) ifz>V
I(exp(ax) — 1) ifx <\
o= Isexp(aVh) (1 + a(x — Vi) — I (3.10)
itz >V

where V] is a threshold value [3]. The junction capacitance, C; can then be calculated
from the value of v in (3.9).
The total diode current is equal to the sum of 4; in (3.10) and the current through

the capacitance:
dv dx

dr dt

As noted before, this formulation results in charge conservation problems when the

id = il + Cj(v) (311)

model is used for transient analysis. Also, if the first derivative of C;(v) is not a
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continuous function, (3.11) is likely to produce non-convergence even in a Harmonic

Balance analysis.

3.4 Universal Model Formulation

fREEDA™ offers a refined way to implement nonlinear elements [4], provided the ele-
ment equations can be represented in a parametric form.

The nonlinear device models are described by the following set of equations:

f
stage 1 { 1% %p) (3.12)
g1(x,Xp)
f5(f1, dgy /dt)
stage 2 2(fr, dg /i) (3.13)
go fl,dgl/dt)
n— ’fL Jd n— dt
stagen —1 { 1(f—s, dgn—a/dt) (3.14)
gn— 1 n 27dgn Q/dt)
£, 1,dg, 1/dt
stage n : 1, dgn-1/dY) (3.15)
n 1, dgn 1/dt)

Here x and xp are the state variable vectors defined in (3.7) and (3.8). The vec-
tor functions f; and g; are evaluated in order of increasing j. The dimension of these
vector functions depends on the type of model being implemented. The vectors of
voltages and currents, v and i respectively, are evaluated at the end.

This set of equations retain the generality of (3.7) and (3.8). Elements that
originally required only first order derivatives of the state variables now require two
function stages. If higher order derivatives were necessary in the formulations (3.7)
and (3.8), this would translate in up to several function stages in (3.12)—(3.15).

The new parametric model formulation shares the advantages of the original one
and solves the charge conservation problem in transient analysis. It is also compatible

with the generic evaluation technique described in Ref. [26]. This means the nonlinear
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device models can be described by a unique set of routines used for different circuit
analysis types, such as HB or transient analysis. The automatic differentiation tech-
nique [27] can be applied to calculate the Jacobian of the nonlinear model because
the time differentiation operation is performed outside the model description. The
division of the calculation in different stages in (3.12)—(3.15) also simplifies the im-
plementation of complex device models because it is no longer necessary to express
the external currents and voltages from the original state variables and derivatives.
Instead, intermediate variables can be calculated and time derivation is applied to
some of them.
The derivation of the equations and the corresponding Jacobian for different analysis
types other than transient starting from the set of (3.12)—(3.15) will be shown in
Section 3.8.5.

To illustrate how this set of equations is used with different circuit analysis types,
we will show the derivation of the Jacobian of the nonlinear model in time domain

and the formulation of the model equations in harmonic balance.

3.4.1 Example: Bipolar Junction Transistor

The Gummel-Poon charge conserving Bipolar Junction Transistor model was imple-
mented in fFREEDA™. In the following pages a detailed model development procedure is
described for both the conventional voltage based algorithm and the universal charge
based algorithm. The Gummel-Poon model was implemented using 50 model param-
eters. A list of the parameters and their default values are shown in Appendix A. The
equivalent circuit of the Gummel-Poon transistor implemented in fREEDA™ is shown
in Fig. 3.3.

In the NPN and PNP models with substrate effects included, terminal Ny is
connected to node C. The NPN and PNP BJT models are identical but with positive
sense of currents and voltages opposite so that the model parameters are always
positive. The bipolar junction transistor model in Spice is based on the charge control
model of Gummel and Poon. Extensions in the SPICE implementation deal with

effects at high bias levels. The model reduces to the simpler Ebers-Moll model with
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Figure 3.3: Bipolar junction transistor model

the omission of appropriate model parameters.
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The equations used to implement the Gummel and Poon model in fREEDA™ are

described in the following section.

3.4.2 Bipolar transistor Equations

The D-C Equations are
The base-emitter current through the diode,

I
Ipp = =il + g
Br

The base-collector current through the diode,

I
Ipc = 22 4 1o
Br
The collector-emitter current,
Top — Ipr — Ipr
p=2f “BR
Kop

where the forward diffusion current,

Ipp = Ig (6VBE/(NFVTH) _ 1)

(3.16)

(3.17)

(3.18)

(3.19)
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The non-ideal base-emitter current,

Ip = Isp (e"7e/NeVrm) — 1) (3.20)
The reverse diffusion current,

Ipp = Ig (Vpe/NaVrm) _ 1) (3.21)
The non-ideal base-collector current,

Io = Ise (eVBC/ (NeVrm) _ 1) (3.22)

and the base charge factor,

1 v Vel ! I I
[KF IKR

The base-emitter capacitance
Cpg = Area (CBET + CBEJ>- (324)

where the base-emitter transit time or diffusion capacitance

0lpp
C = 3.25
BE, TFEFF WVig ( )
The effective base transit time
Trprr = Tp |14 Xpp (32° — 207 e(Voo/14VrR)] (3.26)
Where z is calculated as
r = IBF/<IBF —+ AreaITp). (327)
The base-emitter junction (depletion) capacitance
Vg ~MiEe
CJE (1 Vi ) VBE < FCVJE
CBEJ = (328)

Cip(l— Fo)'"™ie(1 — Fo(1+ Myg) + Mg %) Vee > FcoVig



26

The base-collector capacitance
Cpc = Area (CBCT + XCJCCBCJ). (329)

where the base-collector transit time or diffusion capacitance

Cge. = : 3.30
BC; = TR Ve ( )
The base-collector junction (depletion)capacitance
-M
Cie (1— % 7 Ve < FeVie
Cgey = (3.31)

Cio(1 = Fo)*™™Micl — Fo(14+ Mye) + Myc %) Vee > FcVie

The capacitance between the extrinsic base and the intrinsic collector

-M
Area (1 — XC’JC)CCJC(l — % JC) VBX < FCVJC
Cpx = (3.32
(1= Xeuo)Cro(l — Fg)~0FMe) )
X (1 _FC(1+MJC)+MJC%) VBX > FCVJC

The substrate junction capacitance

Area Cys(1 — Y,%}JSS)_MJS Vers <0
Crs = (3.33)
Area CJS(l + Mjs%) VCJS >0

In Section 3.5 the algorithm to model the above equations using voltage as a state

variable is described.

3.5 Bipolar Transistor: Voltage Based State Vari-
able

The conventional voltage based modeling algorithm used to implement the Bipolar

Transistor makes use of the ADOL-C class [27]. To implement the transistor the state
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variables are

1. Voltage,(Vpe), across the base-collector capacitor, Cpc.
2. Voltage,(Vpg), across the base-emitter capacitor, Cgg.

3. Voltage,(Veys), across the substrate capacitor, Cjg.

To find the voltage and current components at the terminals in Fig. 3.3 we need
to solve the Kirchoft’s current and voltage laws at every node of the equivalent circuit

and around every loop. The state variables are assigned as follows

1. LL’[O] : VBC’
2. LL’[l] . VBE
3. x[2] . VCJS

where z[ | is the vector of state variables.
The DC equations are converted to replace the respective voltage components

with their equivalent state variables (i.e.)
Inp = Ig (@w[l]/(NFVTH) _ 1)

The non-ideal base-emitter current,

Iip = Isp (ex[l}/(NEVTH) _ 1)

The reverse diffusion current,

Inp = I (ex[ol/(NRVTH) _ 1)

The non-ideal base-collector current,
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Io = Ise (ew[O]/(NcVTH) _ 1)

and the base charge factor,

KQB:% 1—ﬂ— 1]} (1+\/1+4 IBF+IBR)>

Var Var Ixr Ixkr

The terminal voltages at the base, collector and emitter are computed by solving a set

of Kirchoff’s voltage equations. Applying Kirchoft’s voltage law in loop 1 we obtain
Vex + IpRp = Vpe. (3.34)

The base current in (3.34)
Ip =Ipc+ Ipe + oy + Icg, + 1oy (3.35)

The current through the capacitors are calculated as

ov
I=C—. 3.36
5 (3.36)
and the current through the base-collector capacitance Cg¢ is calculated as
aV,
Iy = Cae afc’ (3.37)

The time derivative of Ve in (3.37) is calculated by ADOL-C. Using the same method
the current through capacitor C'gg is calculated.

Io,, =C 3.38
s = O (3.39)

The current components through the base-emitter and base-collector capacitance in-
volve calculation of the first time derivative of their respective voltages. The final

current component in equation (3.35) is calculated as
V
ICBX = CBX aB_;( . (339)

In (3.39) Vgx = Vpc + PotentialdropacrossRg. The potential drop across Rp is
calculated from:

Rp x Current through Rp(3.40)
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The total current through Rp,

Vi
Rp = Ipc+ Ipp + OBCaitC. (3.41)
Hence the voltage drop across Vpy is,
aV,
Vex = Ve + Rp (CBC afc X 8V338t> . (342)
From (3.39)
Iogy = Cbx (3‘/305’15 + Rp (CBC 52 < o : (3.43)

In (3.43) the second derivative of Vg and Vpe are calculated to solve Igpy. The
Bipolar Transistor is the only device in fREEDA™ to make use of the second time
derivative of the state variables. The substrate current has a DC and capacitive
current component. The DC component is

I;5 = Area Igs (exp(]\m) - 1) : (3.44)

The capacitve current component is

Ic,s = Cys X a‘gctjs (3.45)

The final terminal voltages and currents are calculated by using Kirchoft’s law.

Collector Current
Ic =Icg — (IBC’ + ICBC) —Ipx — (IJS + chs) (346)

Base Current

I =Ipx + (Ipc+ loy.) + (Upe + Iog,) (3.47)
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Emitter Current

I = _(ICE+(IBE+]CBE) — (IJ5+]CJS)) (348)

Collector Substrate Voltage

Vo,s = Vess + Re < Ie (3.49)
Base Substrate Voltage
Vi,s =Veys+ Ve + I X Rp (3.50)
Emitter Substrate Voltage
Vi,s = Ve — Ve + Veus +1p X Rg (3.51)

3.6 Bipolar Transistor: Universal Model Formula-
tion

To illustrate the universal model formulation consider the simplified NPN-type BJT
model of Fig. 3.3. The voltages across the base—collector capacitor Vge , the base—
emitter capacitor Vg and the substrate capacitor V¢, are chosen as state variables
(a similar parameterization as explained in Ref. [22] can also be done). Note that
we only need three state variables. If the charge at the capacitors where chosen, this
number would be four and would thus increase the dimension of the nonlinear system
of equations in the simulation algorithm [26]. With the proposed approach we need
three functional stages to model the transistor. Each stage has two input and two

output parameters. In stage 1 the dc current components I,. and I, are computed

as
Ibf
L, = — +1Ile
' Br
Ib
Le = —> +1ie,

Br
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where Ibf and Ile are the components of the currents through the base-emitter
diode and Ibr and Ilc are components of the currents through the base-collector
diode (3.19), (3.20), (3.21), (3.22). The first output vector from stage 1 stores the
charge across the base collector and base emitter capacitors which can be evaluated

as

qbc(U> = /0 Che (ch> d’ch
Abe (U> = /0 Che (Ube)dvbe
Qcjs (U> /0 Cejs (be)dvcjs-

The second output vector stores the diode current components and junction volt-

ages. In the second stage the derivatives of the charges across the capacitors are

determined.

dec

Icpe =

Cb dt
dee

Icve =

Cb dt
d cjs

Hence the capacitive current contribution is obtained. The above result is used to
calculate the charge across the distributed base collector capacitor Ch,.

Inputs to stage 3 contain the corresponding current through C%, and the junction
voltages. In stage 3 the final external voltages and currents are calculated using the
intermediate variables generated at the previous stages. Only the first time derivative

of the state variable is used at any stage in the universal modeling algorithm. By
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Figure 3.4: Mesfet Curtice Ettenberg Model.

using the three stage algorithm for the Bipolar Transistor we can avoid the second
time derivative of state variables. The use of intermediate data in the universal model
reduces both the memory used to store the state variables and the overall simulation
time. To our knowledge this is the only microwave circuit simulation algorithm which

can handle different analysis routines using a single device model.

3.7 Mesfet Model : Curtice-Ettenberg

The Curtice Ettenberg MESFET model shown in Fig. 3.4 was implemented in fREEDA™ us-
ing the parameters listed in Appendix B.

The equations used to model the MESFET (Curtice Ettenberg Model) are:

Drain Source Channel Current

(A0 + A1Vy + A2V2 + A3VE) tanh (GAM A Vpsr), Vasr > VTO0
Ips = (3.52)
0, otherwise
In Fig. 3.4 the gate—source diode current
VGSI —(VGSI + VBD)
Igs =1 —1)-1B )
w5 =19 (exp(NvT) ) Oexp(—— ) (3.53)
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The gate-drain diode current

—(Vgpr + VBD)
Iop = 1, — I B0ex 3.54
GD GDC P( NRV ) ( )
where
Vet
I =1 —1 .
cpe = IS <exp( ) ) (3.55)

The channel resistance

(3.56)

R — R10<1 — KRVGSI KRVGS[ < 1.0
' 0 KRVasr > 1.0

The gate-source capacitance in Fig. 3.4

% -MGS
. CGSO (1 - Yest) Vst <FCC g
GS — .
CGSO(1 — FCC)™MES (14 MGSYgstrhCCVBT) Vg, > FCC
The gate-drain capacitance
v —MGD
. CGDO (1 - Yepr) Vopr < FOC. (o
GD — .
CGDO(1 — FCC)™MCP (1 4+ MGDY4pi KCeUB) Vp, > FCC

Implementation of the MESFET model in fREEDA™ is similar to that used for the
Bipolar Junction Transistor. Step I is to initialize the state variables. For the MES-

FET model in Fig. 3.4 two state variables are chosen.

1. z[0] Gate Source Voltage : Vgs
2. z[1] Gate Drain Voltage : Vip

To model the MESFET we need the first time derivative of the state variables. A
list of the state variables and their equivalent representation in fREEDA™ is shown in

Table 3.1.
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Table 3.1: MESFET state variables

Mesfet
State Variable | fREEDA™ Representation
VGS [L’[O}
Vep (1]
8VGS/8t x[2}
8VGD/8L‘ I[?)}
VGS (t - T) X[Zﬂ

Table 3.2: MESFET model output variables
Mesfet
Output Variable | fREEDA™ Representation
Gate Source Voltage | vp|0]
Drain Source Voltage | vp|[1]
Gate Current ipl0]
Drain Current ip[1]

x[4] is a time delayed state variable generated by ADOL-C [27]. In (3.7) the drain
source channel current is proportional to Vgg(t — 7). We substitute the value of z[4]
in place of Vgs(t — 7). To our knowledge fREEDA™ is the only microwave circuit
simulator to physically model the time delayed gate source voltage. Several attempts
have been made in the past to model the time delay in Mesfets [28]. All the efforts have
concentrated on addition of a active circuit to reciprocate time delay. In fREEDA™ we
have the luxury of using ADOL-C to generate a time delay. This method has been
found to generate results that agree with measured data.

final terminal voltages and currents are computed in the same manner as the bipolar

transistor. The final voltages and currents are shown in Table 3.2
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Figure 3.5: Network with nonlinear elements

3.8 Universal Nonlinear Error Function Formula-
tion

The formulation of the system equations begins with the partitioned network of
Fig. 3.5 with the nonlinear elements replaced by variable voltage or current sources.
For each nonlinear element one terminal is taken as the reference and the element is
replaced by a set of sources connected to the reference terminal. Both voltage and
current sources are valid replacements for the nonlinear elements, but current sources

are more convenient because they yield a smaller modified nodal admittance matrix.(
MNAM) [17].

3.8.1 Linear Network

The MNAM of the linear subcircuit is formulated as follows. Define two matrices G
and C of equal size n,,, where n,, is equal to the number of non-reference terminals ¢
the circuit plus the number of additional required variables. Define a vector s of size
Ny, for the right hand side of the system. The contributions of the fixed sources and
the non-linear elements (which depend on the time #) will be entered in this vector.

All conductors and frequency-independent MNAM stamps arising in the formulation
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will be entered in G, whereas capacitor and inductor values and other values that are
associated with the dynamic elements will be stored in matrix C. The linear system

obtained is the following,

Gu(t)+C = s(t). (3.59)

dt

where u is the vector of the terminal voltages and required currents.The vector is
composed of an independent component s; and a component s, that depends on the

state variables as in the HB case [6]:
s(t) = sp(t) + su(2). (3.60)

The sy vector is due to the independent sources in the circuit. The s, vector is the

contribution of the currents injected into the linear circuit by the nonlinear network.

3.8.2 Nonlinear Network

The equations that describe the behavior of the nonlinear elements in the circuit are
shown in Section 3.4. The error function of an arbitrary circuit is developed using
connectivity information. The incidence matrix T is built as follows. The number
of columns is n,,, and the number of rows is equal to the number of state variables,
ns. In each row, enter 4+1 in the column corresponding to the positive terminal of
the row nonlinear element port and —1 in the column corresponding to the negative
terminal. Then, each row of T has at most 2 nonzero elements and the number of

nonzero elements is as most 2ny. The following equations are true for all ¢:
vp(t) = Tu(t)s, = T inL(t). (3.61)

where V7, is the vector of the prot voltages of the nonlinear elements calculated from

the nodal voltages of the linear network.

3.8.3 Error Function Formulation

A general equation for the linear network is obtained from (3.59), (3.60), (3.61).

Gu(t) + Caut(t) == Sf(t) + TT’iNL(t). (362)
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The reduced error function f(t) is defined as

f(t) =wvp(t) —onp(t) = 0. (3.63)
Replacing vy (t) from (3.63),

f(t) =Tu(t) —vni(t) = 0. (3.64)

(3.59), (3.61) and (3.63) conform the generalized state variable reduction formula~

tion. The error function in (3.62) only depends on the state variables and time,

fle@, 4, T2

The dimension of the error function and the number of unknowns are equal to ng,
and this number is the minimum necessary to solve the equations of a circuit without
any loss of information. This information is very general and can be applied to
derive several types of analysis. The method to approximate z(t) and u(t) and their

derivatives will determine the type of analysis.

3.8.4 Time Domain Jacobian

In the time domain, the time derivatives are approximated by a function h(z;) that
depends on the current and previous history of the variable to be derived. Similarly

the elements of the time-delayed state variable vector xp is calculated by a function

dl’i
dt h@:)
it —7) ~ k()

The Jacobians for f; and g; are then

Jfl = Jfl,x + Jfl,JUD dk(X)
Jo = Jgz+Jdgap dk(x),
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where dk(x) is a diagonal matrix where each diagonal element is calculated as dk(z;)/dx;.
- -
dxq

dh

dh(x) = do2 ,

dh
L dxm J

The diagonal matrix dh(x) is similarly defined. The Jacobian matrices of the form
J, . are obtained directly from the automatic differentiation routines, 7.e. they do
not need to be coded explicitly.

The Jacobians for f,, and g, are calculated by

an = an,fnfl']fnfl + an»gnfl dh(gn*I)Janl
Jgn = Jgn,fn—l']fn—l + Jgnygn—l dh<gn*1>"]’gn—1

The final Jacobian matrices J, and J; are obtained in a similar way. It is important
to remark that this calculation of the Jacobian is the same for any element and thus

it can be implemented outside the actual element routine.

3.8.5 Harmonic Balance Equations

Lets represent the Discrete Fourier Transformation (DFT) with a pre-multiplication
by a matrix I'. Similarly, time delay in the frequency domain is represented by a

matrix A and time derivation by a matrix . We define I as

f - Imxm ® Fv
where 1, is an identity matrix of dimension m. A similar definition is used for
A and Q. The vector function f; is defined as f; evaluated at all the sample points
necessary for the DFT. The elements of f; are arranged to be coherent with the
definition of T.

The harmonic balance equations are then written as:

{ fi (I 'x, I 1AX)
stage 1

o (3.66)
g1 (I 'x, I 'Ax)
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£, (5, F-0f'g
stage 2 : { 2(_1 2 (3.67)

stage n — 1 { f _ (3.68)
(3.69)

As in the transient analysis case, the Jacobian for the above equations can be derived
as a function of the primitive Jacobians of the original functions in time domain that
can be obtained through automatic differentiation.

Note that this approach allows a separation between the time derivation of vari-
ables from the rest of the operations. This separation makes the description of the
model equations independent of the type of discretization method used in the circuit
analysis. It also enables the efficient use of automatic differentiation because the same

set primitive Jacobians are use to derive the specific analysis Jacobian.

3.9 Electro-Thermal Modeling

This section describes a computer environment that supports the simultaneous simu-
lation of thermal and circuit interactions in microwave circuits. The method is based
on coupling electrical and thermal environments using a lumped-parameter model
of heat dissipation dynamics. Through this technique, simultaneous simulation of
electrical and thermal interactions have been achieved [18].

One way of incorporating thermal effects in a circuit simulator is to make the
thermal model look like an electrical circuit. The thermal and electrical problems
are then solved simultaneously as if they were one large electrical problem. This
strategy is based on transforming the thermal problem into an equivalent electrical
problem. This concept can be adapted to represent electro-thermal interactions by
using thermal terminals, including a local reference node for thermal ground. This is

depicted in Fig. 3.6 where a nonlinear electro-thermal device including both electrical
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Figure 3.6: Nonlinear electro-thermal device

and thermal terminals is shown. Power dissipated in the active device is represented
as heat current source referenced to thermal ground.

The state variable at the thermal terminals is device temperature and the associ-
ated error function is derived from hear current. The network representation allows
efficient simulation of electro-thermal interactions in steady-state. The temperature is
calculated simultaneously with the electrical quantities since it becomes an additional
element of the system state vector. The procedure begins by identifying thermal ter-
minals that interface heat dissipating electrical components with the model of the
thermal load. In circuits where the thermal behavior is linear the thermal load can

be represented by a thermal admittance matrix, Yy, so that

i

where Yy corresponds to the electrical modified nodal admittance matrix, X is the

Y O
0 Yrm

X
T

vector of electrical state variables, T' the vector of unknown temperature, and i,h are

the corresponding electrical and thermal current vectors. Thus the thermal behavior
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of the system is represented by a thermal admittance matrix.

The method described above was used to model a BJT electro-thermal device in
fREEDA™. The results obtained by simulating the electro-thermal BJT are shown in
Section 4.5.
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Chapter 4

Results

4.1 Introduction

Chapter 4 describes the various test netlists used to validate the universal modeling
claim. The results shown in this chapter were obtained from fREEDA™. Section 4.2
shows an example of non-conservation of charge in a varactor diode simulation. A
comparison is made between the convergence values obtained by using the universal
model formulation technique and the voltage based simulation method. Section 4.3
describes the amplifier netlists used to validate the universal parameterized device
model. The results obtained for the BJT and MESFET amplifier circuits made use
of the same device model code for different analysis routines. Section 4.4 describes
the set up of the amplifier circuit used for the two tone harmonic balance analysis.
The results obtained in fREEDA™ were identical to those obtained from measure-
ments. The effect of modeling time delay in estimating intermodulation is discussed.
Section 4.5 shows the results obtained for electro-thermal simulation of transistor
circuits. The outputs of temperature against time and power dissipation are used to

distinguish fREEDA™ from other circuit simulators.
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Figure 4.1: Varactor Circuit

4.2 Varactor Non—Conservation Of Charge

We present an illustration of the dramatic loss of accuracy that can result from non
conservation of charge taking the circuit of Fig. 4.1 as an example. The simulations
were performed in fREEDA™.

Fig. 4.2 compares two identical transient simulation results using the diode model
with a capacitor-based model and with a charge-based model. Table 4.1 shows that

reducing the time step tends to reduce the error due to nonconservation of charge.

Table 4.1: Comparison of the numerical error due to non—conservation of charge as a
function of the time step.

Time Step (ps) | Numerical Error (V)
20 917
10 533
5 295
2.5 161

This type of accumulation of numerical error is not present in other analysis types.
For example the harmonic balance simulation produces exactly the same result with

either diode model.
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Figure 4.2: Comparison of the simulation using the capacitor and charge based

models.

4.3 Universal Modeling

4.3.1 Bipolar Junction Transistor

The circuits used to validate the Universal Modeling algorithm are MCNC bench-

marks. The Wide Band Amplifier simulation for performed to test the validity of the

BJT model implemented in fREEDA™.

and

The circuit was simulated in fREEDA™

Spice. The output waveforms and voltage amplitudes were found to match, hence

The netlist for the

validating the Gummel-Poon model implemented in fREEDA™.

Wide Band Amplifier circuit is provided in Appendix B.

The amplifier circuit consists of 14 Gummel-Poon Bipolar Transistors. The amplifier

The output waveforms obtained in

circuit was simulated for a period of 250 us.

fREEDA™ Fig. 4.6 and Spice Fig. 4.5 are in excellent agreement.

In Section 3.4 the idea of universal modeling was described in detail using the

example of a Gummel-Poon bipolar transistor. The theory was to model a device in a
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Figure 4.5: Wideband amplifier output in Spice.

circuit simulator independent of analysis routines (i.e. Transient, Harmonic Balance).
The theory was validated by simulating a common-emitter bipolar transistor amplifier
circuit shown in Fig. 4.7. Both transient and harmonic balance routines used to
simulate the amplifier circuit make use of the same transistor device code. This was
made possible due to the universal model proposed in this thesis.

The final result shows the I-V characteristics of the BJT. The circuit shown in
Fig. 4.8 was used to test the DC characteristics using the universal Gummel-Poon
model.

In Fig. 4.8 the collector terminal is connected to varying voltage source, V¢, the
base of the transistor is biased by a current source, Igz. The collector current, I, is
plotted as a function of Vog. The collector current is plotted for various values of Ig

to generate an I-V curve shown in Fig. 4.9.
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Figure 4.8: BJT common—emitter circuit to test the DC characteristics.
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4.3.2 MESFET

The MESFET (Materka Kacprzak) model [24] was used to illustrate universal mod-
eling. The common source Mesfet circuit shown in Fig. 4.10 was simulated for three

different analysis routines.

1. Harmonic Balance
2. Transient
3. Convolution Transient

The output waveforms are exactly the same using all three analysis routines.
This validates the claim that at single device model can be used for different analysis
routines. The output in Fig. 4.11 is a plot of voltage versus time for three different

analysis. The results obtained for the three analysis routines were identical.

4.4 'Two Tone Analysis

The Curtice-Ettenberg Mesfet model was modified to fit the data obtained from [25].
The simulation results for a two-tone input of the MESFET Amplifier are compared
with the experimental data. Results of the fREEDA™ simulation using the universal
mesfet model were compared to measurements for two tone excitation. For two tone
excitation two equal amplitude signals input at 2.35GHz and 2.4 GHz were used. The
output power at the fundamental (2.35 GHz) and the third harmonic (2.3 GHz) as a
function of input power are shown in Fig. 4.13, Fig. 4.14. The results show that the
predicted gain compression of the fundamental power in Fig. 4.13 can closely match
the measured gain compression. Comparisons were made by sweeping the input power
from —10 dBm to 410 dBm. The netlist used to generate the test data is shown in
Appendix B.
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Figure 4.13: Results of the two-tone test. A plot of output power at the fundamental
frequency as a function of input power.
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Figure 4.15: A plot of the output power at the third harmonic as a function of the
input power with 7 = 6.56 ps and 7 = 0.

4.5 Electrothermal Simulation

The techniques outlined in Section. 3.9 were validated by evaluating thermal dissi-
pation in a common emitter thermal BJT amplifier. The input to the amplifier is
an a.c voltage source. The results shown in Fig. 4.16 illustrate an important point.
The sources of heat current in a microwave circuit have a period corresponding to
the input signal, thus a self-consistent electro-thermal simulation must permit tightly
integrated modeling of the thermal network with the electrical network. The temper-
ature variations shown indicate the effect of thermal damping as there is very little
variation of temperature at the input frequency. Nevertheless, the variation is still

present.
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Chapter 5

Conclusions and Future Research

5.1 Summary Of Research

The important contribution of this work is the universal parameterized nonlin-
ear device model formulation. This formulation enables a unique description of the
model in any circuit analysis type and provides a mechanism to describe complex
charge-based models without adding extra state variables to the nonlinear system of
equations in the main simulation algorithm. In some cases it also simplifies the equa-
tions that must be coded in the model implementation. The parametric description
provides great flexibility for the design of nonlinear device models. The number of
parameters or state variables required is the minimum necessary and they can be
chosen to achieve robust numerical characteristics. We have demonstrated the nu-
merical errors that may arise from a capacitance-based nonlinear device model in the
transient simulation of microwave circuits. The necessary support for the descrip-
tion of nonlinear elements using the new formulation has been implemented in the
fREEDA™ circuit simulator. This capacity is fundamental to reducing the develop-
ment time of new system component models. To this date no other circuit simulator
provides the same level of flexibility for the addition of new nonlinear device models
and circuit analysis algorithms.

Other contributions include modeling the Avantek MESFET described in [25].
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Harmonic balance analysis routines were used to conduct a two tone analysis and
hence characterize the importance of time delay (7) parameter in the MESFET model.
The results obtained using simulations in fREEDA™ were in excellent agreement with
the measured data [29].

Other contributions include the implementation of the charge based BJT and
MESFET models. The electro-thermal model of the bipolar transistor was imple-
mented in fREEDA™. The simulation results in Section 4.5 show that thermal effects

cannot be neglected.

5.2 Future Research

An issue at microwave and high frequencies is the development of high power solid
state sources. This is an enabling technology for a variety of military and commercial
systems. Given the current state of maturity of Monolithic Microwave Integrated
Circuits (MMIC) technology, the quest to produce high powers from solid state de-
vices requires the investigation of novel semiconductor materials and power combining
architectures.

The power amplifier under scrutiny is the low noise PHEMT LM A411 MMIC. The
Filtronic Solid State LMA411 is a high dynamic range low noise PHEMT amplifier
that operates from 8.5 to 14 GHz. Reactively matched 2-stage amplifier provides
18 dB nominal gain with 2 dB typical noise figure and 1-dB gain compression power
output of +17 dBm that can be used as a pre-driver amplifier for phased array radar as
well as commercial communications applications. Ground is provided to the circuitry
through vias to the backside metallization.The layout shown in Fig. 5.1 contains
several microwave elements,(i.e.) spiral inductors, transmission lines, etc. The main
focus of future research is to self-consistently model and simulate the interrelated
effects of the EM field, the linear and nonlinear circuit elements and the thermal

subsystems present in quasi-optical systems.
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Appendix A

Bipolar Junction Transistor Model

Parameters

Table A.1 lists the 50 parameters used to model the BJT in fREEDA™. The model
parameters that are scaled by the Area element parameter are designated in the Area

column.

Table A.1: Parameters of the Bipolar Junction Transistor.

Bipolar Junction Transistor - Parameters
Name | Description | Units | Default | Area
AF flicker noise exponent - 1
BF ideal forward maximum | - 1
beta

BR ideal maximum reverse | - 100
beta

CJC | base collector zero bias | F 0 *
depletion capacitance

CJE | base emitter zero bias de- | F 0 *
pletion capacitance

CJS zero bias collector sub- | F 0 *
strate capacitance

EG energy gap voltage eV 1.11

FC co-efficient - 0.5
for forward bias depletion
capacitance formula




Table A.2: Continued.

Bipolar Junction Transistor - Parameters

Name | Description | Units | Default | Area

ISC base collector leakage sat- | A 0 *
uration current

ISE base emitter leakage sat- | A 0 *
uration current

ISS substrate p-n  junction | A *
saturation current

ITF | high current parameter | A 0 *
for effect on TF

KF flicker noise coefficient - 0

MJC | base collector junction | - 0.33
exponential factor

MJE | base emitter junction ex- | - 0.33
ponential factor

MJS | substrate junction expo- | - 0.33
nential factor

NC base collector leakage | - 2
emission coefficient

NE base emitter leakage | - 1.5
coefficient

NF forward current emission | - 1.0
coefficient

IKF | corner of high current | A 00 *
beta roll-off

IKR | corner of reverse beta | A 00 *
high current roll-off

IRB | current where base resis- | - 00 *
tance falls halfway to its
minimum value

IS transport saturation | A 1.0e~16 *
current
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Table A.3: Continued.

Bipolar Junction Transistor - Parameters

Name | Description | Units | Default | Area

RC collector resistance 0 *

RE emitter resistance 0 *

TF ideal forward transit time | s 0

TR ideal reverse transit time | s 0

TRB1 | RB linear temperature | - 1 *
coefficient

TRB2 | RB quadratic tempera- | - 1 *
ture coefficient

TRM1 | RBM linear temperature | - 1 *
coefficient

TRM2 | RBM quadratic tempera- | - 1 *
ture coefficient

VAF forward early voltage \Y 00

VAR | reverse early voltage \Y 00

VJC base collector built-in | V 0.75
potential

VJE base emitter built-in | V 0.75
potential

VIS substrate junction built- | V
in potential

VTF | voltage describing Vge | V 00
dependance of T'F

NR reverse current emission | - 1
coefficient

NS substrate p-n  emission | - 1
coefficient

PTF excess phase at | degree | 0
frequency=1.0/(2r T'F')
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Table A.4: Continued.

Bipolar Junction Transistor - Parameters

Name | Description | Units | Default | Area

RB zero bias base resistance 0 *

RBM | minimum base resistance 0 *
at high current

XCJC | fraction of B-C depletion | - 1

capacitance connected to
internal base node

XTB | forward and reverse beta | -
temperature exponent

XTI temperature exponent for | - 3
effect on IS

XTF | coefficient for bias depen- | -
dance of TF




Appendix B

MESFET Model Parameters

Table B.1: Parameters of the MESFET model.

Curtice-Ettenberg Model Parameters
Name | Description | Units | Default
A0 drain saturation current | amp 0.1
for VGS =0
Al coefficient of Vyx amp/volt | 0.05
A2 coefficient of V% amp/volt? | 0
A3 coefficient of V% amp/volt® | 0
BETA | Vx dependance on Vpg /volt 0
VDSO | Vps at which [ was | volt 4.0
measured
GAMA | slope of drain characteris- | /volt 1.5
tic in the linear region
VT voltage at which the | volt -00
channel current is forced
to be zero for Vgg < VT0
CGS0 | gate-source schottky bar- | farad 0
rier  capacitance  for
Vags = 0
CGDO | gate- farad 0
drain schottky barrier ca-
pacitance for Vgp = 0
MGS gate-source grading 0.5
coefficient
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Table B.2: Continued.

Curtice-Ettenberg Model Parameters

Name | Description | Units | Default
MGD | gate-drain grading 0.5
coefficient
IS diode saturation current | amp
N diode ideality factor 1.0
IBO breakdown saturation | amp
current
NR breakdown ideality factor 10
VBD breakdown voltage volt 00
GMAX | breakdown conductance | amp/volt | 0
K1D fitting parameter /volt 0
K2D fitting parameter volt 0
K3D fitting parameter volt? 0
VBD breakdown voltage volt 00
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Appendix C

Freeda Circuit Netlist

C.1 Bjt Universal Modeling

C.1.1 Transient Analysis

The transient analysis netlist was used to generate results shown in Fig. 4.7.

* Transient Analysis of a C-E Amplifier
.options freq = 1leb6

*pkokkokkokkkokx Voltage Source skkkkkkk
vsource:vl 1 0 f= freq

vac=.5 phase=-90. vsource:vcc 5 0 vdc=1.
sk sk sk sk ok ok ok ok o ok ok ok ok sk sk sk sk sk ok sk ok ok ok ok sk sk sk sk sk sk ok ok ok ok sk sk ok

rs 1 2 10k rl1 45 10k *rb 4 0 10k r2 3 0 10k

>k 5k 5k 3k 3k 3k 3k 3k >k >k k Bjt Model Statement skkkskskkkskkkkkkkk ., model qstd
bjtnpn(is=1le-16 cje=.4nf cjc=.4nf rb=50 vjc=.8 tf=.12ns tr=bns
+mje=.8 mjc=.33 vaf=50 br=50 rc=10)

bjtnpn:qql 4 2 3 0 model="qgstd"
5k sk 3k ok sk 3k ok ok 3k ok ok 3k ok ok ok ok o ok ok sk ok sk sk ok ok sk sk ok sk sk ok sk ok ok ok ok ok ok sk ok ok sk ok ok sk ok ok

kkkkkkkkkk Transient Analysis sk sk sk sk 5k 3k 5k >k >k >k >k sk >k sk sk sk ok
.tran2 tstop=20us
tstep=.02us 1im=0 out_steps=100

71



skoksksksk sk ok ok o ke okok sk sk sksk sk sk sk sk o kokok sk sk sk sk sk sk sk ok s ok ok ok sk sk sk sk sk skok sk ok ok
kkkkkkkkk Transient Analysis Output skkskskskkokkksx
.out plot term 4vt in "out.vt4" .out plot term 5 vt in "out.vtbH"

.out plot term 1 vt in "out.vtl" .out plot term 3 vt in "out.vt3"
5k sk 3k ok sk 3k ok ok 3k ok ok 3k ok ok 3k ok ok ok ok ok ok ok sk ok ok ok sk 3k ok ok 3k ok ok 3k ok ok 3k ok ok sk ok ok sk ok ok sk ok k

.end

C.1.2 Harmonic Balance Analysis

The harmonic balance netlist was used to generate results shown in Fig. 4.7.

*Harmonic Balance Analysis of a C-E Amplifier
.options freq = 10e9 output=0

wpkokkckkkokk Voltage Source kkskkkkkkkkk
vsource:vl 1 0 f= freq

vac=.5 phase=-90. vsource:vcc 5 0 vdc=1.
stk ok o o ok sk ok ok ok sk ok ok o ok sk ok sk o ok sk ok ok o ok sk sk sk ok ok sk sk ok ok ok sk ok ok

rs 1 2 10k rl1 45 10k *xrb 4 0 10k r2 3 0 10k

*krkkkkkkkkx Bjt Model Statement s kskkskkskkskkskkk

.model gstd bjtnpn(is=le-16 cje=.4nf cjc=.4nf rb=50 vjc=.8
+tf=.12ns tr=5ns mje=.8 mjc=.33 vaf=50 br=50 rc=10)

bjtnpn:qql 4 2 3 0 model="qgstd"
koK ok o ok ok ok ok ok sk ok ok o ok sk ok ok ok sk ok ok o sk sk ok ok o ok sk ok ok o ok sk ok ok ok sk ok

skokokokokskskskkkokkskskskskkkxkxkkxkxkxkx Harmonic Balance Ana]_ysj_s
$okokokokskskokokokokskkskkokokkxkkk  svhb n_freqs = 15 fundamental = freq
deriv=0 steps=0

stk ok ok sk sk sk sk ook ok sk ok sk ok ok sk sk sk sk ok ok sk sk sk ko ok sk sk ok sk ok ok sk sk ko k ok ok
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okokokkkokkkokokkkk Harmonic Balance Output

Fokok ok ROk Kok KRRk KRRk KRRk Rk kR Rk kkkk out plot term 4 vE  invfft 20
repeat in "out.vt4hb" .out plot term 5 vf term O vf sub invfft in
"out.vtbs" .out plot term 1 vf invfft 20 repeat in "out.vtlhb"

koK sk sk sk sk ok ok ok ok fok ok sk sksk sk sk sk sk sk ok ok ok sk sk sk sk sk sk ok sk o ok ok sk sk sk sk sk ok ok

.end

C.1.3 Bjt DC Analysis

The DC netlist was used to generate the results shown in Fig. 4.9.

*Generate dc sweep

.options ib = 400e-6

.dc sweep="vsource:vsl" start=0. stop=10. step=0.5 vsource:vsl 2 0O
isource:ibias 1 O idc= ib .model gst bjtnpn (is=5.25e-14 bf=190.
vaf=100. rc=3.4 rb=37.) bjto:qql 2 1 0 0 model="gst" .out plot

+element "bjto:qql" O it in "bjto_ic.dc"
.end

C.2 Bjt Thermal Netlist

The electro-thermal netlist was used to generate results shown in Fig. 4.19.

**kx Sample netlist for a Bjt with power dissipation **x
.options fO0 = 8.1e9 jupdm=4 output=0

.svhb n_freqs = 15 fundamental = f0O steps=0 deriv=1
ind:11 1 3 1=1e-9 time_d=0

ind:12 3 7 1=15e-9 time_d=0 res:r2 7 8 r=100k

ind:13 4 5 1=15e-9 time_d=0 res:r3 5 6 r=10 cap:cload 4 9 c=20e-12
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time_d=0 res:rload 9 0 r=50.

vsource:vbias 8 O vdc = .5 vsource:vdrain 6 0 vdc = .3 res:rin 11
1 r = 50 vsource:vs 11 0 £ = £f0 vac = .4

.model gstd tbjto (is=1le-16 cje=.4nf cjc=.4nf rb=50 vjc=.8
tf=.12ns tr=bns + mje=.8 mjc=.33 vaf=50 br=50 rc=10)

*xx Bjt with power dissipation tbjto:ml 3 4 0 O 1000 "tref"

**kx Thermal circuit res:rtherm 1000 1001 r=2. cap:ctherm 1000 1001
c=.1e-9. vsource:tabs 1001 "tref" vdc=303. .ref "tref"

.out plot term 4 vf invifft 4 repeat in "out.vds" .out plot term
1000 vf invfft 4 repeat in "out.temp" .out plot element "tbjto:ml"
1 if invfft 4 repeat in "out.ids" .out plot element "tbjto:ml" 2
if invfft 4 repeat in "out.power"

.end

C.3 BJT Wide Band Amplifier

The wideband amplifier netlist was used to generate the results shown in Fig. 4.6.

*rca netlist
* Wide Band Amp.

rs1 30 11k rs231 01krl1 53 4.8kr263 4.8kr3 93 811 r4d
83 2.17Tk r580 820 1r6 2 14 1.32k r7 2 12 4.5k r8 2 15 1.32k
r9 16 0 5.20k r10 17 0 5.25k bjtnpn:ql 2 30 5 0 model="qgnl"
bjtnpn:q2 2 31 6 0 model="qgnl" bjtnpn:q3 10 5 7 0 model="gnl"
bjtnpn:q4 11 6 7 0 model="qgnl" bjtnpn:q5 14 12 10 O model="gnl"
bjtnpn:q6 15 12 11 0 model="qgnl" bjtnpn:q7 12 12 13 0 model="qgnl"
bjtnpn:q8 13 13 0 O model="qgnl" bjtnpn:q9 7 8 9 0 model="gnl"
bjtnpn:ql0 2 15 16 O model="qgnl" bjtnpn:qll 2 14 17 O model="qgnl"
Rk Rk R ROR KRR Rk ROk Ok ok ok Rk kR kR Rk Rk kD j T model



statement*xkkxkkxkkkkkkkkkxkk*xx model gqnl bjtnpn(bf=80 rb=100
tf=.3ns tr=6ns rb=100 cje=3pf cjc=2pf vaf=50)

st st R R R o R o ok ok ok ok ok oK oK oK oK oK oK oK oK ok K 3K K K K K K K K R R R R R o o ok ok ok ok ok ok ok oK ok ok ok ok oK K K K K K
vsource:vin 1 0 vdc=0. vac=.1 £=50e6 vsource:vcc 2 0 vdc=15
vsource:vee 3 0 vdc=-15

skeskskskokok ok okokskokoksk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk kR skokkokokkokk Trans ient

Analysiskskskskkskkkfllokkokokkkk | tran2 tstop=250ns tstep=.5ns im=0
out_steps=5b0
sk sk sk sk ok ok ok ok o o ok ok ok sk sk sk ok ok sk sk o ok ok ok sk sk sk sk sk sk ok o ok k ok sk sk sk ok sk ok sk o sk ok sk sk sk sk sk sk sk ok ok ok ok kK

.out plot term 1 vt in "out.vtl" .out plot term 16 vt in
"out.vtl6" .out plot term 17 vt in "out.vtl7" .end

C.4 MESFET Universal Modeling

The MESFET netlist was used to generate results shown in Fig. 4.11.

C.4.1 Harmonic Balance Analysis

The harmonic balance netlist was used to generate results shown in Fig. 4.11.

**xx*x Test netlist for mesfet models **x*x
.options f0 = 5.1e9 jupdm=4 output=0 nonlin=4
.svhb n_freqs = 15 fundamental = fO steps=0 deriv=0

ind:11 1 2 1=1e-9 time_d=0 cap:cl 2 3 c¢=20e-11 time_d=0 ind:12 3 7
1=15e-9 time_d=0 res:r2 7 8 r=100

mesfetm:ml 3 4 123 idss = 0.06 vpO = -1.906 gama = -0.015 e = 1.8
+ sl =0.0676 kg = 1.1 t = 7.0e-12 ss = 1.666e-3 ig0 = 7.13e-6 +
afag = 38.46 r10 = 3.5 kr = 1.111 vbc = 12 ib0 = 7.13e-6 afab =
38.46 + c10 = 0.42e-12 k1 = 1.282 cf0 = 0.02e-12 kf = 1.282

res:rs 123 0 r=1.144 ind:13 4 5 1=15e-9 time_d=0 res:r3 5 6 r=10
cap:cload 4 9 c=20e-12 time_d=0 res:rload 9 0 r=50.

vsource:vbias 8 O vdc = -.4 vsource:vdrain 6 O vdc = 3. res:rin
11 1 r = 50 vsource:vs 11 0 £ = f0 vac = 1. .out plot term 11 vf
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invfft 11 repeat in "out.vdl1t" .out plot term 4 vf term 123 vf
sub invfft 20 repeat in "out.vdst" .out plot term 4 vf term 123 vf
sub mag in "out.vds.magt" .out plot element "mesfetm:ml" 1 if
invfft 4 repeat in "out.idst" .out plot element "mesfetm:ml" 1 if
term 4 vf mult invfft 10 repeat in "out.pdst" .out plot element
"vsource:vs" 0 if term 11 vf mult invfft 10 repeat in "in.pdst"

.end

C.4.2 Convolution Transient Analysis

The convolution netlist was used to generate the results seen in Fig. 4.11.

****x Test netlist for mesfet models ****

.svtr tstop = le-9 n_freqs = 8192 tstep = .002e-9 opt=0 adjust=0
imp_tol=30 + rcomp = 100 deriv=0

ind:11 1 2 1=1e-9 time_d=0 *res:rfake3 1 2 r=1le6 cap:cl 2 3
c=20e-11 time_d=0
* res:fakel 2 3 r=1e6

ind:12 3 7 1=15e-9 time_d=0 res:r2 7 8 r=100

06 vpO = -1.906 gama = -0.015 e = 1.8
*+ s1 = 0.0676 kg = 1.1 t = 7.0e-12 ss = 1.666e-3 ig0 = 7.13e-6 *+
afag = 38.46 r10 = 3.5 kr = 1.111 vbc = 12 ib0 = 7.13e-6 afab =
38.46 *+ c10 = 0.42e-12 k1 = 1.282 cf0 = 0.02e-12 kf = 1.282

mesfetm:m1 3 4 123 idss = 0.

res:rs 123 0 r=1.144

ind:13 4 5 1=15e-9 time_d=0 res:r3 5 6 r=10 cap:cload 4 9 c=20e-12
time_d=0

* res:rfake2 4 9 r=1e6

res:rload 9 0 r=50.

vsource:vbias 8 O vdc = -.4 vsource:vdrain 6 O vdc = 3. res:rin
11 1 r = 50 vsource:vs 11 0 £ = fO vac = 1.

open:1 4 123
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.out plot element "open:1" 0 ut in "out.v" .out plot element
"mesfetm:ml1l" 1 ut in "vds.tran" *.out plot term 4 vf term 123 vf
sub invfft 4 repeat in "out.vds" *.out write term 4 vt term 123 vt
sub in "out.dc"

.end

C.4.3 Transient Analysis

The transient analysis netlist was used to generate results shown in Fig. 4.11.

*x*k*xxx Test netlist for mesfet models *x**x

*x.options fO = \ 5e9 5.1e9 .1e9 \ .options fO = 5.1e9 method = 2

jupdm = 1

.tran2 tstop = 4e-9 tstep = .005e-9 nst=0 msv=0 deriv=0 im=1
ind:11 1 2 1=1e-9 *res:rfake3 1 2 r=1e6 cap:cl 2 3 c=20e-11
* res:fakel 2 3 r=1e6

ind:12 3 7 1=15e-9 res:r2 7 8 r=100

mesfetm:ml 3 4 123 idss = 0.06 vpO = -1.906 gama = -0.015 e = 1.8
+ 8l =0.0676 kg = 1.1 t = 7.0e-12 ss = 1.666e-3 ig0 = 7.13e-6 +
afag = 38.46 r10 = 3.5 kr = 1.111 vbc = 12 ib0 = 7.13e-6 afab =
38.46 + c10 = 0.42e-12 k1 = 1.282 cf0 = 0.02e-12 kf = 1.282

res:rs 123 0 r=1.144

ind:13 4 5 1=15e-9 res:r3 5 6 r=10 cap:cload 4 9 c=20e-12
* res:rfake2 4 9 r=1e6

res:rload 9 0 r=50.

vsource:vbias 8 O vdc = -.4 vsource:vdrain 6 O vdc = 3. res:rin
11 1 r = 50 vsource:vs 11 0 £ = fO vac = 1.

open:1 4 123
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.out plot element "mesfetm:ml" 1 it in "id.tran2" .out plot
element "mesfetm:ml" 1 ut in "vds.tran2" .out plot term 4 vt term
123 vt sub in "vds.tran.node" *.out write term 4 vt term 123 vt
sub in "out.dc"

.end

C.5 DMesfet Multi-Tone Test

The two—tone netlist was used to generate results shown in Fig. 4.13, 4.14, 4.15.

kkkkxkk Mesfet two tone analysis to calculate power at
fundamental .options f0=10.e9 f1=10.5e9 output=0 jupdm=4 .svhb
n_freqs=2 n_freqs2=1 fundamental=f0 fundamental2=f1 steps=1
deriv=0 *+regrowth=1 n_fund=3 f_step=10 vsource:vsl 22 0 f=f1
vac=.56 vsource:vs2 2 22 f=f0 vac=.56 res:rin 2 15 r=50. cap:cin
15 7 c=.01e-6 ind:11 7 10 1=.69e-9 ind:12 7 102 1=1.e-6 cap:cO0 7 O
c=.13e-12 vsource:vdl 0 102 vdc=-1.V *vsource:vdl 102 0 vdc=-1.V
cap:cl 10 0 c=.31e-12 res:rl 10 3 r=2.9

mesfetc:ml 3 4 123 +a0=.08494 al=.1116 a2=-.03371 a3=-.05953
gama=2.48 cgs0=.62e-12. cgd0=.34e-12. +t=0.0 +beta= .17 vds0=3. *+
vbd = 15 nr = 10 ib0 = 1le-9 *+cgsO = .52785e-12 cgd0 = .087e-12
res:r2 123 8 r=2.4 ind:13 8 0 1=.003e-9 res:r3 4 9 r=5.3 cap:c2 9
0 c=.9e-12 ind:14 9 11 1=.41e-9 cap:c3 11 0 c=.03e-12 cap:cload 11
100 c=.01e-6 res:rload 100 O r=50. ind:15 11 101 1=1.e-6
vsource:vd2 101 O vdc=3. *.out plot term 22 vf invfft 4 repeat in
"vin.source" *.out plot term 22 vf mag in "vin.mag" *.out plot
term 22 vf invfft 4 repeat fft in "vin.sourcet" *.out plot term 2
vE invfft 4 repeat fft in "vin.source" .out plot term 100 vf mag
in "mag.out" *.out plot term 100 vf in "out.vds" *.out plot term 4
vE in "out.vdl" .out plot term 100 vf invfft 4 repeat in
"out.vdstl" .out plot term 100 vf invfft 2 repeat fft in
"out.vdst2" .out plot term 100 vf invfft 4 repeat fft in
"out.vdst3" .out plot term 4 vf term 123 vf sub invfft 4 repeat in
"out.vdsl" .end



