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INTRODUCTION

Context

AlGaN/GaN HEMT technology is becoming an interesting candidate for the HPA design
(Bae, Negra et al. 2007, Bensmida, Hammi et al. 2008, Aflaki, Negra et al. 2009, Jarndal,
Markos et al. 2011). Since GaN is a wide band gap material, GaN-based device will have
inherent high breakdown voltage (Tanaka, Ueda et al. 2010). Therefore, it can operate at
higher bias voltage and higher RF power level (Nuttinck, Gebara et al. 2002, Milligan,
Sheppard et al. 2007). Also due to its high saturation velocity, the device will have a high
operating frequency (Oxley and Uren 2005). Another advantage of the device is the high
operating temperature, which is attributed to the lower thermal resistance of GaN and the
excellent thermal properties of the employed Si substrate (Khan, Simin et al. 2005, Killat,
Montes et al. 2012). However, the main obstacle, which still limits the RF output power of
the device, is the self-heating and trapping induced current dispersion (Islam and Anwar

2004).

The design of high efficient power amplifier based on AlGaN/GaN HEMT requires an
accurate large-signal model for this device (Jarndal, Markos et al. 2011). This model should
account for current dispersion and temperature dependent performance in addition to other
high-power stimulated effects like gate forward and gate breakdown (Liu, Ng et al. 2011).
Also the model should be able to predict intermodulation distortion (IMD), which is very
important for power amplifier nonlinearity analysis (Wongtanarak and Chalermwisutkul

2011).

X-parameters were invented by Jan Verspecht in 2005 (Verspecht, Williams et al. 2005). The
new nonlinear scattering parameters are applicable for linear and nonlinear circuits under
large or small signal excitation (Verspecht 2005). They are a mathematical superset of S-

parameters and hot S-parameters (Verspecht and Root Jun. 2006).



Goal of the thesis

The question is how to exploit X-parameters to more accurately and quickly build a nonlinear
equivalent circuit based model that captures the device behavior at the fundamental and

harmonic frequencies.

The main objective of this project is to develop a large and small signal model for
AlGaN/GaN HEMT, which can simulate the output power, the power added efficiency, and
nonlinear behaviour of the device in an efficient manner. In our research works, X-parameter
measurement is the basic point for the other tasks. Accurate X-parameter measurements are
needed. However, in traditional transistor modeling, the conversion from S-parameters to
impedance, admittance and ABCD matrices is essential for model parameters extraction
(Dambrine, Cappy et al. 1988). Moreover, X-parameters are not directly suitable for the
analytic analysis of different network configurations: series, parallel, cascaded, series to
parallel and parallel to series. Similar to small-signal modeling, nonlinear network Z-, Y-,

ABCD-, T-, G- and H-parameters are used to extract and validate large-signal model.

In the second chapter, a relation between nonlinear network Z-, Y-, ABCD-, T-, G-, H-
parameters and X-parameters will be established. The conversion rules are needed to
establish and extract a transistor signal model that can be implemented by a network of

nonlinear components.

For linear circuits, Z-, Y-, ABCD-, T-, G- and H-parameters that are derived from S-
parameters are successfully used to characterize series, parallel, cascaded, parallel-to-series
and series-to-parallel configurations respectively. Unfortunately, these parameters cannot be
used in nonlinear cases. The new analytic expressions presented in this paper circumvent this
limitation. They are more general than those derived from S-parameters. Based on X-
parameters, these parameters can describe a topology of pure linear or nonlinear or a mix of
linear and nonlinear components. In the third chapter, after the validation of the new two-port
nonlinear network, the possibility of using X-parameters to build a compact model by using

X-parameters is proven. The utility of the new nonlinear parameters to describe series,



sarallel, cascaded, series-to-parallel and parallel-to-series nonlinear network configuration is

also developed.

Non-linear models for microwave and millimetre wave devices are commonly based on DC
and S-parameter measurements (Schreurs, Verspecht et al. 1997, Jarndal, Bunz et al. 2006).
These models are commonly described in terms of state functions (Schreurs, Verspecht et al.
2002). These quantities are classically determined via a small-signal detour based on multi-
bias S-parameter measurements (Jarndal, Bunz et al. 2006). This technique is based on
making a small-signal approximation of the non-linear state functions at different bias points
(Jarndal, Bunz et al. 2006). This technique requires a large amount of S-parameter
measurements. In the fourth chapter, a new large signal equivalent circuit modeling
technique is proposed. This technique is very simple and reduces significantly the number of
required measurements thanks to X-parameters measurements. All steps and analytic tools
used to develop the new modeling technique are presented in this paper. The transistor model
can be subdivided into extrinsic and intrinsic parts. Firstly, parasitic or extrinsic elements are
extracted through a reliable technique based on GaN open on-wafer de-embedding structures
and forward measurements. Secondly, X-parameters de-embedding technique is developed
which allows determining X-parameter of the intrinsic part. After de-embedding the extrinsic
elements, the intrinsic part, which is related to the physical operation of the transistor, is
obtained by a direct extraction of the intrinsic elements from X-parameters measurements.
The intrinsic part which consists of three nonlinear impedances describing gate-source, gate-
drain and drain-source junctions is implemented by using frequency defined devices (FDD)

components in ADS.






CHAPTER 1

LITERATURE REVIEW

1.1 Introduction

High power amplifiers have been receiving increasing attention as key components
responsible for a sizable portion of base station cost in terms of power loss and cooling
equipments in wireless communication systems (Jarndal, Aflaki et al. 2010). They are also
responsible in large part for battery life and size of the mobile terminals. Thus, high power
and high efficiency amplifiers with low power loss are critically needed (Oualid, Slim et al.
2006). To meet these requirements, higher attention should be given to the employed active
devices and the circuit design. Today, GaN HEMT devices are the best choice in this regard
since they can produce higher output power with lower self-heating and leakage currents,
which accordingly results in good power efficiency (Nuttinck, Gebara et al. 2002, Oxley and
Uren 2005, Bae, Negra et al. 2007, Milligan, Sheppard et al. 2007, Bensmida, Hammi et al.
2008, Aflaki, Negra et al. 2009, Tanaka, Ueda et al. 2010, Jarndal, Markos et al. 2011). The
design of high efficient power amplifier based on AIGaN/GaN HEMT requires an accurate
large-signal model for this device (Jarndal, Markos et al. 2011).

In this chapter which is a summary of the literature related to the new work developed in this
thesis. In the first part, an overview of Gallium Nitride high electron mobility transistor is
presented. The principle of operation of GaN HEMT is detailed, demonstrating the potential
performances of this kind of transistors. Moreover, continuous and pulsed DC IV
characteristics of GaN HEMT give more information about its operation. In the second part,
existing small-signal and large-signal scattering parameters are detailed. S-parameters are the
most useful tool to describe a linear circuit. Unfortunately, they have one significant
drawback: they are only valid under linear operating conditions (Verspecht 2005). X-
parameters represent new nonlinear scattering parameters, applicable to passive and active
circuits under small and large signal excitation (Verspecht 2005). They represent a

mathematical superset of small-signal and large signal S-parameters (Verspecht and Root



Jun. 2006). In the third section, different transistor modeling techniques are classified into
physics, table-based and compact models. The principle of each class is detailed. An example
of the most used large signal modeling technique is explained. This model is based on DC
and S-parameter measurements (Schreurs, Verspecht et al. 1997, Jarndal, Bunz et al. 2006).
It is commonly described in terms of state functions (Schreurs, Verspecht et al. 2002). These
quantities are classically determined via a small-signal detour based on multi-bias S-
parameter measurements. This technique is based on making a small-signal approximation of
the non-linear state functions at different bias points. It requires a large amount of S-

parameter measurements.

1.2 Gallium Nitride HEMT overview

The choice of semiconductor materials is based on the physical properties of the materials
which have to fulfill the requirements of the application like operating temperature,
frequency and bandwidth (Von 2007). Since the power level and the operating frequency of
high frequency circuits is steadily increasing, it is predictable that RF power devices based
on GaAs will soon come to their performance limitations (Khan, Simin et al. 2005, Nitronex
2009). The most promising materials for high frequency, high power applications are silicon
carbide (SiC) and Gallium Nitride (GaN) (Khan, Simin et al. 2005, Von 2007, Yong-Sub and
Yoon-Ha 2007).

1.2.1 GaN HEMT semiconductor properties

Gallium Nitride is a wide-bandgap, compound semiconductor that will be a disruptive
technology across a wide range of electronic applications (Tanaka, Ueda et al. 2010). As
illustrated in Figure 1.1, Gallium Nitride (GaN) HEMTs (High Electron Mobility Transistors)
are the next generation of RF power transistor technology that offers the unique combination
of higher power, higher efficiency and wider bandwidth than competing GaAs and Si based
technologies (Nitronex 2009).



BREAKDOWMN
FIELD

— EaAs
- &

Figure 1.1 Gallium Nitride
transistor performance
From Nitronex (2009)

An example of GaN crystal structures is shown in Figure 1.2. This wurtzite structure has
hexagonal unit cell. An important property of this crystal cell is the lack of inversion

symmetry, which leads to very strong polarization effects (Ambacher 1998).
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Figure 1.2 Schematic of the wurtzite
GaN crystal structure
From Ambacher (1998)
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The GaN structure consists of four atoms per unit cell and can be visualized as two
interpenetrating hexagonal substructures, one of Ga and one of N atoms related by a spacing

u along the c-axis (Komninou, Kioseoglou et al. 2005).

Super material properties for transistors that make them for high power, high energy
efficiency and high temperature include wide bandgap energy, high electron mobility and
saturation velocity, high sheet carrier concentration at heterojunction interfaces, high
breakdown field, and low thermal impedance (Khan, Simin et al. 2005). The bandgap energy
is the energy required to ionize atoms and create free electrons. A large bandgap is the key
factor for high temperature operation, chemical inertness, and high breakdown voltage. The
bandgap energy values for the most important semiconductor materials are shown in Figure

1.3.

=

Bandgap.eV

S = b W = Lh

Si GaAs AlAs  SiC  GaN AN

Figure 1.3 The bandgap energy of
different semiconductor materials
From Khan, Simin et al. (2005)

The high breakdown voltages are of primary importance. Figure 1.4 compares the critical
electric fields for the avalanche breakdown mechanism in the most important semiconductor

materials.
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Figure 1.4 Breakdown fields of different
semiconductor materials
From Khan, Simin et al. (2005)

1.2.2 GaN HEMT growth

An example of GaN HEMT material structure developed by Nitronex is illustrated in Figure
1.5. The GaN substrates are not a viable alternative for HEMT devices and circuits because
of its weak thermal property. Thus, the deposition of GaN thin films on Si and SiC is the
primary approach for the fabrication of GaN RF power devices and circuits. Si substrates
have low crystal defect density, zero macro-defects, and offer a high quality surface as

required for performing epitaxy (Corporation 2008).

!E!N SZ‘p Cap Layer (15 A)
3 Barrier of Composition - x (26% Al)
AlGaN Barrier Ty {180 A)
T T 086 ne 2 8.5 2107 Tem? 41 287
=1,500 cm? | V-5 +/- 2.5%
GaN Channel & Buffer s

Semi-insulating GaN Buffer Layer (0.8 um)

Stress Mitigating Transition Layer

High Resistivity Silicon Substrate
(10,000 ©-cm)

+ >600 NRF1 Baseline Wafers processed since October 2005 "

Figure 1.5 Schematic of NRF1 GaN HEMT material
structure on Si substrate developed at Nitronex
From Nitronex (2009)
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The deposition process is broadly termed as epitaxy and results in a crystalline thin film on
the substrate. Metal Organic Chemical Vapor Deposition (MOCVD) is the preferred method
of producing GaN-based thin films on Si or SiC for RF applications (Nitronex 2009).
MOCVD systems are capable to operate in both conventional and atomic layer deposition
regimes (Khan, Simin et al. 2005). Conventional deposition regime wherein precursors enter
the growth chamber simultaneously is used to deposit GaN layers. Triethylgallium and
ammonia are used as the precursor gases. AlyGa;«N layers are deposited in atomic layer
regime when precursors enter the chamber in a cyclic fashion. Triethylgallium,
triethylaluminum and ammonia are used as precursors. The precursors are introduced into the
chamber using hydrogen or nitrogen as a carrier gas. Epilayers are deposited on sapphire,
Silicon or SiC substrates placed on graphite susceptor, which is heated to the growth

temperature by RF-induction.

GaN HEMTs have been demonstrated on Si, SiC, sapphire and on native GaN substrates
(Nitronex 2009). However, Si and SiC are the preferred choices for RF devices (Nitronex
2009). The maturity of the AlGaN/GaN heterostructures in terms of reliability, cost and
manufacturability has been demonstrated through the use of commercially available high
resistivity 100-mm Si substrates. Si substrates have low crystal defect density, have zero
micropipes or other macro-defects, and offer a high quality surface as required for
performing epitaxy. High resistivity silicon (10*Ohm-cm) substrates are available through the
process of zone refining of Si ingots and have very low impurity concentrations (Nitronex
2009). Growth of high quality GaN on Si can be achieved by addressing the significant levels
of lattice misfit (~17%) and thermal expansion coefficient (TEC) (~ 56%) mismatch
(Nitronex 2009). To accommodate the strain associated in difference between crystal
properties of Si and GaN and to manage this high level of lattice and thermal mismatch,
Nitronex introduced a novel growth process, Sigantic that results in the growth of crack-free
GaN. The transition layer addresses the two challenges necessary for the successful growth
of GaN on Si: It manages both the lattice and thermal mismatch between the two materials.
The AIN/Si interface absorbs most of the lattice mismatch while the (Al, Ga)N transition

layer is successful in absorbing the stresses that arise due to the TEC mismatch.
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1.2.3 Principle of operation of GaN HEMT

The HEMT is a heterostructure or heterojunction field effect transistor (Vassil Palankovski
2004). A heterostructure is an abrupt semiconductor/semiconductor transition in one
direction. The abrupt change of the material leads to a number of desirable effects such as
carrier confinement in a restricted volume and the spatial separation of electrons and holes
(Vassil Palankovski 2004). A heterojunction is formed between two semiconductors with

different energy bandgaps, permittivities, work functions and electron affinities.

The energy band diagram of such two semiconductors prior to the formation of a junction is
shown in Figure 1.6 (Peter Javorka 2004). After putting the wide band gap semiconductor
into contact with the narrow band gap semiconductor, a discontinuity in conduction band AE,.
and valence band AE, is present. The discontinuity in the conduction band creates a
triangular quantum well, and near to the boundary at the bottom side, the two dimensional

electron gas is formed (2DEG).

Semiconductor | Semiconductor I  Semiconductor | Semiconductor lI

Figure 1.6 Energy band diagram for wide and narrow band gap semiconductor
prior (left) and after (right) the formation of a junction
From Peter Javorka (2004)

In contrast to the conventional III-V semiconductors where a doped layer is necessary to

create a 2DEG, AlGaN/GaN HEMTs don’t need doping to obtain a high electron density
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(Mishra, Parikh et al. 2002). Polarisation effects lead to high carrier densities even in

undoped structures (Ambacher, Foutz et al. 2000).

The distribution of free carriers and the magnitude of electric currents in a semiconductor are
determined by electric fields. In a “classical” semiconductor or semiconductor structure, such
as a Si-based junction, the field is of external origin (Wood and Jena 2008). The electric field
inside the structure is determined by, e.g., the applied voltage, which is screened by electrons
and nuclei of the solid. The situation is more complex in ferroelectrics, pyroelectrics, and
piezoelectrics, where there may exist an internal field even in the absence of the external one,
due to the presence of non-vanishing electric polarization.

Polarization effects in AlGaN/GaN HEMT include spontaneous and piezoelectric
polarization. The spontaneous polarization Psp refers to the built-in polarization field present
in an unstrained crystal (Jarndal 2006). Wurtzite group Ill-nitrides are tetrahedrally
coordinated with a lack of symmetry along the c-direction. Because of this lack of symmetry
and the large iconicity of the covalent bond in wurtzite GaN a large spontaneous polarization
(Psp) oriented along the hexagonal c-axis occurs (Peter Javorka 2004). This results in a
displacement of the electron charge cloud towards one atom in the bond. In the direction
along which the crystal lacks inversion symmetry, the asymmetric electron cloud results, as
illustrated in Figure 1.7, in a net positive charge located at one face of the crystal and a net

negative charge at the other face (Ambacher, Foutz et al. 2000, Jarndal 2006).

P o
v AlGaN GaN
++ ++ + + + + + + + +

Figure 1.7 Electric field and sheet charges due to spontaneous
polarization in GaN and AlGaN crystals
From Ambacher, Foutz et al. (2000), Jarndal (2007)
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Piezoelectric polarization is the presence of a polarization field resulting from the distortion
of the crystal lattice (Peter Javorka 2004, Jarndal 2006). Due to large differences in lattice
constant between AlGaN and GaN materials, the AlGaN layer which is grown on the GaN
buffer layer is strained. Due to large value of piezoelectric coefficients of these materials, this

strain results in a sheet charge at the two faces of AlGaN layer as illustrated in Figure 1.8.

e AlGaN

++ 4+ F

GaN

Figure 1.8 Electric field and sheet charges due to
piezoelectric polarization in the AlGaN layer
From Ambacher, Foutz et al. (2000), Jarndal (2007)

The total polarization field in the AlIGaN layer depends on the orientation of the GaN crystal.
MOCVD produces GaN crystal orientation that makes the sheet charges caused by
spontaneous and piezoelectric polarizations added constructively (Ambacher, Foutz et al.
2000, Jarndal 2006). Therefore, the polarization field in the AlGaN layer will be higher than
that in the buffer layer. Due to this discontinuity, a very high positive sheet charge will be
present at the AlGaN/GaN interface. As the thickness of the AlGaN layer increases during
the growth process, the crystal energy will also increase. Beyond a certain thickness the
internal electric field becomes high enough to ionize donor states at the surface and cause
electrons to drift toward the AIGaN/GaN interface. As the electrons move from the surface to
the interface, the magnitude of the electric field is reduced, thereby acting as a feedback
mechanism to diminish the electron transfer process. Under equilibrium condition, a 2DEG
charge at the interface will be generated due to the transferred electrons and a positive charge

on the surface will be formed by the ionized donors as illustrated in Figure 1.9.
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Figure 1.9 AlGaN/GaN HEMT structure, showing polarization

induced charges, surface states, and 2DEG charges
From Ambacher, Foutz et al. (2000), Jarndal (2006)

The transistor action occurs in the active channel that lies under the gate: This is where the
current amplification happens (Jarndal 2006). This part of the transistor is called the intrinsic
device. In the real device we need additional semiconductor and metal components to
connect this active region to the outside world, to get the signal and the amplified signal out.

These additional components are called extrinsic components, or, quite often, parasitics. The
extrinsic components are unwanted and while they generally tend to degrade the fundamental
electrical performance, they are essential to the structure of the device. Other considerations,

such as thermal management, also play a role in the overall size of the transistor die.
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Figure 1.10 Approximative distinction between extrinsic
and intrinsic elements in a transistor

1.2.4 GaN Structural Defects

Many research groups have made every effort to grow GaN on a Si substrate. Due to the
lattice mismatch between GaN and Si, GaN films on Si substrates are well known to have
many defects, particularly dislocations (Young S. Park 2010). The dislocations that form far
below the surface can be detected and their distribution in the plane can be mapped with two-
dimensional CL images techniques. Figure 1.11 shows the CL images for the samples. The
bright background region originates from the GaN epitaxial layer, and the dark spots are
related to the threading dislocations. They are due to lattice constant and thermal expansion
coefficient mismatches between GaN and Si. Dislocations defects cause rapid recombination

of holes with electrons without conversion of their available energy (Predeep 2011).
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Figure 1.11 Two-dimensional CL images taken at ECL = 3.4eV for the samples.
A three-dimensional schematic view of a GaN epilayer containing dislocations
is shown. The dark spots in each two-dimensional CL image correspond to
the dislocations whose locations should not produce any luminescence
From Young S. Park (2010)

Besides threading dislocations, there are many other structural defects, such as, inversion
domain, stacking mismatch boundaries, micropipes/nanopipes or voids, and surface pits

(Predeep 2011).

The formation of defects during growth is unavoidable. In general, there are three main types
of point defects: a vacancy which is an unoccupied regular crystal, interstitial atom which is
an atom that does not occupy a regular crystal site but a site between regular atoms and
substitutional atoms when an impurity atom substitutes an atom of the host crystal (Predeep

2011).
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Figure 1.12 Schematic representation
of common point defects
From Predeep (2011)

Stacking faults are partial displacements which upset the regular sequence in the stacking of
lattice planes (Batyrev, Sarney et al. 2011). Figure 1.13 illustrates different types of stacking
faults.
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Figure 1.13 Basal plane SFs along equation image direction (a) type I1 with
stacking sequence of ... ABABCBCBC..., (b) type 12 with sequence
...ABABCACACA... and (c) type I3 with
sequence ...ABABCABAB...

From Batyrev, Sarney et al. (2011)
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The stacking mismatch boundaries are created by surface steps on substrates. The defects
originate at substrate/film interface (Predeep 2011). They can be identified as double-position
boundaries, which originate at the substrate-buffer and buffer-film interfaces (Predeep 2011).
The density of these defects seems to be related to the smoothness of the substrate. The
formation of these domains is believed to account for the relaxation of the large lattice and

thermal mismatches between nitrides and substrate.

GaN crystal grains formed during high temperature growth are not perfectly arranged, and
misorientation of crystal grains occur in both a- and c- axes due to fast surface migration and
clustering of atoms (Predeep 2011). The stacking faults, edge and mixed dislocations will be
generated at grain boundaries to compensate the misorientation during coalescence of

laterally growing crystal grains (Predeep 2011).

Inversion domains consist of region of GaN with the opposite polarity to the primary matrix

as schematically depicted in Figure 1.14, where the section on the left is of Ga polarity and
the section on the right is of N polarity (Predeep 2011). Boundaries between them are called
inversion domain boundaries. When inversion domains happen, the alternating nature of

anion-cation bonds can not be fully maintained.

Inversion
Domain

- - ®Ga oN
N-face Boundary (Ga-face

c.E| P . li‘ PJ
[0110]
2110]

Figure 1.14 Schematic view of the widely cited GaN inversion
domain boundary structure on a sapphire substrate
From Predeep (2011)
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Another type of defect found in GaN films is nanopipes (Predeep 2011). This defect has the
character of open core screw dislocation (Lazar, Weyher et al. 2004). The oxygen impurity is
considered to be closely linked with the formation of this defect by poisoning the exposed

facet walls thereby preventing complete layer coalescence (Lazar, Weyher et al. 2004).

INA
L /f‘
Sm4_\d

Figure 1.15 Schematic view of the formation of a nanopipe (Left) Fresnel contrast images of
a nanopipe in two beam condition (center) Atomic resolution TEM image
of a nanopipe (right)
From Lazar, Weyher et al. (2004), Qian, Rohrer et al. (1995)

When a film is grown on a substrate of different lattice constant, the film will expand (tensile
strain) or contract (compressive strain) to accommodate the different lattice constant of the
substrate (Predeep 2011). The type of strain which the film will be subjected to depends on
whether the lattice constant is larger or smaller than that of the substrate. If the lattice
constant of the film is larger than that of the substrate, the film will be subjected to
compressive strain but if the lattice constant of the film is smaller than that of the substrate,

the film will be under tensile strain.

The thermal expansion coefficient describes the change in length (linear thermal expansion
coefficient) or volume (volume thermal expansion coefficient) of a material (Predeep 2011).
When a sample is cooled down after growth, a difference in the thermal expansion
coefficient between substrate and film may cause strain to develop, to a degree dependent on

the cool down procedure and if any defect formed during the cool-down is not sufficient to
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cause complete relaxation. Buffer traps refers to the deep levels located in the interface
between the buffer layer and the substrate. Under high electric field condition, due to high
drain-source voltage, electrons moving in the 2DEG channel could get injected into the
buffer traps. Due to the longer trapping time constant, the trapped electrons cannot follow the
high frequency signal and hence, they are not available for conduction. The trapped electrons
produce a negative charge, which depletes the 2DEG, and therefore reduce the channel
current. This reduction in the current under RF operation is called current dispersion, or more
precisely, buffer traps induced current dispersion. These traps are primarily related to the
existing large number of threading dislocation in the GaN layer due to the large lattice

mismatch between the GaN and the substrate (Anouar 2006).

Another source of traps is the buffer compensation process to obtain high insulating material.
Availability of background electron concentration in the buffer material due to native shallow
donors cannot be avoided. These donors are mostly compensated by adding deep acceptors.

This leakage current deteriorates the pinch-off characteristic of the device (Anouar 2006).

The kink effect in the DC characteristic can be assumed as a signature of buffer trapping
effect. This effect is attributed to hot electrons injected into the buffer traps under the
influence of high drain voltage. These trapped electrons deplete the 2DEG and result in a

reduction of the drain current for subsequent Vg traces (Anouar 2006).

1.3 Scattering functions

Scattering parameters are called this way because they relate incident and scattered travelling
voltage waves at the signal ports, thereby completely describing the behavior of a microwave

device (Guoquan 2008).

1.3.1 Small-signal S-parameters

Since the early 70’s S-parameters have revolutionized the microwave industry (Belevitch

1962, Van Valkenburg 1974, Pozar 1990). One of the main reasons is that they are efficient.
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That is because S-parameters completely and accurately describe the four main small-signal
characteristics of any two-port device: transmission (S;;), output match (Sy;), isolation (S;2)

and input match (S;;) (Jan Verspecht 2005).

The measurement of small-signal S-parameter is perhaps the most common and useful way
to provide a linear description of a circuit and its frequency response (Peter H.Aaen 2007). S-
parameter measurements are fundamental to the development of linear models and they are
often divided into two broad categories by the type of component measured: active or
passive. The basic distinction is that active components require the injection of a DC
component in addition to the RF signal that is used to determine the frequency-dependent S-

parameters.

Although a network may have any number of ports, network parameters can be explained
most easily by considering a network with only two ports, an input port and an output port,

like the network shown in Figure 1.16.
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Figure 1.16 General Two-port network showing incident waves (a;, a;)
and reflected waves (b;,by) used in S-parameters definitions

The ease with which scattering parameters can be measured makes them well suited for
describing systems (Packard 1995). Measuring most impedance and admittance parameters

calls for the input and output of the device to be successively opened and short circuited.
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This can be hard to do, especially at RF frequencies where lead inductance and capacitance
make short and open circuits difficult to obtain (Packard 1995).

S-parameters, on the other hand, are usually measured with the device embedded between a
50 Q load and source, and there is very little chance for oscillations to occur. Another
important advantage of S-parameters stems from the fact that traveling waves do not vary in

magnitude at points along a lossless transmission line (Packard 1995).

S-parameters describe the interrelationships of a new set of variables (a; , b;) (Packard 1995).
The variables a; and b; are normalized complex voltage waves incident on and reflected from
the i™ port of the network. They are defined, respectively in (1.1) and (1.2), in terms of the
terminal voltage Vi, the terminal current I;, and an arbitrary reference impedance Z;, where

the asterisk denotes the complex conjugate:

AT (1.1)
2 ‘real(Zi)‘

o V=l (1.2)
) ‘real(Zi)‘

The two-Port network is then described by the matrix form in (1.3) (Gonzalez 1997). The
term S;ja; represents the contribution to the reflected waves b; due to the incident wave a; at
port 1. Similarly, Si»a, represents the contribution to the reflected wave b; due to the incident

wave a; at port 2 and so on (Gonzalez 1997).

b [Sy S,|a (1.3)
b, - S Sylla,

S-parameters enable the general response of a linear network to an arbitrary input signal to be
computed by superposition of the responses to unit stimuli (Root, Verspecht et al. 2013).

Superposition enables great simplifications in analysis and measurement. Superposition is the
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reason S-parameters can be measured by independent experiments with one sinusoidal
stimulus at a time, one stimulus per port per frequency. The general response to any set of

input signals can be obtained by superposition (Root, Verspecht et al. 2013).

Time invariance is a property of common linear and nonlinear components (Root, Verspecht
et al. 2013). A DUT description in terms of S-parameters naturally embodies time invariance
principle. Time invariance states that if y(t) is the DUT response to an excitation x(t), the
DUT response to the time-shifted excitation x(t-T) , must be y(t-T) (Root, Verspecht et al.
2013).

S-parameters are still commonly used for nonlinear devices (Root, Verspecht et al. 2013).
The problem is that S-parameters only describe properly the behavior of a nonlinear
component in response to small-signal stimuli. That is, only when the nonlinear device is
assumed to depend linearly on all RF components of the incident signals is the S-parameter
paradigm valid. S-parameters contain no information about how a nonlinear component

generates distortion (Root, Verspecht et al. 2013).

1.3.2 Large-Signal S-Parameters

S-parameters have one significant drawback: they are only valid under linear operating
conditions (Verspecht 2005). They cannot be used to describe nonlinear distortions that are
challenging today’s amplifier designers like compression, AM-PM conversion and spectral

regrowth.

The idea of hot S-parameters or large signal S-parameters is to put the DUT under realistic
operating conditions by applying the appropriate large-signal stimulus signal. The applied
signal is a one-tone signal or a modulated carrier (Jan Verspecht 2005). While this signal is
being applied one injects a small one-tone signal first into the DUT signal port 1, this is
called the forward measurement, and next in signal port 2, this is called the reverse

measurement.
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Each time one measures the injected signal, which are called the a-waves, and the
corresponding reflected waves, which are called the b-waves. Just as it is done with small
signal S-parameters, the hot S-parameters are defined as the ratios between the incident a-
waves and the reflected b-waves. This process is illustrated in Figure 1.17 and Figure 1.18.
Figure 1.17 illustrates the spectrum of the incident a-waves and the scattered b-waves during
the forward hot S-parameter measurements and Figure 1.18 illustrates the spectra of the
incident a-waves and the scattered b-waves during a reverse hot S-parameters measurement.
The large signal carrier is applied at a frequency f., and f; denotes the frequency at which the
hot S-parameters are being measured. The large signal carrier at frequency f. is always
present in the a-wave that is incident to the input port of the DUT (a,), the small signal, the so
called probe tone, is present in the a, wave during the forward measurement and is present in

the a,-wave during the reverse measurement.

Spectiumn a;
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fs fo-fs fo fotfs fs fo-fs fo fotfs

Figure 1.17 Forward measurement
of hot S-parameters
From Jan Verspecht (2005)
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Figure 1.18 Reverse measurement
of hot S-parameters
From Jan Verspecht (2005)

The hot S-parameters are defined by taking the ratio’s between the b-waves and the a-waves
at the frequency f; in a way identical to classic small signal S-parameters. The definition of

hot S-parameters is given by (1.4), (1.5), (1.6) and (1.7).

hotS,, = h(/,) Sforward (14)
a,(f)

hOtSZI = bz(f;) Sforward (15)
a,(f;)

hotS,, =—bl(fs) (1.6)
a,(f,) | reverse

hotS,, = —b2 (/,) (1.7
a,(f,) | reverse
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Large-signal S-parameters is an attempt to generalize S-parameters to the nonlinear domain.
The measurement of hot S-parameters appears non-repeatable and unable to make
predictable design interferences from such measurements or simulations. Hot S-parameters
measurements are incomplete, insufficient, and ultimately inaccurate measurement approach
(Root, Verspecht et al. 2013).

1.3.3 Large-Signal X-Parameters

X-parameters are mathematically rigorous supersets of S-parameters, applicable to nonlinear
and linear components under both large-signal and small-signal conditions (Verspecht 2005).
X-parameters include the magnitude and phase characteristics of device-generated spectral
components corresponding to distortion, which can include harmonics and intermodulation
products, in addition to those spectral components present in the incident signal. X-
parameters represent both the nonlinear characteristics of the DUT due to a large-signal
stimulus, and also the spectrally linearized response around the large-signal state of the
system to additional injected signals, that now depends nonlinearly on the DUT operating
conditions that are determined by the large-signal excitation. X-parameters can be used to
calculate the effects of mismatch at fundamental and harmonic frequencies, and correctly

predict effects of source harmonics on DUT response.

For a given DUT, determine the set of multivariate complex functions Fpm(.) that correlate

all of the relevant input spectral components @, with the output spectral components B,

whereby ¢ and p range from one to the number of signal ports, and whereby m and » range

from zero to the highest harmonic index. This is mathematically expressed as in (1.8).
b, =F,(,a,,...ay,a,,..) (1.8)

The functions F),,(.) are called the describing functions. The concept is illustrated in Figure

1.19.
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Figure 1.19 The concept of nonlinear
describing functions
From Jan Verspecht (1996)

Under large-signal and nonlinear operating conditions, the superposition principle is not
valid. In power amplifier case, there is only one dominant large-signal input component
present (4;;) whereas all other input harmonic frequency components are relatively small. In

that case, we will be able to use the harmonic superposition principle.

The function F,,(.) is linearized around a stable single-valued and continuous operating point

by writing the travelling voltage wave vectors 4 and B as A= A4,+a and B=B,+b where
B, is the large-signal steady-state response to the large steady-state excitation 4, and b is

the response to a small excitation signal a superimposed on 4, (Verspecht, Williams et al.

2005).

The scattering function F describing the electrical behavior of a weakly nonlinear device is
generally not analytic, so, even in the weakly nonlinear case, we cannot relate 4 and B, or

even dand b, with linear scattering-parameter matrices.

The derivation of X-parameters is based on the Taylor series. For a single variable Taylor

series, let f be an infinitely differentiable function in some open interval around x = a:
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”(a) 5 (1.9)

(x—a)” +...

o 00 (g
fm=2fg)

k=0

(x-a) = f(a)+ f'(a) (x-a)+L

The linear approximation in one variable case takes the constant and linear terms from the

Taylor series. In an open interval around x = a.

o (0 (, (1.10)
1= 3 2 e = ) s (@) 5-a)

k=0

For a multi-variable Taylor series, let f be an infinitely differentiable function in some open

neighborhood around (x,y) = (a, b):

S (xy)=1(ab)+ [ (a.b)(x=a)+ fy(ab)(y=b)+ (1.11)
31 fos (@B) (=) £2 (0.6) (=) (=) £y () (=) |

_9of _of _ 0*f _ 0*f _ 0*f )
where f, = P fy = 3y fry = 3wy’ frx = PP fyy = 390y A more compact form, let’s

define [X] = [x,y]" and let’s [A] = [a, b]T. Therefore, the Taylor series can be written as

L (D] =[r () J+ VLA (A X = Al+[x = a] [m) ([ A])[x = ] (1)

Where V[f]and H are the gradient or the jacobian of the multi-variable function and the

hessian matrix respectively. The linear approximation is:

LA (N )= (LD ]+ VIA1([4D) [x - 4] (1.13)
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The Taylor series can be applied to nonlinear circuit characterization and modeling. Let’s set

the vector [A4] composed by the incident waves and the vector [B] composed by the

reflected waves. The vector [ 4] can be written as a sum of large steady state excitation [ 4 |

with a small excitation signal [a]z[[Re(a)],[Im(a)]]T composed by the real and

imaginary parts of small excitation incident waves. Therefore the vector [B] can be

approximated by:

[B]=[ F([4])]=[ 7 ([4]) |+ VIF]([4o])a] (1.14)

The gradient or the jacobian can be written as:

(1.15)
V[F]([AOD{[JRRQAOD] [JR]([AOD]]

Equation (1.14) can be rewritten as:

(1.16)
[B]=[F([4])]= [F([AO])}{[JRR ()] [ ([%])]][[Re(a)]}

[JJR([AO])] [JU([AO])] [1m(a)]

1t we set [S]=—([Jua -+, 14 (1)1 ) and [71=([Jual=17, 1+ (124170 )

, equation (1.16) is equivalent to :

[8]=[F([40]) ] +[ S ({40]) Jlal+[ T ([40])] "] (1.17)
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As a device enters its nonlinear regime of operation, the elements of the scattering matrix
relating different frequencies to each other will become nonzero. In addition, even weakly
nonlinear devices usually create mixing products at both sum and difference frequencies of
the input signals. Mixing products that include a difference frequency are particularly
problematic, as increasing the phase or frequency of an input signal can result in a decrease
in the phase or frequency of an output signal. This behaviour will be described by the matrix
[T]. This extra degree of freedom is required to complete the linearization, and it allows the
linearization to apply to all first-order mixing products generated by a weakly nonlinear

device.

In the case where large steady state excitation [ 4] =[a;], thus the small excitation vector is

T

[a]=[ay,@155r 0515505 a0s,...] . The vector of the scattered voltage waves

[B] = [bllablzabna---,bZI,bzz,bB,...]T 1S:

[B]:[F(all)}+[S(a11)][a]+[T(a11)][a*} (1.18)

T
The vector [F(all)] can be set as [X1F1(|a11 ),Xlg(|a11 ),...,X2Fl(|a11 ),X§(|a11 ),...} . The
matrices | S(ay1)] and [T (ayy)] can be setas :
[ i 1.19
XPz(an) - Xiias(an) (19
[S(an)]=] i ' '
S S
| Xp3aa(arn) - X5303(an) ]|
i ] 1.20
Xz (an) - X3 (an) (1:20)
[T(an)])=] i | '
_X2T3,12(a11) X2T3,23(‘111)_
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Therefore, the expression of the scattered voltage wave at port p and at m™ harmonic index

1S:

bom = Xpm(laiD+ D X panDay+ Do Xp illanay. (1.21)
(7DD (7-D#(1,1)

Time invariance is a property of common linear and nonlinear components such as inductors

capacitors, resistors, diodes and transistors (Root, Verspecht et al. 2013). Time invariance

states that if y(7) is the DUT response to an excitation x(z), the DUT response to the time-

shifted excitation, x(¢#—7), must be y(t—z'). In the frequency domain, the delayed version

of the response can be expressed as:

bpme‘jwmr = Fym (6111€_ja”,alze_jwﬂ,...,a21e_jwlr,a22e_ja’27,.,,), (1.22)
By applying the time invariance principle, equation (1.22) is equivalent to:
(1.23)

. : 2 . . 2
—-jor -jort -jot -jot
Fpm[alle /A ,alz(e Ja ) yenye 1A ,azz(e /A ) ,...j:

-j@,T
Fpm (Cll1,6112,...,(121,6122,...)6 m-,

This property can now be used to separate the dependence on the magnitude and phase of the

fundamental frequency:

(1.24)

-2 —1 -2 m
Fpm (Cll1,6112,...,6121,6122,...)=Fpm (|a11 ,alzP ,...,6121]) ,6122P ,)P .

where P=e’? hase(ay1)
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Therefore, equation (1.24) can be rewritten as:

bpm =X b(a pP™+ Y X]b;m’ﬂqanbpm—zajﬁ (1.25)
(7.D=(L1D)

T m—+l *
X Xy glanhP" e
(7,D#(L,1)

For expression uniformity purposes, the expression of the scattered voltage wave at port p

h .. .
and at m™ harmonic index can also be written as:

bpm = Fpm (|a11|)P+m + Z Spm,jl (|all|)Pm_lajl +Tpm,_jl (|a11|)Pm+la;]- (126)

(D=1

F _ S _ T _
where Xpm =Fpms> Xpm, j1 =S pm, ji and Xpm, jt =Tpm, ji -

The X-Power network analyzer which is developed by Agilent is illustrated in Figure 1.20. It
measures X-parameters about a single-tone LSOP (technologies 2008). This is achieved by
stimulating the DUT with a single large tone at port 1 and, while continuing to apply the
large tone, injecting additional small tones at both ports 1 and 2 at all harmonics of interest.
At least two phase-offset small tones must be injected at each port/frequency of interest in
order to extract the corresponding X-parameters. All resulting waves are measured for each
stimulus, and the X-parameters are solved for directly (if only two phases are used) or using

regression (in the case of 3 or more phases).
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Figure 1.20 Agilent X-PNA’s product
From Agilent (2008)

The software Advanced Design System which is developped by Agilent provides access to
X-Parameter Generator parameters enabling to define aspects of the simulation. Using the X-
Parameter Generator from the ‘Simulation-X Param’ palette enables to obtain the X-
parameters of a component, circuit, or subnetwork (technologies 2009). The extracted X-
parameter data can be used as a behavioral model in simulation by using the XnP component.
In the Simulation-X Param palette, we can find XP term components such as XP_Bias
applied to DC ports, XP_Source to large signal input ports, and XP_Load to outputs. A
snapshot taken from ADS showing the ‘Simulation-X Param’ palette is illustrated in Figure

1.21.
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Ly
L Opkionz
Sweep %

LoodPull

Figure 1.21 Simulation-X Param’ palette Agilent
From Agilent (2009)
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1.4 Active device modeling

Active device models are classified to physic-based, empirical analytic and table-based

models (Von 2007).

14.1 Physical modeling

The physics of operation of a given transistor are best described using a physical model
simulation, in which the geometry, topography, and the material properties of the
semiconductors, metals, and insulators that form the transistor are captured in the model
description in the simulator. The physical model simulation describing the semiconductor
equations and device geometry can be coupled with a thermal model describing the heat
transfer in the transistor, and an electromagnetic simulation of the device geometry,

metallization and substrate (Peter H.Aaen 2007).

In physical modeling, the nonlinear partial differential equations that describe charge
distribution, charge transport, current continuity in the transistor structure are solved in the
simulator (Peter H.Aaen 2007). As the transistor geometries become smaller, quantum-
mechanical effects also need to be incorporated into the solution. In the simulation, the
transistor geometry is discretized in two or three dimensions. This requires complex solution

techniques to be used, such as finite-difference and finite-elements methods.

The solution of these equations takes a long time, and the accuracy of the solution depends
on how well the physical properties and dimensions of the device are estimated, on the
approximations used in the fundamental semiconductor equations and on the numerical

techniques applied in the solution of the system of equations (Peter H.Aaen 2007).

These modeling techniques have been applied successfully to the technology development
cycle for new generations of transistors. Physical model simulations can be used to generate

DC I-V characteristics and bias-dependant S-parameter data directly from the simulation.
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These data can then be used to assess how the physical and geometrical design of the

transistor needs to be adjusted to improve the device RF performance (Peter H.Aaen 2007).

The advantage of this modeling method is the accurate device description for any operating
range using extrapolation based on the physical behavior of the device. Since physical
models are very complex and require a long simulation time, this modeling approach is not
appropriate for the circuit design purpose. The other problem of this model type is the
availability of the physical material parameters, since the acquisition of such data requires
sophisticated device measurement systems. Mostly, this kind of model is used to model
devices of a small size in order to investigate the quality of a device process for the

development and improvement of device performance (Von 2007).

1.4.2 Table-based model

Table-based models describe the response of a network upon the incoming signal in form of
current and voltage based on measured data (Von 2007). The continuity of the description
can be derived using spline interpolation between the measurement points. On the one hand,
this modeling approach presented by Root (Root and Fan 1992) offers the flexibility to
describe the device behavior in regions where physical or empirical models fail to fit the
measurement data due to fixed, predefined equations. On the other hand, understanding of
the device is limited with this kind of model at the boundaries of the I-V characteristic unlike

the case with physical or empirical models (Von 2007).

Measurement based models use characterization techniques such as S parameters and pulsed
I-V data (Von 2007). These techniques are the most common and provide improved large-
signal simulation accuracy because the model nonlinearities are constructed from

measurements that emulate actual device application.

In general, the first step is the definition of the equivalent circuit topology of the device. This

is necessary as the circuit simulators solve equations based on Kirchhoff’s current and
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voltage laws (Von 2007). The equivalent circuit models are derived with careful
consideration of the physical layout of the device for the small-signal equivalent circuit. The
measurement data must be processed to extract the linear and nonlinear model elements of
the equivalent circuit. There are basically two ways to make use of the processed data in a
nonlinear simulator. The intrinsic large-signal model elements may be approximated by
standard analytical functions or can be implemented in table form, which can then be

interpolated and/or extrapolated.

1.4.3 Compact Models

Generally, compact models are equivalent circuit representations of the transistor. The
electrical measurements that are performed during the characterization of the transistor can
be mapped directly onto a network of circuit components. The values of the equivalent
circuit parameters are extracted directly from the DC I-V and S-parameters measurements.
After de-embedding the extrinsic components, this yields an equivalent circuit containing
conductance and susceptance components that can be readily incorporated into the circuit

simulator (Peter H.Aaen 2007).

The extraction of the equivalent circuit parameter values can be carried out over a range of

bias voltage (V,,V, ), and the values can be stored in a table indexed by the bias, using

interpolation to find the required component values for the given bias voltage, to produce a
bias-dependent linear transistor model. The equivalent circuit parameter values can be fitted
with parameterized functions of the bias voltages, and the model extraction consists of
finding these function parameters for each of the circuit elements in the model (Peter H.Aaen

2007).

The intrinsic large-signal model is quasi-static. In other words, the model can describe the
transistor’s RF frequency dependence through the various reactive components in the model,

such as the intrinsic capacitances at the gate and drain of the device, and the extrinsic
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inductance and capacitance associated with the manifold and extrinsic parts of the transistor

(Peter H.Aaen 2007).

The effects of the self heating and traps can be seen in the DC [, —V, characteristics, so we

need to add parameters or components to describe these frequency dispersive effects, to
complete the model of the active transistor. A sub-circuit describing the thermal environment
can be added to the quasi-static electrical model so that the effects of both the static or
ambient temperature as well as the dynamic electro-thermal behaviour are accounted for in a
consistent manner. We use a similar approach to accommodate trapping effects into the

model (Peter H.Aaen 2007).

The separation of extrinsic and intrinsic parts of the transistor in electrical terms is perhaps
not so clear cut (Peter H.Aaen 2007). A very common way to partition the overall model is to
define the extrinsic shell to be only the linear components and the intrinsic region to be the

nonlinear part of the model.

The manifolds at the gate and the drain are physically large structures and they have both
frequency and spatial dependence of their transmission characteristics (Peter H.Aaen 2007).
The frequency-dispersive property can be used as the basis of the partition between the
manifold structure and the extrinsic shell. The lumped components that comprise the
extrinsic equivalent circuit-capacitors, inductors, and resistors should be independent of
frequency. After parameter extraction, if any of these components does show significant
frequency dependence, then the partition between the extrinsic and manifold shells may be
incorrectly located. A frequency-dependent component may also be an indicator that our
extrinsic circuit is incorrect, and perhaps a different topology is required to represent the

extrinsic shell of the transistor over the desired bandwidth.

The metal manifold can be represented in the model in different ways, depending on its size
and the frequency of interest (Peter H.Aaen 2007). If the frequency of operation is low

enough, or the manifold is small enough, it can be represented simply by a capacitance to
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ground. At higher frequencies, or for very large structures, the metal manifold is represented

by a transmission line model.

After de-embedding the manifold and bond-pad structures, we now need to determine and
extract the extrinsic circuit components, to get access to the intrinsic transistor reference
plane (Peter H.Aaen 2007). Once we have de-embedded the extrinsic circuit components, the
small-signal equivalent circuit parameters can be obtained by direct manipulation of the

intrinsic plane S-parameter data.

When we build our model in the simulator, we will use the terminal voltages as the control
inputs to the model (Peter H.Aaen 2007). By this statement, we mean that the electrical
effects of the extrinsic components, manifolds, and so on, have been removed, and the
measurement reference planes now lie at the intrinsic device plane. When we construct the
complete model, we can, if necessary, re-reference the voltages and currents to the
transistor’s external terminals. Isothermal conditions can be achieved by taking carefully

controlled pulse measurements or by using some means of thermal de-embedding.

Once we have constructed our large-signal, nonlinear, isothermal model for the intrinsic
transistor, we will add the dispersive effects to create a non-quasi-static model (Peter H.Aaen
2007). These dispersive effects include electron trapping effects and thermal effects. The
thermal effects include the static thermal influence due to ambient temperature, and the

dynamic effects of the electrical power that is dissipated as heat.

1.5 A large-signal modeling example

The separation of a circuit-level transistor model into intrinsic and extrinsic parts is an
idealization that simplifies the treatment of an otherwise very complicated device
(Dominique schreurs , Aflaki, Negra et al. 2009, Jarndal, Markos et al. 2011, Root, Verspecht
et al. 2013). Conceptually, the intrinsic model describes the dominant nonlinearities of the

transistor that occur in the active region, inside the feed networks, manifolds, and other
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parasitic particularities of the layout. Parasitic elements are usually modeled with simple
circuit elements whose parameter values do not change with bias. The parasitic elements that
make up the extrinsic model are usually associated with capacitive coupling between the
electrodes, and inductance and resistance of feed structures and manifold metallization,
dependent on the device layout (Vandamme, Schreurs et al. 2001, Rudolph, Fager et al.
2012). The model is constructed by first determining the parasitic elements (Jarndal, Bunz et
al. 2006) and then de-embedding the extrinsic network to isolate the intrinsic part. Thus,
careful attention to the extrinsic model elements is required for accurate transistor modelling
(Rudolph, Fager et al. 2012). There are several techniques for determining the extrinsic
parameters (Laredj, Degachi et al. 2011). A three-step de-embedding technique, which is the
most recent, was proposed by (Cho and Burk 1991, Vandamme, Schreurs et al. 2001, Siti,
Mohd et al. 2009). This technique requires four on-wafer de-embedding structures, namely,
open, shortl, short2 and thru. In this section, we present a new simpler technique based on
only two de-embedding GaN structures: open and short-thru structures (Essaadali, Kouki et

al. 2015).

1.5.1 Extrinsic parameter extraction using two step de-embedding structures

The small-signal equivalent circuit model, shown in Figure 1.22 has been used to simulate
the small signal characteristics of on-wafer GaN HEMT on silicon (Si) substrate (Jarndal,
Markos et al. 2011). In the extrinsic part of this model, Cpe and C,q account for parasitic
capacitances due to the pad connections, inter-electrode and crossover capacitances between
gate, source and drain which is due to air-bridge source connections. R, R4, and R, represent
contact and semiconductor bulk resistances; while Ly, L4, and Ly model the effects of
metallization inductances. To take into account the significant substrate/buffer loading effect
of this device (Jarndal, Essaadali et al. 2016), shunt RC circuits are added to represent this
extra parasitic effect. These are Ry, and Cgq (respectively Ryqq and Cyq) which describe the
parasitic conduction and fringing capacitance between gate and source (respectively drain

and source) electrodes via the buffer layer or the substrate (Jarndal, Essaadali et al. 2016).
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Figure 1.22 Aphotograph of 200x10um GaN HEMT on Si Substrate (Left)
and its equivalent circuit model
From Essaadali (2015)

This new extraction technique requires only open and short-thru structures. The layout of the
GaN open de-embedding structure corresponding to a 2mm GaN transistor being and its
equivalent circuit model are shown in Figure 1.23. The Open structure which makes no
connection between the gate and the source is used to de-embed the extrinsic shunt
impedance. The short-thru structure connects the two RF test ports of gate and drain together
to the source through a common via. This structure is used to extract source, drain and gate

series impedance. Its layout and its equivalent circuit model are shown in Figure 1.24.

Figure 1.23 On-wafer GaN Open de-embedding structure for a 2mm GaN HEMT
(Left) and its equivalent circuit model (Right)
From Essaadali (2015)
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Figure 1.24 On-wafer GaN short-through de-embedding structure for a 2mm GaN HEMT
(Left) and its equivalent circuit model (Right)
From Essaadali (2015)

The gate-source and drain-source impedance expressions of the circuit of Figure 1.23 are

given by:
Zgg :l/ja)cgp+Rgg/(l+ja)ngRgg)' (1'27)
Z, =1/ jaC, +R, [(1+ joC,R,,). (1.28)

The extrinsic elements R, and Ryq can be extracted from the above impedances expressions.
Their values can be determined by the extrapolation of real part of Zg,, Real(Z,,) and real
part of Zg4q, Real(Zyq), at ©®=0, as shown in Figure 1.25, the accuracy of the method depends
on the extrapolation technique used. Another approach more accurate is to extract Ry, and Ryq
from the slope of the curve of 1/( o’ real(Zge))( 1/( o’ real(Zq))) versus 1/w”. The expressions

of these curves are given by:

I/ (@'reallZ,,1)=1/R,, (1@ )+ R,C,. . (1.29)

88 88

I/ (@real(Z,,])=V/R,, (/@ )+ R,,C,/". (1.30)
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Figure 1.25 Extraction of extrinsic elements Rgg and
Rdd for a 2mm GaN HEMT
From Essaadali (2015)

The inverse of the slopes are the values of parasitic resistances Rgq=1350 € and Rg=1180 Q.
As shown in Figure 1.26. The parasitic capacitances Cg and Cyq can then be easily resolved

using:

lreallZ,,1=1/R,, +R,C, @ (1.31)
\/reallZ,,1=1/R,,+R,C, @ . (1.32)

The extracted values are Cqq= 0.0943 pF and Cgz= 0.0966 pF. Next, using the structure of
Figure 1.23, the parasitic capacities Cpg and Cpq can be extracted by extrapolating the equation
imag(Zg)®w and imag(Z4)w, at @ = 0, respectively. However the accuracy of the approach
will depend on the extrapolation approach used. For this reason it would be better to extract

their values as follows.
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Figure 1.26 Extraction of extrinsic elements Cgg and
Cdd for a 2mm GaN HEMT
From Essaadali (2015)

At higher frequency, imag(Z,s)® and imag(Z4q)o tend to a constant, as shown in Figure 1.27.
Their limits are given by (1.33) and (1.34), respectively. Using this approach, the extracted
values are found to be Cpe= 0.388 pF and C,4=0.88 pF.

-5.0E12_

-6.0E12- ZggMeas e-0-e-8-0
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Figure 1.27 Extraction of extrinsic elements Cpg and
Cpd for a 2mm GaN HEMT
From Essaadali (2015)
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C R & (1.33)
lim imag<Zgg)a): lim— 1 - ggz gg2 > 1 - 1 .
W—oo W—>o0 Cpg 1+ Rgg nga) Cpg ng
2 W 1.34
limimag (Z,,) @=lim—- L_ Cddfddzw ~=— b1 . (1.34)
W—>o0 W—>o0 de 1+RddCdda) de Cdd

Next, the quantities Ry, Rg, Ry, L, Lg and L, can be extracted from the short-thru structure
shown in Figure 1.24. To extract the parameters in the inner T-network, de-embedding of
gate and drain parasitic impedances is required. The inner Y-parameters of the T-network are
given in (1.35) where the parameters Ysiopen and Yizepen Of the open structure have been

neglected based on practical considerations. Thus,

)fllinner YlZinner — [Y ] _ Yllopen 0 (1 35)
Y Y thru—short 0 Y .

2linner 22inner 220pen

The resistors and inductors of the source, gate and drain are determined respectively from:

RS +jLsa):ZZUnner' (136)
Rg +nga): leinner _Z2linner' (137)
Rd + ]Lda) = ZZZ[nner ~ “2linner* (138)

The curves of source, gate and drain resistances and inductances are shown in Figure 1.28
and Figure 1.29. The extracted value are found to be R=0.01Q2, R4=0.65€2, R,=0.7Q,
L~=20pH, L&~=130pH and L,=134pH.



47

1.0
Q_Qj‘ real(Z21target)
g_g,:l real(Z11target-Z21target)
— 07? real(Z22target-Z21target)
O o5\
—_
= 0.
o
A
e ©
S 01
& oot
01
~a T ! L e B B B B Ay B s

-
]
-
-
-]
N
-
w
-
]
-
-
w
N
[}

co”

44 1 2
<+ 1o 10

o/2n[GHZ]

Figure 1.28 Extraction of Source, gate and drain resistances (Rs, Rg and Rd) from
short-thru structure of a 2mm GaN HEMT
From Essaadali (2015)
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Figure 1.29 Extraction of Source, gate and drain inductors (L, L, and L) from
short-thru structures of a 2mm GaN HEMT
From Essaadali (2015)

1.5.2 Transistor small-signal modeling

After deembedding, the electrical effects of the extrinsic components, manifolds, and so on,
have been removed. And the measurement reference planes lie at the intrinsic device plane.
The S-parameters represent the linearized or small-signal response of the transistor at a

specified bias Vgs, Vds and frequency, o (Essaadali, Kouki et al. 2015). This is simply the
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measured and de-embedded data, which could be stored in a three dimensional table, indexed
by the bias voltages and frequency. During simulation, the required S-parameters would be
read by indexing, or interpolating to the off-grid or non-measured values. Ambient
temperature could be built in by adding another dimension to the table. Index look-up models
can be quite slow, especially if interpolating over several dimensions as the simulator drives
to convergence. The S-parameters represent the linearized or small-signal response of the

transistor at a specified bias Vg, Vs and frequency, o.

Commonly, for FET models operating in the active regime, that is, above threshold and
positive drain-to-source voltage, the controlled current source representing y,; are added to
the passive network representation, as a transadmittance. An example of a small-signal
equivalent circuit model of the intrinsic transistor is shown in Figure 1.30. Following the
direct extraction method of Dambrine (Dambrine, Cappy et al. 1988), the values for the

equivalent circuit parameters can be obtained (Dambrine, Cappy et al. 1988).

R,
Gate ?gld od Drain
L | — W {]
— GCus
§ Rgs Gm T ds ds
Ll { ]
Source Source

Figure 1.30 Small-signal equivalent circuit
model of the intrinsic transistor
From Aaen, PI4 et al. (2007)

The equivalent circuit component values for the gate-drain voltage are obtained through:

1. 1. (1.39)
ng:;)lmag()’gd):—z)lmag(ylz).
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(1.40)

1 1
gd a)zczd rea ( ad ) a)2C§d rea (y12)

The gate-source admittance is also represented by a series R-C network in the equivalent

circuit and their values are obtained by:

1. (1.41)
Cgs :_lmag(yll +y12)'
w
1 (1.42)
Rgs :a)z—C;real(y“ +y12)'
The drain-source admittance is a parallel R-C network and is obtained directly from:
1. (1.43)
Cy = _lmag(J/zz T )
w
1 (1.44)

R, = )
‘ real(y22 +y12)

The transadmittance, Gy, is written as a transconductance term g, with a delay term 7 That

accounts for the distributed effect of the charge moving along the channel of the transistor

during operation.

G,=Vy—= gme_jm- (1.45)

In this way, from the measured and isothermal S-parameters, the elements of the intrinsic
part are extracted at every DC bias point. The values of these intrinsic model elements can be

stored at each bias point in a table.



50

1.5.3 Transistor large-signal modeling

The S-parameters represent the linearized or small-signal response of the transistor at a
specified bias Vgs, Vds and frequency, w. This is simply the measured (and de-embedded)
data, which could be stored in a three dimensional table, indexed by the bias voltages and
frequency. During simulation, the required S-parameters would be read by indexing, or
interpolating to the off-grid or non-measured values. Index look-up models can be quite
slow, especially if interpolating over several dimensions as the simulator drives to
convergence (Peter H.Aaen 2007). The Y-parameters of the transistor intrinsic part shown in

Figure 1.30 are: (Jarndal 2006)

. G, +G,+jo(C,+C,) -G, - jaC,, (1.46)
G,-G, —joC,, G, +G,,+jo(C,+C,)

Where G, =1/R,, , G, =1/R,, and G, =1/R, are the conductances.

gs

The real part of the Y-parameter corresponds to incremental values of a current large-signal
function, while the imaginary part corresponds to incremental values of a charge large-signal
function (Kompa 1995, Jarndal 2006). Therefore, the large-signal characteristics of the
device can be obtained by path independent integrals of the voltage-dependent Y-parameters

as follow:

A vy (1.47)
Ig (I/g:’l/ds) = Ig (I/gsO’I/dSO)—'_ J. Ggs (vgs’l/ds())—'_ng (vgs’VdSO)dvgs - J. ng (I/gs’vds )dvds
Ve

&
gs0 de 0

: 2 (1.48)
Qg (Vgs‘ ’ I/ds‘) = Qg (ngsO’ I/dSO) + I Cgs (vgs ’ VdsO) + ng (Vgs b VdsO )dvgs - J ng (I/gv b Vds )dvds

VH
Veso Vaso



51

" (1.49)
]d (ng ’ I/vdv) = Id (VgsO s VdsO) + j Gm (vgs s VdsO) - ng (Vgx ’ I/dA'O )dvgs
Vgso
Vas
+ J. de (Vgx 4 vdx ) + ng (Vgs 4 vds )dvds
Vaso
(1.50)

VIA 0

Ves Vg
Qd (Vgs b Vds) = Qd (V;'sO’ I/d.VO) - J. ng (vg.r b I/dSO Vgs + J Cdx (I/gv s Vds) + ng (I/gv b vds )dvdx
Veso

The quasi-static large-signal model of the device consists at least of two sources (current and

charge) at the gate and the drain as shown in Figure 1.31.

9 d
o, » > O
|g(Vgs,V ds) Qg (Vgs,\/ds) Qd (Vgs,Vds) la (Vgs,Vds)
[\ NV
o ® & L L O
S S
Figure 1.31 Quasi-static large-signal equivalent circuit model
of the intrinsic transistor
From Jarndal (2007)
1.6 Conclusion

Gallium Nitride (GaN) HEMTs (High Electron Mobility Transistors) are the next generation
of RF power transistor technology that offers the unique combination of higher power, higher
efficiency and wider bandwidth. Besides, the design of an RF power amplifier requires an
accurate large signal model of this device. There are many types of modeling techniques.
Equivalent circuit models are the most used. The traditional techniques are relied on DC,
multi-bias s-parameters and Pin-Pout-type measurements at the fundamental frequency.

However s-parameters are only valid under linear operating conditions. The availability of X-
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parameters measurements and their benefits compared to S-parameters are an opportunity for
incorporating non-linear data directly in the modeling process. The main goal of the thesis is
to develop a new modeling technique that exploit X-parameters for a quick build of an
accurate nonlinear equivalent circuit based model that captures the device behavior at the

fundamental and harmonic frequencies.
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2.1 Abstract

New nonlinear two-port network parameters consisting of nonlinear impedance parameters
(Z-parameters), nonlinear admittance parameters (Y-parameters), nonlinear cascade
parameters (ABCD-parameters), nonlinear scattering transfer parameters (T-parameters),
nonlinear hybrid parameters (G-parameters) and nonlinear inverse hybrid parameters (H-
parameters) are presented and are determined from X-parameters. Conversion rules between
them are also presented. Validation results using measured X-parameters and non-linear

circuit simulation are presented.

Keywords: X-parameters, nonlinear impedance, nonlinear admittance, nonlinear cascade
parameters, nonlinear scattering transfer parameters, nonlinear hybrid parameters, nonlinear

inverse hybrid parameters and conversion rules.

2.2 Introduction

Up until the mid-1940’s, when S-parameters were first introduced (Belevitch 1962, Van

Valkenburg 1974), circuit design and analysis were carried out using classical circuit
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parameters, namely impedance and admittance matrices. The advent of S-parameters
revolutionized the microwave engineering field since they could be used at very high
frequencies, relied on matched loads instead of open or short terminations and provided
explicit information about directionality (Pozar 1990). However, while S-parameters provide
complete information for passive (linear) networks as well as nonlinear circuits operating in
the linear regime, they cannot capture the all-important nonlinear behavior intrinsic to a wide
range of modern RF front-ends and in particular their power amplifiers (Root, Verspecht et
al. 2013, Verspecht and Root Jun. 2006). In fact, the use of nonlinear amplifiers for linear
amplification dates back to the mid-1930’s when Doherty (Doherty 1936) and Chireix
(Chireix 1935) proposed amplifier architectures that have been recently revived for use in
modern wireless communication systems (El-Asmar, Birafane et al. 2012, Hammi, Sharawi
et al. 2013). These, and other amplification techniques, such as Envelope Elimination and
Restauration (EER), MILC, Linear Amplification using Nonlinear Components (LINC) ...
rely on nonlinear devices to achieve power-efficient amplification of modulated signals with
increasingly high peak to average power ratios (Hamdane, Birafane et al. 2007, Helaoui,
Boumaiza et al. 2007, Birafane, El-Asmar et al. 2010). This challenge has led to many
important innovations on the various circuit design and signal processing fronts (Fadhel M.
Ghannouchi 2001, Ammar B. Kouki 2008, Fadhel M Ghannouchi 2012) and has generated a

significant push for advanced nonlinear measurement and modeling tools.

While significant progress has been made over the years in large-signal (nonlinear) modeling
of active devices (Jarndal, Bunz et al. 2006, Aflaki, Negra et al. 2009, Hui, Yuehang et al.
2012, Liu, Wang et al. 2012), this has been accomplished while using, for the most part,
classical techniques that relied on DC, multi-bias s-parameters and Pin-Pout-type
measurements at the fundamental frequency, all accessible through common measurement
equipment. Other efforts included the use of specialized equipment for time-domain current
and voltage waveform measurement based on applying an arbitrary waveform and sampling
scope (Tektronix , Benedikt and Tasker 2002, Lecklider 2009) and active load pull
characterization (Fadhel M Ghannouchi , microwave 1996, Marchetti, Pelk et al. 2008) to

improve model accuracy. Still, none of these techniques used a standardized, single set of
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measurements for modeling and model parameter extraction. This is due to the fact that

commercial nonlinear vector network analyzers were not available until 2008 (Lecklider

2009).

The first large signal network analyzer (LSNA) was developed by Hewlett-Packard (HP) and
the Network Measurement and Description Group (NMDG) during the 1990’s (Lecklider
2009). The LSNA 1is based on harmonic sampling down-conversion, measuring
simultaneously all frequency components (Lott 1989, Corporation 2003). During the 2004 to
2007 period, nonlinear measurement industry name moved from LSNA to NVNA (Lecklider
2009). In 2008, Agilent introduced the PNA-X, a mixer-based NVNA (Root, Verspecht et al.
2013). The PNA-X is a combination of NVNA with X-parameters (Horn, Gunyan et al.
2008). X-parameters are invented by Jan Verpecht in 2003’s (Verspecht 2008) and they
represent new nonlinear scattering parameters, applicable to passive and active circuits under
small and large signal excitation (Verspecht 2005, Horn, Gunyan et al. 2008). They represent
a mathematical superset of small-signal and large signal S-parameters (Horn, Gunyan et al.
2008, Verspecht and Root Jun. 2006). In addition to measurement equipment, Agilent
upgraded ADS to include X-parameters simulator (technologies). To ensure the
interoperability between measurement hardware and circuit simulators, the .xnp standard file

format was introduced (Environment , technologies , Horn, Gunyan et al. 2008).

The question is how to exploit X-parameters to more accurately and quickly build a nonlinear
equivalent circuit based model that captures the device behavior at the fundamental and
harmonic frequencies. In traditional transistor modeling, the conversion from S-parameters to
impedance, admittance and ABCD matrices is essential for model parameters extraction
(Jarndal and Kompa 2005, Laredj, Degachi et al. 2011, Jarndal 2014). Moreover, X-
parameters are not directly suitable for the analytic analysis of different network
configuration: series, parallel, cascaded, series to parallel and parallel to series. Thus, there is
a need to define other nonlinear parameters -in addition to X-parameters- that describe the
behavior of a nonlinear system and compute analytically the performance of different circuit

topologies. These new nonlinear parameters cannot be limited to device modeling



56

applications, but, can be used in a high variety of circuit characterization, simulation, design

and measurement.

The goal of this paper is to define new nonlinear two-port network parameters that can model
different network topologies: Nonlinear impedance parameters (Z-parameters), nonlinear
admittance parameters (Y-parameters), nonlinear cascade parameters (ABCD-parameters),
nonlinear scattering transfer parameters (T-parameters), nonlinear hybrid parameters (G-
parameters) and nonlinear inverse hybrid parameters (H-parameters). These parameters are
mainly defined from X-parameters. The conversion rules between X-parameters and the new
nonlinear two-port network parameters are developed in this paper. To the best knowledge of
the authors, the concept of these nonlinear network parameters has not been mentioned in the

literature.

This paper is organized as follows: section II outlines the concept of X-parameter and defines
the expressions of nonlinear two-port network parameters. Section III presents all conversion
rules between the new nonlinear two-port network parameters. In section IV and V, the
validation of the expression of nonlinear parameters and the conversion rules are validated in

linear and nonlinear operation modes respectively.

23 Nonlinear Network parameters

X-parameters use travelling voltage waves whereas other nonlinear network parameters use
multi-harmonic voltage and current quantities. The conversion between travelling waves and
voltage/current quantities is essential to define the expression of nonlinear network

parameters function starting from X-parameters.

2.3.1 Multi-harmonic wave, voltage and current quantities

The basic quantities used for X-parameters are traveling voltage waves (Root, Verspecht et
al. 2013). The waves are defined as linear combinations of the signal port voltage v, and the

signal port current, i (Verspecht, Williams et al. 2005). The incident waves are called the a-
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waves and the scattered waves are called the b-waves. They are defined in (2.1) and (2.2), as
in (Verspecht and Root Jun. 2006). Each spectral component has an associated harmonic
index, which denotes the ratio between the associated frequency and the fundamental tone.
The harmonic index is indicated by the last subscript k. A harmonic index equal to zero
corresponds to DC. The first subscript i indicates the respective DUT signal port. Port 1
typically corresponds to the input and port 2 to the output of the DUT. The incident waves a;
and scattered waves b are defined as functions of the spectral components of voltage vy ,

current i; and the reference impedance Z, that is assumed to be a real constant in this work.

+Z i,

u = vlk 2 (llk (2.1)
v, — 2.1,

by = % (2.2)

Harmonic voltages and currents can be expressed respectively in (2.3) and (2.4) as a function

of spectral components of incident and scattered waves.

23
Vi =y +by ¢
. _a,—b
iy = % (2.4)
2.3.2 X-parameters: a large-signal scattering function

For a given DUT, the linearization of the multivariate complex functions that correlate all of
the relevant input spectral components with the output spectral components leads to the X-

parameters expression (Root, Verspecht et al. 2013, Verspecht and Root Jun. 2006):

by :Fikqaubpk + Z Sik,jl(|all|)Pk_lajl +7;k,jl(|all|)Pk+la;l' (2.5)

(D=1
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Where by and a;; are respectively the scattered and incident travelling voltage waves. The
indices i and j range from one to the number of signal ports. The indices & and / range from

one to the highest harmonic index. The terms Fi, Sixj;and Ty ;; are complex functions of |a;]|.

233 Expression of nonlinear two-port network parameters

When extracting X-parameters, the phase of the input signal at the fundamental frequency a;;
is always set to zero. The term Fj (Ja;;|) is complex. For simplification purposes, we can
rewrite it as Sy 7;(|as|) a1, since the input drive a;; is always different than 0. We can rewrite
also Sij(|a;i|) and Tij(|as;|) simply as Sij; and Ty j; repectively. Substituting a;; and by by
their expression in (2.1) and (2.2), we obtain 2n equations relating voltage and current
harmonic components. Note that z is the total number of scattered voltage waves. Thus, (2.5)
becomes as in (2.6). The development of nonlinear Z-parameters will be limited to only two
ports. Equation (2.6) is arranged to get the voltage terms in the left-hand side and the current

terms in the right-hand side. For i=1,2; j=1,2; k=1:n and I=1:n;

T *
Vie = lkllvll Z i Vi Z i1 Vi =

(/.= (,D#(1.1)

ZSpnin 2+ z Sik lel +T; lel

cvjl ¢yl
(D=1

(2.6)

Each variable involved in (2.6) is rewritten in the complex Cartesian form (xik =x] + jxi, )

Thus, Equation (2.6) leads to two orthogonal equations (2.7) and (2.8): The real and
imaginary parts of the whole equation. Thus, for i=1,2; j=1,2; k=1:n; [=1:n, we have:

r 7 i i r 7 i _
Vik _(Sik,ll Vi _Sik,ll Vi) — Z (Sik,_jl Vii =9 ,zv/z) Z (T /]le +T; ]lvjl) =

(J:D=(1.1) (:.D=(1.1)

(2.7
Zc{Si;c,llilr] Szklllll+lzk+ Z (S5 i, 1 .]1 1k Jl ,1) + Z (T ik, ji ljl+7:]l€ il ,1) }

(D=1 (D=1
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i i r r i i r r i r i i Yy o
Vie = (S Vit +Sivi) — Z (St Vir +Sien Vi) + Z T Vi =T Vi) =

(.DH=(1.1) (J:.D=(1.1)

(2.8)
Zc {Si;c,llilll +S;k,11i1r1 +iilk + Z (Sl;(,jl lllz +Sllk,j1 i/r'l) - Z (7:1:11 lllz - illc,jli;l) }

(D=1 (J:.D=(1.1)

Simplification and reformulation of (2.7) and (2.8) into matrix forms leads to:

[(M][V]=z.[N][1]. (2.9)
where [V]:[vl’1 Vil v v vgn]r is the voltage vector and
[ 1]=[ilr] O g i;‘"]T current vector. Note that the symbol 1" is the matrix

transpose operator. [M] and [N] are 4n-by-4n matrices expressed in (2.10) and (2.11)

repectively.

I_Slrl,ll Slll,ll _(Slr12n +]—I};2n) (Sll12n _Tlllzn)
_Slll,ll I_Slrl,ll _(Slll2n +T1'll2n) _(S1r12n _7;12”)

[M]=| : 2 : : (2.10)
_S2rn,11 Sén,ll o 1_(S2rz12n +T¥n2n) (S£n2n _7-;;1271)
L _S;n,ll _Sgn,ll t _(S;nZn + ]-'21n2n) 1 - (SgnZn - 7-'21;'1211)

1+ Slrl,ll _Slil,ll o ({20 + Ti1an) _(SliIZn - ];ilzn)
Slil,ll 1+Slr1,11 (S1i12n +7—1'i12n) (Si120 = T20)
[N]=| : P : : (2.11)
Szrn,n _Sén,ll o 14 (85, + ) _(S£n2n _Tzinzn)
L Sén,ll S;n,ll (S;rIZn +Tzinzn) 1+(S2rn2n _Tzrnzn)

The matrix ZM]'[N] can be defined simply by [R] and (2.9) is equivalent to:

[V1=[R][1]. 2.12)
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For each harmonic voltage component, the real part is in (2.13), the imaginary part is in

(2.14). Note that p is the port index

n—1
oo . o]
Vom = ZR(Z(p—l)n+2m)(2k+l)ll(k+1) +R(2(p4)n+2m)(2k+2)ll(k+1) + 213
pamy (2.13)
2n—1 .
. y
Z Ry p=Ome2m) k2 (k- T R, p=Dns2m)2k+2)b2(k+1-n)
k=n
. n71 .
i . i
Vom = R(Z(p—l)n+2m+l)(2k+1)ll(k+l) +R(2(p—l)n+2m+1)(2k+2)ll(k+l) +
k=0
- (2.14)
. .
Z R(z( p=me2mey ke kai-ny T R(z( =4 2m+) 2k +2) 2 (k+1-n)
k=n

The term R(Zm)(2k+1)+jR(2m+l)(2k+l) in (213) and (214) is different to R(Zm)(2k+2)+jR(2m+1)(2k+2);

thus, the harmonic voltage component is expressed in:

1

n—1
me = 5|:Z{R(2m+2(p—l)n)(2k+l) + R(2m+2(p—l)n)(2k+2) +
k=0

]R(2m+l+2(p—l)n)(2k+l) +J R(2m+1+2(p—l)n)(2k+2)} Loy T

{R(2m+2(p—l)n)(2k+l) _R(2m+2(p—l)n)(2k+2) +JR(2m+l+2(p—l)n)(2k+l)
2n-1
) . (2.15)
_.] R(2m+1+2(p—l)n)(2k+2)} ll(k+1) + Z {R(2m+2(p—l)n)(2k+1) +
k=n
R(2m+2(p—l)n)(2k+2) + R(2m+1+2(p—l)n)(2k+l) + R(2m+1+2(p—l)n)(2k+2)} 12(k+1—n)

+ {R(2m+2(p—l)n)(2k+l) - R(2m+2(p—l)n)(2k+2)

+ JR(2m+1+2(p—1)n)(2k+1) _JR(2m+1+2(p—1)n)(2k+2)} L (kt1-n) ] .

Equation (2.15) is the expression of each harmonic component voltage as a function of
nonlinear impedance, harmonic component currents and their conjugate. The expression of
each nonlinear impedance parameter can be found from (2.15). An elegant expression

harmonic component voltage is:
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§<

Il
[
N
]

+
]
N
=

pmyj-qj

s (2.16)

Q.
I
——

In this section, we demonstrated that nonlinear Z-parameters include two-term categories

Zyg and Zﬁnq/, where p and q are the port indexes, m and j are the harmonic indexes. The
term Z, . are associated to i, and meq, are associated to i;. By using the same

demonstration philosophy, we demonstrated also that nonlinear Y-parameters include two-

term categories Y, and anq/ The terms Y, are associated to v, and Ypﬁmq] are associated

* . . . .
to v,. The expression of each harmonic component current as a function of nonlinear

admittance, harmonic current component and its conjugate is:

= Z Ypizwvﬂll Z pmaj ;' (2.17)

j=l..n Jj=l.n
q=1,2 q=1,2

By using the same procedure, we demonstrate also that nonlinear T-parameters include

two-term categories 7, and Tlffﬂqj

associated respectively to a harmonic component and its
conjugate of a-waves and b-waves present at output port. The formulation of the nonlinear

model based on nonlinear T-parameters is:

a
lm Z lmlja2] lmlja2] +Tim2]b2] +Tim2]b (218)

Jj=l.n

ZI: 2m1]b +T’2mljb +T‘2j12]a21+]12m2]a2] (219)

J

Like in linear case, nonlinear ABCD-matrix includes 4 parameter categories: A-, B-, C- and
D-terms. A-parameters relate input harmonic voltages to output harmonic voltages. B-
parameters relate input harmonic voltages to output harmonic currents. C-parameters relate
input harmonic currents to output harmonic voltages. D-parameters relate input harmonic
currents to output harmonic currents. Like nonlinear parameters defined in sections below

and by using the same demonstration philosophy, each ABCD parameters include two-term
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categories associated respectively to a harmonic component and its conjugate of voltage and
current present at second port. The formulation of the nonlinear model based on nonlinear

ABCD-parameters is:

z 1m2]v2] +Alm2jv2] +Blm2712] +Bln12jl2j (220)
Jj=l.n

ilm Z 1m2]v2] +C1n12jv2] +Dlm2112] +D1ijle (221)
Jj=l.n

Nonlinear hybrid parameters use the input harmonic current components at port 1 and the

output harmonic voltage components at port 2 as independent variables. By using the same

procedure, nonlinear H-parameters include two-term categories H,,, and Hfmq/. associated

to a harmonic component and its conjugate of voltage and current. The formulation of the

nonlinear model based on nonlinear H-parameters is:

. S o
z 1mljllj lmljllj +le112jv2] +H1m2]v2] (222)
Jj=l.n
. a B
Z H2mljllj +H2m1jllj +H2m21v2] +H2m2/v2j (223)
Jj=l.n

Nonlinear G-parameters use the input harmonic voltage components and the output harmonic
current components as independent variables. Using the same demonstration technique leads

to the formulation of the nonlinear model based on nonlinear G-parameters in:

o
Z 1m1;V1/ +G1m]/V]1 + G]mz;lzl + G]mzllzl (2.24)

Jj=l.n

B o
v2m z 2m1]v1j +G2mljv1] +G2m2]12] +G2n12]l2j (225)

j=l.n
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24 Conversion between nonlinear two-port network parameters

In this section, we present a transparent matricial transformation between nonlinear
parameters.

24.1 Conversion from X- to nonlinear Z-, Y-, ABCD-, T-, G-and H-parameters

Since nonlinear parameters including X-parameters include many terms, the best way is to
represent them with a matricial relation. For example, the relation between A-waves and B-

waves through X-parameters can be represented by:

[B]=[x][4] (2.26)

where the matrix [X ] is defined in (2.27). The A-waves and B-waves vectors are defined as:
(B]=|[B] (8] | and  [4]=[[4]"[4] ]

T
[Ai]:|:ail ai*l ain a:n:l 2

' (B]=[b, b, .. b, b,] and

T
2 in in

[Xll] [XIZ]
Xl= 2.27
S 27
where
_Siljl T;ljl Siljn ];ljn |
T;ljl Siljl 7—tv‘ljn Siljn
[XU:Ilz_llzz = . .
a Sinjl Tl"njl injn T;Hjn
| Y;njl Sinjl injn Sm/'n i

=x5 pmJ

The terms S and T in X-matrix are expressed in terms of X-parameters: S - omg

and T, . =X P"/. We can set T ,=0, thus Sik’“:Ek/|a“| because

pmgj pmygj p
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F P = Sl.,c711P1‘_1 a,,. Thus F, =S, |a11| . If we use the definition expression of A- and B-

travelling waves in terms of voltages and currents (2.1) and (2.2), we get the expression of

voltage vector in:

V=2 {[1d)-[x]} " {{]+[ X [1]. (2.28)

T " T " . . . .
where [1d], [V]z[[Vl] 7] } and [I]=[[11] |1, ] ] are respectively the identity matrix,

* PR VA .
voltage and current vectors. The sub-vector [1;]= [vl.l Voot v Vm] is expressed in terms
. . . o . a7
of n harmonic voltage components. The current sub-vector is [/,]= [zﬂ i 0 zin] :

Finally, the expression of nonlinear Z in terms of X-parameters is derived in:

[Z

nonlin

1=z {[1d]-[x]}" {{1d]+[x]}. (2.29)

where the nonlinear impedance matrix [Z ] can be rewritten as in:

nonlin

(Z i | = {[Z“] [Z”ﬂ (2.30)

[ZZI] [ZZZ
where
M 7a B a B
Ziljl Ziljl Ziljn Ziljn
ﬁ* C(* ﬂ* 6(*
Ziljl Ziljl Ziljn Ziljn
I:ZU:IiZI’Z = : : :
j=L2 o Y} o B
Zinjl Zir;jl Zirg/‘n Zinjn
5 o 5 o
_Zinjl Zinjl Zinjn Zinjn i

The expression of current vector in terms of voltage vector and X-parameters is:

(1= {lal+[x]} {{2a)-[ X}V, @31

c
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Thus, we can define the nonlinear admittance matrix to describe the relationship between

harmonic currents and harmonic voltages in:

[nmﬁ,,]=zi{[ld]+[X I} {za]-[ x]}. (2.32)

c

where the expression of the nonlinear admittance is in:

(%] (%]
(Vi) =] 17 1o (2.33)
nonlin |:[Y21] [Yzz]
where
— 5 5
Yif}l Y;ljl Yl?]n )/iljn
5 X 5 X
Yiljl Ylf{/l }Iiljn ),lla/n
Y Joo=| 808
Jj=12 a B a B
Yinjl injl e Y;njn injn
B ' 5 '
| “injl ir{;l Yinjn irf;'n_

The reformulation of (2.20) and (2.21) in a matrix form makes easier the manipulation of

nonlinear ABCD-parameters:

R R e T [ S

The expressions of [ABCD, | and [D,,,,] in

nonlin

| sub-matrices: [4,,.]> [Buowin]-[C.

onlin

terms of A“ B* ce D* AP B’ C?  and D*

pmqj 2 pmqj 2 pmgj 2 pmqj > pmqj 2 pmqj 2 pmgj pmqj

in (2.35). For

simplification purpose, the letter R symbolizes A, B, C and D symbols.
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o P o 5 _
Rll2l RllZl Rll2n Rll2n
ﬂ* & ﬁ'* o
R1121 R1121 R112n R112n
[Rnonlin] = . . . . (235)
R”, R R*, R
1n21 1n2n 1n2n 1n2n
ﬂ* o ﬂ* o
_R1n21 R1n21 R1n2n R1n2n B

To determine nonlinear [A4] and [C] sub-matrices in terms of X-parameters, we should

assume that [7,]=0. In this case, equation (2.26) is equivalent to:

[Vl]_Zc[Il] [Xn] [XIZ] [K]"'Zc[ll]
{ 7] H[le] [Xzﬂ ] } #20
The manipulation of (2.36) leads to the expression of [A] and [C ] in:
(A= 1+ -x T o x0] i -x,T
1 L (2.37)
[Id+X11][X21]_ [ld_Xzz]""[]d_Xn] [Xl2]}
[C]:i[Xzz]_l [Id_Xzz]_L 1d+[]d_Xll]_1 [1d+X11] i
Ze z [ J (2.38)

{[]d _Xll]_l [Id ‘*'Xu][le]_l [Id _Xz2]+[ld _Xll]_l [Xu]}

To determine nonlinear [B] and [D] sub-matrices in terms of X-parameters, we should

assume that [Vz] =0. In this case, (2.26) is equivalent to:

[[V]]—Zc[ll]}:[[)(n] [Xu]}{[ffl]ﬂc[ll]}

_Zc [12] [le] [Xzz] Zc [12] (239
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The manipulation of (2.39) leads to the expression of [B] and [D] in:

[8]= 2111, + X, L ] [+ X ) 240

(D)= ([0 =L TJ ] [T+ X)) @41

The most common application of the G-parameters is in the device modeling of a transistor.
They use the input voltage at port 1 and the output current at port 2 as the independent

variables. Thus the harmonic voltage and current related through nonlinear G-parameters are

(L] _ "]
|:[V2]i| - [Gnonlin]|:[12 ]i| (2-42)

Like other nonlinear parameters defined previously, nonlinear hybrid parameters include

expressed in:

. The matrix [G

nonlin

two-term categories G* ~ and G” | is square, so it can be redefined as:

pmqj pmqj

_{laul [6:]
[Gnonlin]_|:[G21] [G2 ]:| (2-43)

2

where the nonlinear G sub-matrices can be defined as:

Giol(jl ijl Giol(jn Gillijn

Gi'lg Jjl Gi?jl e Gi'lg jn Gi(: jn

Gylmo=| 1 8 i
TG Gn - Gl Gl
Gy Gy o Gh G
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To derive the expression of nonlinear G-parameters in terms of nonlinear X-parameters, the

definition expression of voltage waves in terms of harmonic voltages can be used. Then, the

expression of G, ], [G,], [G,] and [G,,] are respectively in (2.44), (2.45), (2.46) and
(2.47).

[Gii] :;_I[Ud]+[X11]+[X12][[]d]_[X22]:|_1 [leﬂ_l

¢ (2.44)

EAEATERIAEE SRS
(Gl =2[ [ [ 0T [T T] ] (2.45)
[G12] = 2[[[)(22] _[[d ]][Xlz]_l [[Xn] + [Id ]:' _[le ]J_l (2.46)

[Gzz] =Z. [[le] _[[Xzz]_" []d ]][Xlz]_l [[X11]+ []d ]ﬂ
(]l L+ [ ]] -] |

| (2.47)

Nonlinear H-parameters use the input current at port 1 and the output voltage at port 2 as

independent variables. Thus, the harmonic voltage and current related through nonlinear H-

HZH =] HII/LH (2.48)

Like other nonlinear parameters defined previously, nonlinear hybrid parameters include

parameters are expressed in:

two-term categories A, - and H A . The matrix [H,,,, ] can be redefined as:

pmgj nonlin
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[Hll] [HIZ]
[Hnon [n] = |: (249)
l [H2l] [HZZ]
where
_Higlljl Hf/l Hﬁjn Hifjn |
Hi/fjl Hi?jl e Hfjn Hi?jn
I:Hlj :I iA:11,22 = . . . . .
J=1 o (24
Hinjl Hzfjl ne Hinjn Hzfjn
_Hfljl Hif;’l Hifjn Hilejn a

Let’s start by calculating [H,,| and [H,,] in terms of X-parameters. To determine them we

assume that [Vz] =0, X-matrix is equivalent to (2.39). The manipulation of (2.39) leads to

the expressions of nonlinear H sub-matrices in terms of X-parameters in (2.50), (2.51), (2.52)

and (2.53)

()= 2[00+ D+ 0 [
1 (2.50)
L1+ [0 - + X [0
[HZI] = _[]d ""Xzz]_l [le]
- Il + X T ]| @)

'[[Id]_i'[Xu]_[Xlz][ld "'Xzz]_1 [X21]}}

() =[ (2]~ +X0 + XT []]

(2.52)
'[[Xlz]_[Xlz][ld "'Xzz]_1 [Xzz _Id]:|
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-1

H,, :i I |+ X [+ X0 [ L, — X B X,
[Ha]= 5| L1+ DX ]l = X0 ] -

'[[Id]_[Xzz]_[Xn][[d _Xn]_l [Xuﬂ

In practice, many microwave networks consist of a cascade connection of two or more
nonlinear two-port networks or a connection of nonlinear with a linear circuit. In this case, it

1s convenient to define a nonlinear T-matrix or nonlinear ABCD-matrix. Like nonlinear Z-

and Y-parameters, nonlinear T-parameters include two-term categories 7, . and T, A . The

mgj pmgj

relation between A-waves and B-waves through nonlinear T-parameters is given by matricial

[B]|_ [4,]
|:[A1 ]j| - [Tmmlm ] {[Bz ]j| (2-54)

The matrix [T, ] is square, so it can be redefined as:

expression:

[0 ] = {[T”] [T'Z]} (2.55)

(7] (7]

where nonlinear T sub-matrices can be defined as:

e, T, . T, TP,

e Te . TP T

Ty o= & 8 i
e isjl'l T;rfjl T;Z‘n 7’;}5}1
_7;51 7;1[;1 Tzvrgn Z}Zn i
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The expression of [7;,] and [7,,] in terms of X-parameters are determined in (2.56) and
(2.57) by assuming that [B,]=[0]. The expression of [7,] and [7,,] in terms of X-

parameters are determined in (2.58) and (2.59) by assuming that [ 4,]=[0].

(7] =[x ][ X0 ][] [ ] (2.56)
[7,]=~1Xa] [X] (2.57)
[7.]=[x, 01X ] (2.58)
(T.]=[x] (2.59)

24.2 Conversion from nonlinear Z- to X-, nonlinear Y-, ABCD-, T-, G-and H-
parameters

Nonlinear Z-parameters use voltages and currents whereas X- and nonlinear T-parameters
use travelling waves. To derive the expression of X- and nonlinear T-parameters in terms of
nonlinear Z-parameters, (2.3) and (2.4) are used. The expression of X- in terms of nonlinear

Z-parameters is derived in (2.60).

X0 e )| | 0] 250

c

The expressions of nonlinear T- sub-matrices [7;,], [T5], [7},] and [T, ] are respectively

derived in (2.61), (2.62), (2.63) and (2.64).

7)=2e,

27 2

) AN A NES) 2e)

c
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| ACAEENNES 26
:l _ -1 [Zzz] _@

A e (N A A A N e U s (2.63)
:l _ -1 [Zzz] _@

[Tol=5 [z -z L))z =+ ] = (2.64)

The expressions of nonlinear H- sub-matrices [H,,]|, [H,,], [H},] and [H,,] in terms of

nonlinear Z-parameters are respectively derived in (2.65), (2.66), (2.67) and (2.68).

[H”]z[ZH]—[Zu][ZD]fl [ZZI] (2.65)
[H21]=_[Zzz ]_1 [Zzl] (2.66)
[le] = [le][Zzz ]71 (2.67)
[H,]=[2,,]" (2.68)

The expressions of nonlinear G- sub-matrices [G, ], [G,,], [G,,] and [G,,] in terms of

nonlinear Z-parameters are respectively derived in (2.69), (2.70), (2.71) and (2.72).

[Gll] = [le]il (2.69)

[G21]=[Zz1][z11]_l (2.70)

(G,]=-[2,] [2,] (2.71)
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[Gzz]z[zzz]_[zzl][zn]_l [le] (2.72)

The expressions of nonlinear ABCD sub-matrices [4], [B], [C] and [D] in terms of

nonlinear Z-parameters are respectively derived in (2.73), (2.74), (2.75) and (2.76).

[4]=(2,][2.,]" (2.73)
[c]=[2.]" (2.74)
[B]=[2,]-[2,1[2,] '[2..] (2.75)
[D]=~[2.]"[Z..] (2.76)

For nonlinear Y-parameters, it is obvious that nonlinear impedance matrix [Z

nonlin

| is the

inverse of [¥,.]:

[Kmnlin ] = [Zn{)nlin ]_1 (2'77)

243 Conversion from nonlinear Y- to X-, nonlinear Z-, ABCD-, T-, G-and H-
parameters

Nonlinear Y-parameters use voltages and currents whereas X- and nonlinear T-parameters
use travelling waves. To derive the expression of X- and nonlinear T-parameters in terms of
nonlinear Z-parameters, (2.3) and (2.4) are used. The expression of X- in terms of nonlinear

Y-parameters is derived in:

(X1=[11d)~Z.[Y, ][ Z. [ Vo )+ [ 2] ] (2.78)
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The expressions of nonlinear T- sub matrices [7;,], [T,], [T,] and [T,,] are respectively

derived from nonlinear Y-parameters in (2.79), (2.80), (2.81) and (2.82).

mi=3 -z | LAz ) 279
_1 B []d] 1
rl=2 bl | e 250
1 -1 [Id]
e AR R LA AN 2s1)
_1 -1 [Id]
A Rt R (A 28

The expressions of nonlinear H- sub-matrices [H,,]|, [H,,], [H,,] and [H,,] in terms of

nonlinear Y-parameters are respectively derived in (2.83), (2.84), (2.85) and (2.86).

[H,]=[%,]" (2.83)

(1, ]=[1,][%.]" (2.84)
[H,]=-[%,]"[¥,] (2.85)
[H,]= %] - [% 1Y, ] [V, (2.86)

The expressions of nonlinear G- sub-matrices [G,,], [G,,], [G,,] and [G,,] in terms of

nonlinear Y-parameters are respectively derived in (2.87), (2.88), (2.89) and (2.90).
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(G ]=[¥]- (%] ] %] (2.87)
[G.]=~[Y.] " [%2)] (2.88)
[Go]= %017 ] (2.89)
(G, ] =[] (2.90)

The expressions of nonlinear ABCD- sub-matrices [4], [B], [C] and [D] in terms of

nonlinear Y-parameters are respectively derived in (2.91), (2.92), (2.93) and (2.94).

[4]=~[1,]" 1] (2.91)
[C]=[%]- [T [Yan] (2.92)
[B]=[%,]" (2.93)
[D]=[]1%]" (2.94)

nonlin ] .

Nonlinear impedance matrix [Z,,,,, ] is the inverse of [Y,

nonlin

[Znanlin ] = [Ynonlin ]_1 (295)
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244 Conversion from nonlinear ABCD- to X-, nonlinear Z-,Y-, T-, G-and H-
parameters

Nonlinear ABCD-parameters use voltages and currents whereas X- and nonlinear T-
parameters use travelling waves. To derive the expression of X- and nonlinear T-parameters

in terms of nonlinear ABCD-parameters, (2.3) and (2.4) are used. The expressions of X sub-

matrices [X,,], [X,], [X,,] and [X,,] in terms of nonlinear ABCD-parameters are

respectively derived in (2.96), (2.97), (2.98) and (2.99).

[Xn]=z[m—%}[m—%zc[c]—w]}l—m 296)
X, ] 2{[A]—%+Zc [C]—[D]}l (2.97)
[X,]= {[A]+%}+[[A]—%}[Xn] (2.98)

]

(X,]= {[A] _[gihzc [C]- [D]}l {[A] + ez [C)+ [D]} (2.99)

c c

The expressions of nonlinear T- sub matrices [7;,], [T,], [T,] and [T,,] are respectively

derived from nonlinear ABCD-parameters in (2.100), (2.101), (2.102) and (2.103).

1,05 ([41+yz [8]-Z.[c]-[D) (2.100)

[7,]= ([4]+1/Z.[B]+ 2 []+[D]) @.101)



77

[1.]= ((41-yz [8]-Z.[C]+[D] (.102)

[1.]= (l4]-vz [8]+ 2 [c]-[D]) (.103

The expressions of nonlinear Z- sub-matrices in terms of nonlinear ABCD-parameters are

respectively derived in (2.104), (2.105), (2.106) and (2.107).

[z, ]=[4][c]” (2.104)
[Z,]=[cT’ (2.105)
[2.]=[8]-[4][c]"[D] (2.106)
[2.,]=-[cT"[DP] (2.107)

The expressions of nonlinear Y- sub-matrices in terms of nonlinear ABCD-parameters are

respectively derived in (2.108), (2.109), (2.110) and (2.111).

(%, ]1=[D][B] (2.108)
[v.,]=[B]" (2.109)
[v,]=[C]-[P][B] '[4] (2.110)

[¥.,]=-[B]"[4] 2.111)
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The expressions of nonlinear H- sub-matrices in terms of nonlinear ABCD-parameters are

respectively derived in (2.112), (2.113), (2.114) and (2.115).

[H,]=[B][P]" (2.112)
[H,]=[D]" (2.113)
[#1,,]=[4]-[8][D] [C] (2.114)
[H,]=-[P]"'[C] (2.115)

The expressions of nonlinear G- sub-matrices in terms of nonlinear ABCD-parameters are

respectively derived in (2.116), (2.117), (2.118) and (2.119).

[G.]=[C][4]" (2.116)
[G,,]=[4]" (2.117)
[G.]=[P]-[C][4]"[B] (2.118)
(G, ]=-[4]"'[B] (2.119)

2.4.5 Conversion from nonlinear T- to X-, nonlinear Z-,Y- ABCD-, G-and H-
parameters

The expressions of X sub-matrices in terms of nonlinear T sub-matrices are given by (2.120)

,(2.121), (2.122) and (2.123).
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[X,]=[1]7.] (2.120)
[X.]=[0]-[7.][7.] (7] (2.121)
(X, ]=[T.]" (2.122)

(X ]=~[7]" [Ts)] (2.123)

The expressions of nonlinear ABCD- sub-matrices [4], [B], [C] and [D] in terms of

nonlinear T-parameters are respectively derived in (2.124), (2.125), (2.126) and (2.127).

(4] = (11 ]+ 17 41 ]+ (7)) (124
[€l= 3 (B 117117 (.12
[8]= 2 (73] 7]+ [1]- (7)) (.126
[D]= ([T - (7)1, +17:) @.127)

The expressions of nonlinear Z- sub-matrices in terms of nonlinear T-parameters are

respectively derived in (2.128), (2.129), (2.130) and (2.131).

[Zn] =Z. ([[d]+2[[T11]+[le]il[[Tzl]+[T22]_[T11]_[T12]]_1) (2.128)
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-1

[Z,1]=22[[1,]+[ T, )-[7,]- (7.1 (2.129)

12.1= 2[5 ]-[Ta ]+ Z.[[ 1]+ [T ]]
'[[7;1]+[];2]_[7;1]_[7;2]:|_] [[Tzl]_[Tzz]_[zl]'i'[];z]]

(2.130)

1

[Zzz]:ZcI:[Tll]-"[le] [T] [Tzz]]
[ ]=[1]-[7, ]+ (7]

(2.131)

The expressions of nonlinear Y- sub-matrices in terms of nonlinear T-parameters are

respectively derived in (2.132), (2.133), (2.134) and (2.135).

I:[Tzl]_[Tzz]_[Tll]"'[le]]

1
Z, (2.132)

'[[]]1]_[7112]"_[7"21]_[7"22]]71

[Yll]:

(1= [ - [+ 7] (7] .13
EARS X CAREARIAR NIl |-[r]]"
(2.134)
[[Tn +[1,]+[1]])
[Yzz]:—%[[ﬂl]—[le]+[Tzl]—[7}z]J1[[Tn]+[712]+[731]+[732]] (2.135)

The expressions of nonlinear H- sub-matrices in terms of nonlinear T-parameters are

respectively derived in (2.136), (2.137), (2.138) and (2.139).
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[H,]=2[[T,]+[7] 7, ][] T +(5]] (2.136)
[HZI]:2[[721]_[]122]_[];1]4_[7;2]]_1 (2.137)

[H,]=17, )+ 1, ]+][5.]-[7,]]
(5. 1-[5]- [T )+ 7 ]] (2.138)

[[ 21]+[Tzz] [Tn]_[le]:I
[sz] =%[[ﬂ1]—[ﬂz]—[ﬂl]+[ﬂz]]l I:[T21]+[TZZ]_[TII]_[712[| (2.139)

The expressions of nonlinear G- sub-matrices in terms of nonlinear T-parameters are

respectively derived in (2.140), (2.141), (2.142) and (2.143).

[G I:[T21]+[TZ2] T, }[[7;1 21]+[T22]]_1 (2.140)
[Gzl] = 2[[];1]+[112]+[];1]+[722]]_1 (2.141)

[Glz] :[Tzl]_[Tzz]_[[TzJ"'[TzzH
(B T+ (5 ]+ 7] (2.142)

[[T11]+[T21]_[T12]_[Tzzﬂ

[Gy]=-2.[[T,]+[5, ]+ [0 ]+ (7]
'[[Tn]"'[Tzl]_[le]_[Tzz]:l

(2.143)
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2.4.6 Conversion from nonlinear G- to X-, nonlinear Z-,Y- ABCD-, T- and H-

parameters

The expressions of X sub-matrices in terms of nonlinear G sub-matrices are given by (2.144)

, (2.145), (2.146) and (2.147).

[x,]= [[Gn] 2 Ll g1, (] [GZJ}

Xl {[1 L90] 6,

-[[Gnh[;c] L] [GZI]T

] )

(2.144)

(2.145)

(2.146)

(2.147)
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The expressions of nonlinear T sub-matrices in terms of nonlinear G sub-matrices are given

by (2.148), (2.149), (2.150) and (2.151).

7,]= %{[[zd]_zc (G, TG T :[zd]_%: —[Gu]} (2.148)
nl-ilszia e -2 e .149)
%{ (12,1~ 216, 1][G.] :[ld]+%}+[qz]} (2.150)
—%{[1{, J+2.[ 1]][G21]*[d [‘;j]}[qz]} (2.151)

The expressions of nonlinear Z sub-matrices in terms of nonlinear G sub-matrices are given

by (2.152), (2.153), (2.154) and (2.155).

[Z,]=[G.]" (2.152)
[2,1=[G.,]1[G.]" (2.153)
[Z,]=-[G.] [G.] (2.154)
[2::1=[G1-[G.llG1 ] [Ge] (2.155)

The expressions of nonlinear Y sub-matrices in terms of nonlinear G sub-matrices are given

by (2.156), (2.157), (2.158) and (2.159).
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[¥.]=[6,1-16.][G.] " [Gu] (2.156)
[%,]=-[G6.]"[G.)] (2.157)
[%.]1=[G,][G.]" (2.158)
[7,,]=[Gy]" (2.159)

The expressions of nonlinear ABCD sub-matrices in terms of nonlinear G sub-matrices are

given by (2.160), (2.161), (2.162) and (2.163).

[4]=[G,]" (2.160)
[€]1=[G, 1[G ] (2.161)
[B]=-[G.\] ' [Gx] (2.162)
[P]=1G.1-1G, 1[G\ ] (G ] (2.163)

Nonlinear H- matrix [H,,,,, | is the inverse of nonlinear G- matrix [G,,,.. | :

[Hnonlin ] = [Gnonlin ]_1 (2 1 64)

24.7 Conversion from nonlinear H- to X-, nonlinear Z-,Y- ABCD-, T- and G-
parameters

The expressions of nonlinear X- sub-matrices in terms of nonlinear H sub-matrices are given

by (2.165), (2.166), (2.167) and (2.168).



u] [” [sz

%] [m ]

[[ - [Hn][[ Ll 221}

&

:

== 2] {[ il “q

]

[Zn]:[Hn]_[le][sz]il [H21]

[221] = _[sz ]_1 [HZI]
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(2.165)

(2.166)

(2.167)

(2.168)

The expressions of nonlinear Z sub-matrices in terms of nonlinear H are given by (2.169)

,(2.170), (2.171) and (2.172).

(2.169)

(2.170)
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[le]z[le][sz]_l (2.171)

[Z,,]=[H, ]_1 (2.172)

The expressions of nonlinear Y sub-matrices in terms of nonlinear H are given by (2.173)

,(2.174), (2.175) and (2.176).

(v ]=[H,]" (2.173)

(v, ]=[H,][H,]" (2.174)
[Y.]==[,.] " [#,] (2.175)

(¥ )= [Ho = [H, [ H, ] [H,] (2.176)

The expressions of nonlinear ABCD sub-matrices in terms of nonlinear H are given by

(2.177), (2.178), (2.179) and (2.180).

[A]z[le]_[Hn][Hzl]_l [sz] (2.177)
[B]:[Hn][Hzl]il (2.178)
[Cl=~[H] [H2] (2.179)

[D]=[H,,]" (2.180)
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The expressions of nonlinear T sub-matrices in terms of nonlinear H are given by (2.181)

,(2.182), (2.183) and (2.184).

[7.,] —;_[H12]+Zc {[ZT]—[L]]}[HN]] [[Z]—[Hn]l (2.181)
1702 e g, (100 2, 1.1 C.182)
AR AR A] A NI TATEA T .13

A e ] CR I EA A 184

c

| is the inverse of nonlinear H- matrix [ #,

Nonlinear G- matrix [G sonin) -

nonlin

[Gnonlin ] = [Hnonlin ]_1 (2 1 85)

2.5 Linear operation mode validation of nonlinear two port network parameters

X-parameters reduce to S-parameters when the device is operated in linear mode. For small

|a”| (linear operation), all F}, terms for k >1 vanish as well as all cross frequency S,

k#l

terms and all 7, terms. To determine the expression of nonlinear Z in linear operation

k#l

mode, we just calculate the analytical expression (2.29). The result concludes that all

) Y ) pmqj )
nonlinear Z” terms vanish as well as all cross frequency ”*/ terms. The expressions of

nonlinear ng ,m terms vanish to linear impedance in linear operation mode and they are equal

to Z,, . With the same manner, the expression of nonlinear admittances in linear operation
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mode is determined by calculating (2.32). The result concludes that all nonlinear Y 7 terms

vanish as well as all cross frequency Y, . terms. The expressions of nonlinear ¥ gm LETMS
m#j

vanish to linear impedance in linear operation mode and they are equal to Y, . Like nonlinear
impedance and admittance, nonlinear ABCD-parameters are reduced to linear counterparts.
Based on the analytic calculation, we conclude that in linear mode, all nonlinear terms A”,

B?, C* and D’ vanish as well as all cross frequency terms 4% ., B . C” and D

pmgj > = pmgj > pmgj pmgj *
m#j m#j m#j m#j
. . o a a a . .
The expressions of nonlinear 4, ., B, ..., C,.,, and D, = terms vanish to linear

impedance in linear operation mode and they are equal respectively to 4, B, C and D.
Nonlinear T-parameters are also reduced to linear counterparts. In linear operation mode, the

analytic calculation of T-parameters proves that all nonlinear 7# terms vanish as well as all

o . o . . .
cross frequency 7, pmg; terms and nonlinear 7, .~ terms vanish to linear T,,. Nonlinear H-
m#j

parameters are also reduced to linear counterparts. In linear operation mode, the analytic
calculation of H-parameters proves that all nonlinear H” terms vanish as well as all cross

o . o . . .
frequency H pmg; terms and nonlinear /7, .~ terms vanish to linear H,, . Nonlinear G-
m#j

parameters are also reduced to linear counterparts. In linear operation mode, the analytic
calculation of G-parameters proves that all nonlinear G” terms vanish as well as all cross

o
frequency G, .
m# j

terms and nonlinear G, terms vanish to linear G, . Besides, in linear

m

operation mode, conversion rules between nonlinear parameters are also reduced to linear

counterparts.
2.6 Non-Linear operation mode validation of nonlinear two-port network
parameters

The process of large-signal validation consists of performing both harmonic balance and X-
parameters simulations of the same xnp measurement file under the same conditions, i.e, the

same input power, dc bias and terminations. X-parameters data are used to calculate other
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nonlinear parameters. Harmonic Balance simulation is used to measure the different
harmonic components of voltage and currents. The process of the validation is applied to a
measurement file ‘ZX602522M X2P.xnp’ provided by ADS with a 50 ohm termination and
a power range between -10 dBm to 4 dBm.

2.6.1 Nonlinear operation mode validation of nonlinear Z-parameters

To validate the expression of nonlinear Z-parameters, harmonic component voltages are
compared. The amplitude and phase parts of measured and calculated voltages by (2.16) at
the fundamental, second harmonic and third harmonic are illustrated in Figure 2.1. The figure
shows a good agreement between calculated and measured harmonic component voltages at
the input and output of the amplifier. Both kinds of harmonic voltages coincide in small-
signal as well as in large-signal operation mode. This result validates the expression of
nonlinear voltage in terms of nonlinear impedance parameters and nonlinear current. To
verify the conversion rules from the other nonlinear parameters to nonlinear impedance
parameters, Figure 2.2 illustrate the amplitude and phase of nonlinear impedance parameters
determined from X-, nonlinear Y-, nonlinear ABCD-, nonlinear T-, nonlinear G- and
nonlinear H- parameters. For a 2 port-circuit and 3 harmonic orders, 72 nonlinear impedance

terms could be obtained. In order to keep the figures legible, only 6 arbitrary terms are used:
Zgzz, Zgzz, Zons 2,78, and Z3,,. Figure 2.2 illustrates a good agreement between

nonlinear impedance parameters calculated from X-, nonlinear Y-, ABCD-, T-, G- and H-

parameters.
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Figure 2.1 Comparison between the logarithmic amplitude (a) and phase (b) of harmonic
voltages calculated through nonlinear impedance parameters and those simulated
at the input and output ports.
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Figure 2.2 Logarithmic amplitude (a) and phase (b) of a random set of nonlinear impedance

parameters converted from X-, nonlinear Y-, ABCD-, T-, H- and G-parameters.
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2.6.2 Nonlinear operation mode validation of nonlinear Y-parameters

To validate the expression of nonlinear Y-parameters, harmonic component currents are
compared. The amplitude and phase parts of measured and calculated currents by (2.17) at
input and output device ports, corresponding to the fundamental, second and third harmonic
are illustrated in Figure 2.3, respectively. The figure shows a good agreement between
calculated and measured harmonic component currents. Both kinds of harmonic currents
coincide in small-signal as well as in large-signal operation mode. This result confirms the
expression of nonlinear currents in terms of nonlinear admittance parameters and nonlinear

voltages.

To confirm the conversion rules between nonlinear admittance and the other nonlinear
parameters, Figure 2.4 illustrates the amplitude and phase of nonlinear admittance parameters
determined from X-, nonlinear Z-, ABCD-, T-, G- and H- parameters. For a 2 port-circuit and

3 harmonic orders, 72 nonlinear impedance terms could be obtained. In order to keep the
figure legible, only 6 arbitrary terms are used: Y/2,,, Y%, Y2, , Y2,.Y2, and Y%, . Figure

2.4 illustrates a good agreement between nonlinear admittance parameters calculated from X-

, nonlinear Z-, ABCD-, T-, G- and H- parameters.



-10 \
-_.|11-Slm

0 Iﬂ-CaIc

1 Olog,I 0(abs(l1j,I2j))

-4 2 4
Pin[dBm]
(a)
150
f-_.IH-Sim
1001 O |11-Calc |
_.*..|12-Sim
50 |12-Calc -
— oonl -Sim N Y SN - 1
g (E g (S:"T <->—<->4>—<'><'>"<°>' s3el e, R
= Olig” .acFﬁ g:% g-@ Bl S oHm - S E - BB BB B T8
& l,,-Sim X
= 1, -Calc \@\®
D 01 sim N 1
9 1y %
[<)] %
c O I22-Ca|c
©-1001 —e-l,,-Sim 1
& I23-Calc
-150p .
B e N S R T
Pin[dBm]
(b)

Figure 2.3 Comparison between the logarithmic amplitude (a) and the phase (b) of
harmonic currents calculated through nonlinear admittance parameters and
those simulated at the input and output ports.
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Figure 2.4 Logarithmic amplitude (a) and phase (b) of a random set of nonlinear admittance
parameters converted from X-, nonlinear Z-, ABCD-, T-, H- and G-parameters.
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2.6.3 Nonlinear operation mode validation of nonlinear ABCD-parameters

To validate the expression of nonlinear ABCD-parameters, harmonic voltages and currents
present at the first port of the device are compared. The amplitude and phase parts of
measured and calculated voltages and currents, present at the input, corresponding to the
fundamental, second and third harmonics are illustrated in Figure 2.5, respectively. The
figure shows a good agreement between calculated and measured input harmonic component
voltages and currents. They coincide in small-signal as well as in large-signal operation
mode. This result confirms the expression of ABCD matrix. To confirm the conversion rules
from the other nonlinear parameters to nonlinear ABCD-parameters, Figure 2.6 illustrates the

amplitude and phase of nonlinear ABCD parameters determined from X-, nonlinear Z-, Y-,

T-, G- and H-parameters. The figures are limited to 6 arbitrary terms: A/,,, A%, B,,,

B%,,,CP,. and Df,, for legibility purposes. The figure illustrates a good agreement.
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Figure 2.5 Comparison between the logarithmic amplitude (a) and phase (b) of harmonic
voltages and currents calculated through nonlinear cascade parameters and those
simulated at device input.
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Figure 2.6 Logarithmic amplitude (a) and phase (b) of a random set of nonlinear ABCD-
parameters converted from X-, nonlinear Z-, Y-, T-, H- and G-parameters



98

2.6.4 Nonlinear operation mode validation of nonlinear T-parameters

To validate the expression of nonlinear T-parameters, calculated travelling voltage waves
present at the first port are compared the measured ones. The amplitude and phase parts of
measured and calculated travelling voltage waves, present at the input, corresponding to the

fundamental, second and third harmonics are illustrated in Figure 2.7.

To validate the conversion rules giving the expressions of nonlinear T-parameters in terms of
the other nonlinear parameters, Figure 2.8 illustrates the amplitude and phase of nonlinear T-
parameters determined from nonlinear Z-, Y-, ABCD-, T-, G- and H-parameters. In order to

not burden the figures with different parameters and since the aim is to show validation

results, we will limit ourselves to the following terms that are chosen randomly: 77, T7.2,,,

B B
TZ‘;II 4 7-l'¢3)[12’ 7—'2113 4 7—1221 :
Figure 2.8 shows a good agreement between the curves of nonlinear T-parameters calculated
from nonlinear Z, Y-, ABCD-, G- and H-parameters. This agreement proves the exactness of

the conversion rules demonstrated in this paper.
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Figure 2.7 Comparison between the logarithmic amplitude (a) and phase (b) of harmonic
incident and scattered voltage wave calculated through nonlinear scattering transfer
parameters and those simulated at device input port.
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Figure 2.8 Logarithmic amplitude (a) and phase (b) of a random set of nonlinear T-
parameters determined from X-, nonlinear Z-, Y-, ABCD-, H- and G-parameters.
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2.6.5 Nonlinear operation mode validation of nonlinear H-parameters

To validate the expression of nonlinear H-parameters in (2.22) and (2.23), calculated
harmonic voltages at the first port and harmonic currents present at the second port are
compared to the measured ones. The amplitude and phase parts of measured and calculated
voltages and currents, present at the input and the output respectively, corresponding to the

fundamental, second harmonic and third harmonic are illustrated in Figure 2.9.

To validate the conversion rules giving the expressions of nonlinear H-parameters in terms of
the other nonlinear parameters, Figure 2.10 illustrates the amplitude and phase of nonlinear

H-parameters determined from X-, nonlinear Z-, Y-, ABCD-, T- and G-parameters.

The figure is limited to 7 arbitrary terms: HS,,, H3,, HL,,, H,,, HY, and H7,,.

Figure 2.10 shows a good agreement between the curves of nonlinear H-parameters
calculated from nonlinear Z-, Y-, ABCD-, G- and T-parameters. This agreement proves the

exactness of the conversion rules demonstrated in this paper.
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2.6.6 Nonlinear operation mode validation of nonlinear G-parameters

To validate the expression of nonlinear G-parameters in (2.42), calculated harmonic currents
at the first port and harmonic voltages present at the second port are compared to the
measurement in Figure 2.11. The good agreement proves the exactness of the expression. To
validate the conversion rules giving the expressions of nonlinear G-parameters in terms of
the other nonlinear parameters, Figure 2.12 illustrates the amplitude and phase of nonlinear
G-parameters determined from X-, nonlinear Z-, Y-, ABCD-, T- and H-parameters. In order

to not overload figures or the paper and since we just like to illustrate the agreement of

curves, we will limit to the following terms that are chosen randomly: G”,,, G/, G%;,

G%,,, G%, and G’ ,. The figure shows a good agreement between the curves of calculated

nonlinear G-parameters. This agreement proves the exactness of the conversion rules

demonstrated in this paper.
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Figure 2.12 Logarithmic amplitude (a) and phase (b) of a random set of nonlinear G-
parameters determined from X, nonlinear Z-, Y-, ABCD-, T- and H-parameters.
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2.6.7 Nonlinear operation mode validation of nonlinear X-parameters

To validate the conversion rules giving the expressions of X-parameters in terms of other
nonlinear parameters, Figure 2.13 illustrates the amplitude and phase of nonlinear X-
parameters determined from nonlinear Z-, Y-, ABCD-, T-, G- and H-parameters. In order to
not burden the figures with all X-parameters and since the aim is to show validation results,

we will limit ourselves to the following terms that are chosen randomly: S,,,,, Si2055 Sy05
Sy.5 Ly, and Ty, . Figure 2.13 shows a good agreement between the curves of X-

parameters calculated from different nonlinear parameters. This agreement proves the

exactness of the conversion rules demonstrated in this paper.
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2.7 Conclusion

New nonlinear network Z-, Y-, ABCD-, T-, G- and H-parameters have been presented. These
parameters can be used to characterize and analyze different nonlinear circuits with arbitrary
topologies. Like X-parameters, each of these new nonlinear network parameters includes
components associated with the independent current/voltage variables as wells their complex
conjugate. The conversion rules between these new parameters and the measureable X-
parameters have been developed and presented. The validation process showed that, just as
X-parameters represent a superset of the linear S-parameters; these new nonlinear parameters
are also supersets of their corresponding linear versions. These nonlinear parameters can be

used in a variety of circuit simulation and nonlinear device modeling applications.
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3.1 Abstract

X-parameters that are mathematically rigorous supersets of S-parameters are applicable to
linear and nonlinear components under both small- and large-signal conditions. X-parameters
can be converted to other nonlinear network parameters, such as nonlinear Z-, Y-, ABCD-,
T-, H- and G-parameters. These parameters are used to model different network topologies.
This work presents how these nonlinear parameters can be used to describe series, parallel,
cascaded, series-to-parallel and parallel-to-series connections of pure nonlinear, pure linear
or a mixed topology of nonlinear and linear components. The goal of this work is the

provision of evidence that it is possible to build a compact model using X-parameters.

Keywords: X-parameters, nonlinear network parameters, series, parallel, cascaded, series-to-

parallel, parallel-to-series.

3.2 Introduction

High power amplifiers have been receiving increasing attention, since they are key

components responsible for a sizable portion of base station costs in wireless communication
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systems (Jarndal, Aflaki et al. 2010). The design of these power amplifiers (PAs) requires an
accurate small- and large-signal model. There are many published linear or nonlinear models
for different kinds of devices (Angelov, Desmaris et al. 2005, Jarndal and Kompa 2007,
Negra, Chu et al. 2007, Jarndal, Aflaki et al. 2010). In general, most of these models are
accurate only in linear mode. Classically, compact models are defined by nonlinear
equivalent circuits or by a system of nonlinear ordinary differential equations describing
current-voltage and charge-voltage relations for nonlinear lumped elements (Jarndal 2006,
Root 2012). Nonlinear models for microwave and millimetre wave devices are commonly
based on DC and S-parameter measurements (Schreurs, Verspecht et al. 1997, Jarndal, Bunz
et al. 2006) and their non-linear elements are described in terms of state functions (Schreurs,
Verspecht et al. 2002). The values of the state functions are generally determined via a small-

signal detour based on multi-bias S-parameter measurements (Root 2012, Root, Xu et al.

2012).

This technique is based on small-signal approximations of the nonlinear state functions at
different bias points and requires a large data of S-parameter measurements (Schreurs,
Verspecht et al. 1997, Jarndal, Bunz et al. 2006, Root 2012, Root, Xu et al. 2012). While
model topology is independent of measurement techniques, model accuracy and parameter
extraction depend on the set of available measured data. Traditional modeling techniques
relied on DC and multi-bias S-parameter measurements for parameters extraction. Neither
static (i.e., continuous wave signals) nor dynamic (i.e., modulated signals) nonlinear
measurements are used in the model parameter extraction process, but such measurements

are used for model validation and possibly for model parameter tuning.

The most successful method for the characterization of such devices is to use a lumped
circuit model that includes a mix of linear and nonlinear components (Maas 2003, Jarndal

2006). A compact model that consists of lumped linear and nonlinear elements is usually the

most practical for the design of a nonlinear systen] (Jarndal 2006, Jarndal and Kompa 2007,

Jarndal, Markos et al. 2011).
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In traditional transistor modeling, the conversion from S-parameters to other linear network
parameters like Z-parameters, Y-parameters and ABCD-parameters is essential for the model
topology definition and parameter extraction process (Dambrine, Cappy et al. 1988, Degachi
and Ghannouchi 2006, Laredj, Degachi et al. 2011). However, this type of parameter cannot
describe a nonlinear circuit (Horn, Root et al. 2010, Verspecht and Root Jun. 2006).
Accordingly, the most popular means for characterizing transistors’ S-parameters, admittance
parameters (Y-parameters) or other multiport parameters cannot be used to model nonlinear

devices (Maas 2003, Horn, Root et al. 2010).

The intended outcome of the approach using vectorial large-signal measurements in
nonlinear modeling is to efficiently extract the device’s state functions directly from these
measurements (Schreurs, Verspecht et al. 1997, Root 2012, Root, Xu et al. 2012). In 2008,
Agilent introduced the PNA-X, a mixer-based NVNA (Root, Verspecht et al. 2013). The
PNA-X is combination of NVNA with X-parameters (Horn, Gunyan et al. 2008). X-
parameters are introduced in (Verspecht 2008) and they represent new nonlinear scattering
parameters, applicable to passive and active circuits under small and large signal excitation
(Verspecht 2005, Horn, Gunyan et al. 2008). They represent a mathematical superset of
small-signal and large signal S-parameters (Horn, Gunyan et al. 2008, Verspecht and Root
Jun. 2006). X-parameters have begun to be explored for transistor modeling applications
(Chia-Sung, Kun-Ming et al. 2009, Horn, Root et al. 2010, Root, Xu et al. 2010, Root 2012,
Root, Marcu et al. 2012, Root, Verspecht et al. 2013).

In addition to X-parameters, the behavior of a nonlinear circuit, component, or system can be
described by nonlinear impedance parameters (Z-parameters), nonlinear Y-parameters,
nonlinear cascade parameters (ABCD-parameters), nonlinear scattering transfer parameters
(T-parameters), nonlinear hybrid parameters (H-parameters) or nonlinear inverse hybrid
parameters (G-parameters). The availability of X-parameter measurements and the
conversion rules between X-parameters and nonlinear two-port parameters present an

opportunity to describe and compute, with simple matrix calculation, the performance of
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different circuit topologies: series, parallel, cascaded, series-to-parallel and parallel-to-series

configurations (Riadh Essaadali, Anwar Jarndal et al. 2011).

A first attempt to use X-parameters to analyze a series connection of two-port networks was
in (Pelaez-Perez, Alonso et al. 2011, Fernandez-Barciela, Pelaez-Perez et al. 2014). This
work was limited to the analysis of a mixed series connection topology of nonlinear and
linear component, i.e, a transistor operating in large signal mode with a feedback capacitor.
Cascadability of two DUT’s is evoked in (Root, Verspecht et al. 2013) and it was
demonstrated that X-parameters have the full capability to describe accurately a cascade
configuration. Kirchhoff’s Current Law (KCL) and Kirchhoff’s Voltage Law (KVL) were
used to find the steady-state behavior of a cascade of nonlinear systems. However, there is no
analytical solution presented in (Root, Verspecht et al. 2013). The solution of a- and b-

waves, harmonic voltage and current harmonic components is still numeric.

In this paper, a general analysis of all possible network configurations is presented. it is
proven that the judicious matrix representation of different nonlinear parameters in (Riadh
Essaadali, Anwar Jarndal et al. 2011) improves the manipulation of different circuit
topologies. It is also proven that nonlinear Z-parameters, nonlinear Y-parameters, nonlinear
ABCD- or T- parameters, nonlinear G-parameters and nonlinear H-parameters can predict
series, parallel, cascade, parallel-to-series and series-to-parallel connections, respectively, of
two nonlinear networks, two linear networks or a mixed topology of nonlinear and linear
components. It is not limited just to two components but also generalized to N elements. An
advantage of the work presented in this paper is that X-parameters of a cascade system or for
other configuration can be calculated starting from X-parameters of each component.
Another advantage is that this analysis allows a fast direct computation of the performance of

any circuit topology.

This work can be used in a circuit design or to analyze complex systems in CAD software
which may be helpful in resources optimization and circuit performance prediction. A good

example of the application of the concept developed in this paper is the incorporation of the
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nonlinear data directly into model parameter construction and extraction processes (Riadh
Essaadali, Anwar Jarndal et al. 2011). Generally, compact models are equivalent circuit
representations of the transistor (Peter H.Aaen 2007). The electrical measurements that are
performed during the characterization of a transistor can be mapped directly onto a network
of circuit components to mimic this electrical behavior. The values of the equivalent circuit
parameters can be extracted from X-parameter measurements that can be converted into other
nonlinear parameters (Riadh Essaadali, Anwar Jarndal et al. 2011, Riadh Essaadali, Anwar

Jarndal et al. 2014).

This paper is organized as follows: the first section outlines the concept of X-parameter and
nonlinear two-port network parameters: nonlinear impedance Z-, nonlinear admittance Y,
nonlinear ABCD-parameters, nonlinear T-parameters, nonlinear G-parameters and nonlinear
H-parameters. And, for the first time, the analytical computation of all possible different
network configurations is presented. As mentioned earlier, a circuit topology can be series,
parallel, cascaded, series-to-parallel and parallel-to-series configurations of two nonlinear
networks, two linear networks or a mixed series topology of nonlinear and linear

components. The validity of the proposed analytical computation is discussed in the final

section.
3.3 State of the Art
3.3.1 X-parameters: A large-signal scattering function

The use of S-parameters revolutionized the microwave industry in the early 1970s, because
S-parameters completely and accurately describe the four main characteristics of linear two-
port devices: transmission (S;;), output match (S,»), isolation (S;2) and input match (S;;) (Jan
Verspecht 2005). The measurement of small-signal S-parameters is currently perhaps the
most common and effective method to provide a linear description of a circuit and its

frequency response (Peter H.Aaen 2007).
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S-parameters have one significant drawback: they are only valid under linear operating
conditions (Verspecht 2005); therefore, they cannot be used to describe the nonlinear features
that are challenging PA designers, such as compression, AMAM, AMPM and spectral

regrowth.

The idea of hot or large-signal S-parameters consists of operating a device under test (DUT)
under realistic conditions by applying an appropriate large-signal stimulus signal (Jan
Verspecht 2005). While this signal is being applied, one injects a small one-tone signal first
into port 1 of the DUT: this is called a forward measurement. A small one-tone signal is then
injected into port 2, which is called a reverse measurement. Each time, the incident waves (a-
waves) and corresponding scattered waves (b-waves) are measured. Just as is done with
small-signal S-parameters, hot S-parameters are defined as the ratios between the a- and b-

waves.

As a DUT enters its nonlinear regime of operation, the elements of the scattering matrix
relating different frequency components to each other become nonzero (Verspecht, Williams
et al. 2005). Even weakly nonlinear devices usually create mixing products at both sum and
difference frequencies of the input signals. Mixing products that include different frequencies
are particularly problematic, as increasing the phase or frequency of an input signal can result
in a decrease in the phase or frequency of an output signal. The scattering function describing
the electrical behavior of a weakly nonlinear device is generally not analytical; therefore,
even in the weakly nonlinear case, a- and b-waves cannot be related with linear scattering-

parameter matrices, even in a weakly nonlinear case (Verspecht and Root Jun. 2006).

For a given DUT, the linearization of the multivariate complex functions that correlate all of
the relevant input spectral components with the output spectral components leads to the X-

parameter expression (Verspecht and Root Jun. 2006):

bik = Xii(|a11|)Pk + Z Xii,/1(|a11|)Pkilaﬂ + Z Xii,/1(|a11|)Pk+la,;l- (31)

(D=1 (7.D)=(1.1)
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where bix and aj are the scattered and incident traveling voltage waves, respectively. Indices 1
and j range from one to the number of signal ports, and indices k and 1 range from one to the

highest harmonic index. The Fj, Sijiand Ty j terms are complex functions of |ay;|.

There are some significant differences with S-parameters: the contribution associated with a-
waves and the conjugates of the a-waves. The conjugate part is not present at all in S-
parameters’ formulations. With S-parameters, any phase shift in the a-wave just results in the

same phase shift in the corresponding b-wave.

3.3.2 Nonlinear network parameters

In addition to X-parameters that relate harmonic components of a- and b-waves, other
nonlinear parameters have been introduced in (Riadh Essaadali, Anwar Jarndal et al. 2011).
Nonlinear impedance parameters (Z-parameters) relate the harmonic current to harmonic

voltage components at both ports of a dual-port device. Nonlinear Z-parameters include two-

term categories, Zz’mq]. and meqj, which are associated with harmonic component current i,

and its conjugate i, respectively. Indices p and q range from one to the number of signal

ports, and indices m and j range from one to the highest harmonic index. A nonlinear device
model based on nonlinear Z-parameters can be represented as:(Riadh Essaadali, Anwar

Jarndal et al. 2011)

Vom = z thfmq/(‘all ‘)iqf + Zf""l/(‘all

(q.))

iy (3.2)

The reformulation of (3.2) into a matrix form improves the manipulation of nonlinear Z-

parameters. For a two-port network, (3.2) can be reformulated into a matrix as:

FRIRES |1 el el 4] 6
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Where the wvoltage vector at the input (i=1) and at the output (i=2) is

* « 7 .
[Vi]=[vi1 Vi v, vl.n] and the current vector at the input and the output

. K . K T . . . (24
[Ii]z[zi1 R zm] . The expressions of [Zmlm.j] sub-matrices in terms of Z,

Zi(fjl Zillijl Zi(fjn Zi?jn
ijl Zilfjl ijn Zi[fjn
[ Z oty | 2= R Co. (3.4)
(. Zii/] Zifj] Zij/n Zi'zfn
L VA igj] Z f,f,-l Z i{j/n A iZ;‘n ]

Nonlinear Z-parameters are determined from X-parameters through(Riadh Essaadali, Anwar

Jarndal et al. 2011):

(2, )= 2 [[1d]-[X]]"[[d]+[X]]. (3.5)

where Z, is the characteristic impedance, [Id] is the identity matrix and [X] is the X-

parameters matrix defined as:

[X] [Xu]}
X]= ) 3.6
=] O (36
where

I ilj1 Tiljl Siljn Tnjn_

i1 ijr e Til/n il jn
(X, ]ma=| 0 0 (3.7)

Jj=1.2
injl injl injn injn
| “injl inj1 injn injn_|
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The terms S and T in X-matrix are expressed in terms of X-parameters that are defined in
G.1): S, =X5 P, T =X P, T  =0andS,, =X}/|a,l.

pmgqj pmgj pmgj pmgj pmll

Nonlinear admittance parameters (Y-parameters) relate harmonic voltage components to

harmonic current components at both ports. Nonlinear Y-parameters include two-term

categories, Y and Y’ A

fm "mq » Which are associated with harmonic component voltage v,; and its

conjugate Vv, , respectively. A nonlinear device model based on nonlinear Y-parameters can

be characterized as:(Riadh Essaadali, Anwar Jarndal et al. 2011)

Z pmqj (|a11 |)V + Yzfnq/ (|a11|)v;' . (38)

(q.J)

The reformulation of (3.8) into the form of a matrix improves the manipulation of nonlinear

Y -parameters. For a two-port network, (3.8) can be reformulated into a matrix as:

|:[11]:| - [Ymmlm]|:[l/l]:| — |:[Ym)nlmll] [ nunlle]:||i[ ]:| (3.9)
[12 ] [V2 ] [ nonlin21 ] [ nonlin22 ] [ ]
The expressions of [ non,mJ sub-matrices in terms of Y . and Ypiq]
RAVIID 7S A A
Yllﬁjl Ylf‘” Kﬁn )/llajn
|:Y/zonlinij:|i:lv2 = : : : : . (3.10)
j=1,2
/ Y Yﬂ v Yo Y
Y”'gl i:jl ir{;n z‘Z‘n |

Nonlinear Y-parameters are determined from X-parameters through:(Riadh Essaadali, Anwar

Jarndal et al. 2011)

(Vo] = 5[]+ [XT] ' [[24]-[x]). (3.11)
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Nonlinear T-parameters include two-term categories 7;”’ ~and T? . which are respectively

pmgj 2
associated with a harmonic component and its conjugate of a- and b-waves present at input
port. The formulations of a nonlinear model based on nonlinear T-parameters are:(Riadh

Essaadali, Anwar Jarndal et al. 2011)

Z Imlj (‘au‘)azj +T1£1, (‘au‘)azj + Z 1m2; (“111‘)1)2, + TlﬁZ] (‘all‘)b;j' (312)
(q.)) (q.))

a, = z Tz{;l‘/(‘all‘)bz, +T2€111 (‘au‘)sz + z 2m2j (‘au‘)azj' Zml/(‘all‘)al/ (313)
(q,/) (q.))

The reformulation of (3.12) and (3.13) into matrices improves the manipulation of nonlinear

T-parameters. Equations (3.12) and (3.13) can be reformulated into a matrix as:

RIS e B i el ar

where the scattered wave vector at the input (i=1) and at the output (i=2)

* * T . . . .
= [bl.l b, ... b, bm} and the incident wave vector at the input and the output is

[4]=[a11 @, . a, aln] The expressions of [T, | sub-matrices in terms of 7, and

pmqj
Th
pmgqj
Moo 5 o 5
]-;l]] ]-;]/] o Zl/rr Zl/rr
s o s o
]-;l]] ]-;]/] o Zl/rr ]-;l/n
[Tn();llinij:|i:]v2 = : : E : : . (3.15)
j=12 o B a yi)
Tuyl ijl injn injn
B o s o
ijl ijl injn injn |

Nonlinear T-parameters are determined from X-parameters through:(Riadh Essaadali, Anwar

Jarndal et al. 2011)
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[T 1= [X0 1= [X0 1000 T [0 ], (3.16)
[Tz 1= = (X0 ] [ X0 ] (3.17)
[T, 1= 12X ][] (3.18)
[T 1= (X0 ] (3.19)

A nonlinear ABCD matrix includes 4 parameter categories: A-, B-, C- and D-terms. A-
parameters relate input harmonic voltages to output harmonic voltages, and B-parameters
relate input harmonic voltages to output harmonic currents. C-parameters relate input
harmonic currents to output harmonic voltages, and D-parameters relate input harmonic
currents to output harmonic currents. Each ABCD parameter includes two-term categories
associated respectively with a harmonic component and its conjugate of voltage and current
present at the second port. The formulations of a nonlinear model based on nonlinear ABCD-

parameters are: (Riadh Essaadali, Anwar Jarndal et al. 2011)

Vim = Z Ala)thj(‘all‘)vZf + Al’fnZ‘/’(‘all‘)V;j + Z Bla:nzj(‘all‘)izj + Bfan(‘all‘)i;j' (320)
(q,/) (q./)

Iy = Z Cl{frth(‘all‘)VZj + Cll»inzj‘(‘au‘)v;/ + Z Dgnzj'(‘au‘)iz‘/ + DliZj(‘all‘)i;j' (321)
(4,/) (q,))

The reformulation of (3.20) and (3.21) into a matrix form improves the manipulation of
nonlinear ABCD-parameters. Equations (3.20) and (3.21) can be reformulated into a matrix

as:

e |-y ey ) a2
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The eXpreSSIOnS Of [ABC nonlm] Sub-matrices [Anonlin]’ [ nonlm] [ nonlm] a‘nd [ nonlm] in

terms of A .. B* .. C*  D* AP Cﬁ Cand D’

pmgj > " pmgj > pmgj > pmgj > ““pmgj > P’”q/ ’ pmgj >

are presented in (3.23). For

simplification purposes, the letter R symbolizes the A, B, C and D symbols.

_ngiZI R1ﬂ121 RluiZn RﬁZn_
Rfa R oo R, RS,
[Rooin]=| oo P (3.23)
R]{ZIZ] R]/;Zn R]{len Rl/:12n
_R1€;1 Rlp;*ZI R]/:Zn Rlari;n

Nonlinear ABCD-parameters are determined from X-parameters through:(Riadh Essaadali,

Anwar Jarndal et al. 2011)

-1

[Anonlin]:|:ld+[]d_Xll]_l[ld+X11]:| {[Id_Xll]_l
1 y (3.24)
‘[]d+X11][X21]_ [[d_X22]+[Id_X11] [XIZ]}’
[ mIn]_ ([X]2] [[ +X11][X21]1[IJ+X22])' (3.25)
c. - [X,]'[1, - X, ] [ld+[Id—Xn]’l[Id+Xn]T
nonlin 2 2 (3.26)
'[Id_Xn]il{[ld+X11][X21]71[]d_X22]+[X12]}'
[P 1= 5 ([0 1= T )T [0, 1+ [0 1] - [, 1). (3.27)

Nonlinear hybrid parameters (H-parameters) use the input harmonic current components at

port 1 and the output harmonic voltage components at port 2 as independent variables.

Nonlinear H-parameters include two-term categories, Hquj and H ﬁmﬂ , which are associated

with a harmonic component and its conjugate of voltage and current. The formulations of a
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nonlinear model based on nonlinear H-parameters are:(Riadh Essaadali, Anwar Jarndal et al.

2011)

z H]ml/(‘all‘)ll; +H1€11,(‘a11‘)’1, + z H]mZ/(‘al]!)VZ/' +H1€12/({a11DV;/- (328)
(4,/) (4,/)
Z HZml/(‘all‘)ll/ + Hzﬂmlj (‘all‘)ll/ + Z H2m2j daubvz/ + Hfij(‘all‘)V;/‘ (329)
(q.)) (q./)

The reformulation of (3.28) and (3.29) into the form of matrix improves the manipulation of

nonlinear H-parameters:

|:[I/l]:|:[H ) ]|:[Il]:|:|:[Hnanlmll] [ nonlle]:||:[ l]j| (3 30)
[[2] o [VZ] [ nonlle] [ nonlm22] [VZ] '
The expressions of [H,,,,, | sub-matrices in terms of Hy o and H fmq]
_chlzjl H?/l Hr?/n Hifjn_
Hlf/l Hal!/l o Hﬁ/n Hzal( jn
[Hnanlin[/']i:l~2 = : : : : . (3.31)
J=1.2 a a
! H inj1 Hfjl H injn Hfjn
\H[, HI, .. H[, H, |

Nonlinear H-parameters are determined from X-parameters through:(Riadh Essaadali, Anwar

Jarndal et al. 2011)

(A i 1= 2. 111 D0 ]+ DX + 20T (X0 1]
'|:[1d]+[X11]_[X12][[d "'Xzz]_1 [le]:|
[Hol 21] [1(1+X22] [XZI]
[l D+ xaT [] (333)
[l ]+ e =[xl + X0 0]}

(3.32)
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(H )= [0 10 ]+ X+ X ] (2]

(3.34)
’|:[X12]_[X12][1d +X22]71 [Xzz _[d]:|'

1 4 -1
— [ld]+[X22]+[X21][[d_Xll] [X12]
Zc[ ] (3.35)

'[[[d]_[Xzz]_[le][ld _Xll]_] [XIZ]:|'

[HnonlinZZ ] =

Nonlinear inverse hybrid parameters (G-parameters) use the input harmonic voltage
components and the output harmonic current components as independent variables. The
formulations of a nonlinear model based on nonlinear G-parameters are:(Riadh Essaadali,

Anwar Jarndal et al. 2011)

I, = Z Glmlj (‘all‘)vlj + Glmlj (‘au‘)vu + Z Glmzj (‘au‘)izj' + G{/:r12j(‘all‘)i;j’ (336)
(q.)) (4,/)
Vom = z sz,(‘au‘)vu + szlj (‘all‘)vl/ + Z szzj (‘all‘)iz‘j + Gz’;«z;(‘au‘)i;," (337)

(4,/) (q.))

The reformulation of (3.36) and (3.37) into a matrix improves the manipulation of nonlinear

G-parameters.

|:[Il]:|:[G ) ]|:[I/l]i|:|:[Gmml[nll] [ mmlle]j||:[ ]i| (3 38)
[VZ ] o [12 ] [Gnnn/inzl ] [ nonlin22 ] [ ] .
The expressions of [GW i ] sub-matrices in terms of G, . and Gﬁnqj are:(Riadh Essaadali,
Anwar Jarndal et al. 2011).
I Gl‘lljl Glllijl Glpl(jn Gz/lgjn
Gl‘?]l Gl(fjl A ijn Gl‘fjn
[ Gy |2 =] & 1 o o (3.39)
Jj=12 a o
! ijl Glfjl A ijn Glfjn
Glfjl Glzjl b Glfjn Glen
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Nonlinear G-parameters are determined from X-parameters through:(Riadh Essaadali, Anwar

Jarndal et al. 2011)

[Gnonlinzl ] =

[Gnanlinl2 ] =

[Gnonlin22 ] =

2 [+ [0 1+ [ 0 T [ [T ]

-1

2| [[a]-( J0 T [+ [ ] -1

z [ [ ]+ [0 [ ]+ (2]

([0 -l T [+ - [ ]

3.4 Analytical Computation of Network Configuration

3.4.1 Series network configuration

(3.40)

(3.41)

(3.42)

(3.43)

Three series topologies are possible: two nonlinear networks, two linear networks or a mixed

series topology of nonlinear and linear components. The series configuration of two

nonlinear components is illustrated in Figure 3.1.
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[Z nonlinA ]

[ZnonlinB ]

Figure 3.1 Series connection of two nonlinear networks

Nonlinear impedances can be used to model a series configuration of two nonlinear
components or two active components operating in large-signal operation. The analytical

voltage-current relationships for the first and second nonlinear components are:

_[Vla]_ _ _[110]_
_[Vza ]_ - [ZnonlinA ] _[[2a ]_ . (3'44)
7] (1]
_[1/2/7 ]_ - [Zrmn/inB ] _[12,, ]_ . (345)

The summation of [V;,] and [V, ]is equal to [V;], and the sum of [V},] and [V, ]is equal to
[V,]. The current through both components is the same, ie., [[,]|=[I,]=[I,] and

[1,]=[L,,]=[1,,]. Thus, voltage-current relationship can be rewritten as:

A et s

Therefore, the equivalent nonlinear impedance is the sum of nonlinear impedances of both

nonlinear components:
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[ Zoninga | = [Zonins 4 [Z sonins | (3.47)

Equation (3.47) is still valid when a mixed series topology of nonlinear and linear

components or a series topology of two linear networks is used. For a mixed series topology

of nonlinear and linear components, the expressions of nonlinear Z),  terms vanish to linear

impedance in linear operation mode and are equal to qu(ma)) (Riadh Essaadali, Anwar

Jarndal et al. 2011), where @ is the fundamental frequency and m is the frequency index.

When a series topology of two linear networks is used, Z;’mqm =0 for m>1, since only the

fundamental frequency is present in the circuit. The expression of nonlinear Z in the linear

operation mode 1is:

(ze, 0 .. 0 0 Zz5% 0O .. 0 0
o z% .. 0 0 0 Z% .. 0 0
o o0 .. z% O 0 0 . Z% O
o o0 .. 0 z% 0 0 .. 0 Z%
Z- ) — 1nln 1n2n .
(Zscartode] 20 . 0 0 7 0 . 0 0 (3.48)
0 z&, .. 0 0 0 Z% .. 0 0
o 0 .. z% O 0 0 . ZZ, 0
o 0 . 0 z&H 0 0 . o0 2z¢ |

The analytical impedance of a series topology can be generalized to model a series

configuration of N nonlinear components:

|:ZnonlinEq:| = Z |:Znonlin7i ] (3.49)

i=

X-parameters of a series topology are calculated through the conversion rule from nonlinear

Z-parameters to X-parameters:(Riadh Essaadali, Anwar Jarndal et al. 2011)
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B [TAT | EA A R (3.50)

3.4.2 Parallel network configuration

As with series configurations, there are three possible parallel topologies. The parallel

configuration of two nonlinear components is illustrated in Figure 3.2.

[YnonlinA ]

[YnonlinB ]

Figure 3.2 Parallel connection of two nonlinear networks

The analytical current-voltage relationships for the first and second nonlinear components

arc:

Ila] _ [Vla]
_[Iza ]_ - [YnonlinA]_[Vza ]_' (3.51)
_[Ilb]_ _ | Vv]h]_
_[12}7 ]_ - [YnonzinB]_[VZh ]—' (352)

The summation of [/,,] and [7,,] is equal to [/, ], and the sum of [/,,] and [Z,,] is equal to

[12]. The voltages at the same port of both nonlinear components are equal, i.e.,
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=1V =17] and [7]=[7,]

rewritten as:

[Vzb] Thus, the current- voltage relationship can be

Hjﬂ i Hjﬂ ' Hjﬂ = Wt 1+ Ve ]}“Zﬂ (3.53)

The equivalent nonlinear admittance is, therefore, equal to the sum of nonlinear admittances

of both nonlinear components:

|:Ym)nlinEq :| = [YnanlinA ] + [Ynanlinb' ] (354)

Equation (3.54) is still valid when a mixed parallel topology of nonlinear and linear

components or a parallel topology of two linear networks is used. For a mixed parallel

topology of nonlinear and linear components, the expressions of nonlinear YPO;W terms vanish

to linear admittance in the linear operation mode and are equal to Y, (ma)), where o is the

fundamental frequency and m is the frequency index. When parallel topology of two linear
networks is used, Yp‘;qm =0 for m>1, since only the fundamental frequency is present in the

circuit. The expression of nonlinear Z in the linear operation mode is:

(ye, o .. 0 0 Y% 0 .. 0 0
0 Y, .. 0 0 0 Y5 .. 0 0
o 0 .. XY, 0 0 0 .. Y, 0
0o 0 .. 0 ¥4 0 0 .. 0 ¥4
Y. ) 1= 1nln 1n2n .
[ merMadL] YZIT“ 0 0 0 Yzalgz[ O O O (3.55)
0 Y45 .. 0 0 0 Y5 .. 0 0
0O 0 .. Y% 0O 0 0 .. Y&, 0
L0 0 0 Y4, 0 0 0 Y

The analytical admittance of parallel topology can be generalized to model a parallel

configuration of N nonlinear components:
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[YnunlinEq] = Z |:Ymmlin7i:|' (3.56)

i=1

X-parameters of a parallel topology are calculated through the conversion rule from

nonlinear Y-parameters to X-parameters:(Riadh Essaadali, Anwar Jarndal et al. 2011)

(X0, ) =[] Z.[ Yoy ][ Z. [Vrosins, +11]] (3.57)

343 Cascaded network configuration

To model a cascaded configuration of nonlinear systems, nonlinear ABCD- or T-parameters
can be used. The cascaded configuration of two nonlinear components is illustrated in Figure

3.3.

A (1) 1] 18] (4] 11 1] 12
sl 5] 1] D] [
5, 0,13, 1]

Figure 3.3 Cascade connection of two nonlinear networks

The expressions of the harmonic voltage and current of the input port of the first and second

nonlinear components are:

| (7]
{[lla]}_[ABCDnonlinA][[lza]}' (3-58)
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HII/EH =[A4BCD, 5] HZ” (3.59)

The voltage vector [Vza] and current vector [IZa] at the output of the first nonlinear

component are equal to the voltage [Vlb] and current [1 lb] , respectively, at the input of the

. . T .
second nonlinear component. Thus, the expression of [[Vla],[lla]] , in terms of the vector

[[Vzb]’[lzb]]T , 18

H?H =[4BCD,,;,,,|[4BCD, ;.5 ] {[V”’ ]}- (3.60)

[£2]

The equivalent nonlinear ABCD-parameters is, therefore, the product of nonlinear ABCD of

both nonlinear components:

[ABCD

nonlinEq

] = [ABCDnonlinA ] [ABCDnonlinB ] : (3 6 1)

X-parameters of a cascade topology are calculated through the conversion rule from

nonlinear ABCD-parameters to X-parameters:(Riadh Essaadali, Anwar Jarndal et al. 2011)

(X ]= z[[AEq]_ [?]M[qu]_ [BZJ ‘7 [CEq]—[DEJII 1,1, (3.62)

[XZIEJ=2[[AEJ—[BEJ+ZL_[CEJ—[DEJ]l. (3.63)

[X0e = [[AEq]+ [BZJ}F [[AEJ— [Bziﬂ[xm] . (3.64)
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[XHEJ:—[AEJ—[BZE"J+ZC[CEJ—[DEJ]_I{[AE(]]+%+ZC[CEJ+[D&] . (3.65)

c

Equation (3.61) is still valid when a mixed cascaded topology of nonlinear and linear

components or a cascaded topology of two linear networks is used. For a mixed cascade

a o
A B

topology of nonlinear and linear components, the expressions of nonlinear g »

CO(

pmqm

and D”

mgm t€ms vanish to linear ABCD in the linear operation mode and are equal to

A, (mw), B, (mw), C,(mw) and D, (mw), respectively (Riadh Essaadali, Anwar

Jarndal et al. 2011). When a parallel topology of two linear networks is used,
A =B =C7

_ (4 _ . .
Lonam = Boman = Comam = Do =0 for m 1, since only the fundamental frequency is present

pmgm

in the circuit. The expression of nonlinear ABCD in the linear operation mode is

e

11
0
0
0

G
0

[4BCD,

Linear ] =

0
0

0
A%

i
0
0
0

G
0
0

0
0

Atz

Inln

0
0

0

o
Cann
0

0
A7,
0
0
0
s

B&‘

1121
0
0
0

Da

2121
0
0
0

0
Bﬁz 1
0
0
0

Diiy,
0
0

0
0

But

In2n

0
0

0

Da

2n2n

0

0
Bli;n

- (3.66)

0

0
D

2n2n |

The analytical nonlinear ABCD can be generalized to model a cascaded configuration of N

nonlinear components:

[ABCD

nonlinEq :| =

=

i

[AB CDmmlfn_i J

(3.67)
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Nonlinear T-parameters can also be used to model a cascaded configuration of nonlinear
systems. The relations between a- and b-waves through nonlinear T-parameters of the first

and second nonlinear components are expressed as:

[8.1]_ 4]
I Ala ]_ - [TnonlinA]_[Bza]:| (368)
[51 = [T]{;]} (3.69)

Multi-harmonic wave vector [Bza] scattered at the output of the first nonlinear component is
equal to multi-harmonic wave vector [4,] incident to the second nonlinear components.
Moreover, multi-harmonic wave vector [B,,] scattered at the input of the second nonlinear
component is equal to multi-harmonic wave vector [Aza] incident to the second nonlinear

components at its output. Thus, [[Aza],[BZQ]]T is equal to [[Blb],[Alb]]T , and the relation

between a- and b-waves of the whole system is given by:

R bl a0

The equivalent nonlinear T-parameters are the products of nonlinear T-parameters of both

nonlinear parameters.
|:Tnon1in7£q :| = [TnonlinA ] [TnonlinB ] (3.71)

Equation (3.71) 1s still valid when a mixed cascaded topology of nonlinear and linear

components or a cascaded topology of two linear networks is used. For a mixed cascaded

topology of nonlinear and linear components, the expressions of nonlinear Y;fnqm terms vanish
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to linear impedance in the linear operation mode and are equal to 7, (ma)) (Riadh Essaadali,
Anwar Jarndal et al. 2011), where @ is the fundamental frequency and m is the frequency

. . . o _ .
index. In a series topology of two linear networks, 77 =0 for m>1, since only the

fundamental frequency is present in the circuit. The expression of nonlinear T in the linear

operation mode is:

_Tlrllll 0 0 0 T, 0 .. 0 0

0 Tf . 0 0 0 I%H . 0 0

0 0 7—1':71/7 0 0 0 TIZZA 0
T, - 0 o .. 0 T 0 0 .. 0 T7, (3.72)
LinearMode TS, 0 .. 0 o 7, o0 .. 0 0 .

0 T . 0 0 0 T5H . 0 0

0 0 . T4 O 0 0 . T 0

0o 0 . 0 T% 0 0 . 0 T%

The analytical nonlinear T-parameters can be generalized to model a cascaded configuration

of N nonlinear components:

I:TnonzinEq] = H I:Tnannn_i :| (373)

i=1

X-parameters of a cascade topology are calculated through the conversion rule from

nonlinear T-parameters to X-parameters:(Riadh Essaadali, Anwar Jarndal et al. 2011)

|:X1|Eq]:[T1|Eq:|[T22Eq:|71' (374)
|:X12Eq:| = [TllEq:|_ |:TlZEq:H:T22Eq ]_l |:T21Eq:|' (3.75)

|:X21Eq] :|:T22£q:|71' (3.76)
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[Xzqu]:_[Tzzquil[Tzlsq]' (3.77)

3.4.4 Series-to-parallel network configuration

To model a series-to-parallel configuration of nonlinear systems, nonlinear H-parameters can
be used. The series-to-parallel configuration of two nonlinear components is illustrated in

Figure 3.4.

[[1] [Ila] 11 [[161:

Al [H it
7] 1] 1]
] [H i

Figure 3.4 Series-to-parallel connection of two nonlinear networks

The expressions of the harmonic voltage vector at the first port and the harmonic current
vector of the second port of the first and second nonlinear components are expressed,

respectively, as:

=[H oina ] IE (3.78)

] =[H s ] [[”’]] : (3.79)
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The summation of [V;,] and [V}, ]is equal to [¥;], and the sum of [/,,] and [Z,,] is equal to
[12]. The voltages at the output port of both nonlinear components are equal, i.e.,
[V,]1=[Vau]=[V2s]; and, the currents at the input port of both nonlinear components are

equal, i.e., [1 1] = [Ila] = [1 | b] . Thus, the current-voltage relationship can be rewritten as:

e ) 1] 50

The equivalent nonlinear H-parameters is the sum of nonlinear H-parameters of both

nonlinear components:
|:H/mn[inEq :' = [Hnon/inA ] + [HnonlinB ] (381)

Equation (3.81) is still valid when a mixed series-to-parallel topology of nonlinear and linear
components or a series-to-parallel topology of two linear networks is used. For a mixed

series-parallel topology of nonlinear and linear components, the expressions of nonlinear

Hlf; o terms vanish to the linear H-parameter in the linear operation mode and are equal to

H, (ma)) , where o is the fundamental frequency and m is the frequency index. In a series-

to-parallel topology of two linear networks, HZm o =0 for m>1, since only the fundamental

frequency is present in the circuit. The expression of nonlinear H in the linear operation

mode is:



_Hﬁn 0 0 0 Hy, 0 0 0
0 Hf, . 0 0 0 Hj . 0 0
0 0 .. Hf, 0 0 0 .. Hp, O
. ]<| 0 0 - 0 HL 0 0 . 0 H
LinearMode HS, 0 .. 0 0 H, 0 . 0 0
0 Hzrll‘ll 0 0 0 H;;l 0 0
0 0 . Hi, 0 0 0 . Hi, 0
Lo 0o .. 0 H, 0 0 . 0 H,]
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(3.82)

The analytical nonlinear H-parameters can be generalized to model a series-parallel

configuration of N nonlinear components as:

N
I:HnonlinEq ] = Z |:Hnonlin7i ]

i=1

(3.83)

X-parameters of a series-to-parallel topology are calculated through the conversion rule from

nonlinear H-parameters to X-parameters:(Riadh Essaadali, Anwar Jarndal et al. 2011)

[Xie = |
[[ld]+[1{é#q]—[fzm]{[’d] +[H22Eqﬂl M]

. Z 7z

.[[Héléq]_[Id]—[HIZEq]{[;i]+[H225q]} @}

c .

[Xleq:' = _Zi-

¢

el Lo, o, [ L)

c c

(3.84)

(3.85)
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.{[[ld]+[H;jJ —[legq]{%{lfm]] [H;EJ] : (3.86)

ESE _i[HuEJI [[ld]+ [Hngq]}.
HzlEq B B H“Eq -1
[[Z—C_{%"_[HZZE‘/:@[HHEJ [[la]"’[ Z JH -[1,].

(3.87)

3.4.5 Parallel-to-series network configuration

To model a parallel-to-series configuration of nonlinear systems, nonlinear G-parameters can
be used. The parallel-to-series configuration of two nonlinear components is illustrated in

Figure 3.5.

[YnonlinA ]

[YnonlinB ]

Figure 3.5 Parallel-to-series connection of two nonlinear networks

The expressions of the harmonic voltage at the first port and the harmonic current of the

second port of the first and the second nonlinear component are expressed as:
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)t )] o
Héﬂ LG ]Wﬂ (3.89)

The summation of [/,,| and [, ]is equal to [/, ], and the sum of [V},] and [V, ] is equal to

la

[Vz] The currents at the output port of both nonlinear components are equal, i.e.,
[1,]=[1,,]=[L,,]; and, the voltages at the input port of both nonlinear components are

equal, i.e., [V}]=[V,]=[V,,]. Thus, the current-voltage relationship can be rewritten as:

Héﬂ - [[[Vf: t {ﬁi]]} ={[Grnins 1+ [G s ]}H]Vﬂ (3.90)

The equivalent nonlinear G-parameter is the sum of the nonlinear G-parameters of both

nonlinear components:

|:Gn(mlinEq :| = [GnanlinA ] + [GnonlinB ] (3 9 1)

Equation (3.91) is still valid for a mixed parallel-series topology of nonlinear and linear

components or a parallel-series topology of two linear networks. For a mixed parallel-series

topology of nonlinear and linear components, the expressions of nonlinear G;qm terms

vanish to linear G-parameters in the linear operation mode and are equal to G, (ma)) , Where
o 1s the fundamental frequency and m is the frequency index (Riadh Essaadali, Anwar
Jarndal et al. 2011). In a parallel-to-series topology of two linear networks, Gf,’mqm =0 for
m>1, since only the fundamental frequency is present in the circuit. The expression of

nonlinear G-parameter in the linear operation mode is:
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[Ge, 0 0 0 G4, 0 0 0
0 G7, 0 0 0 G%, 0 0
0 0 Gt 0 0 0 G, 0
0 0 0 G- 0 0 0 G°
G- 1= Inln 1n2n
(Guwa)=| e e . (3.92)
0 GZ, 0 0 0 G%, 0 0
0 0 .. G 0 0 0 .. G 0
Lo 0 0 G4, 0 0 . 0 G|

The analytical nonlinear G-parameters can be generalized to model a parallel-series

configuration of N nonlinear components:

|:Gno)11inEq ] = Z |:Gnon1iru :| (3.93)

i=1

X-parameters of a parallel-to-series topology are calculated through the conversion rule from

nonlinear G-parameters to X-parameters:(Riadh Essaadali, Anwar Jarndal et al. 2011)

ZC ZC ZL‘
. (3.94)
GlZEq G22Eq
e e
(]| 1+ L2 e
I G12Eq [ Gzqu 1B T
[leq]‘l'[;de]_% [[d]+|: 7 :| |:G21Eq:| : (395)

[;_d]_[GquJ"'[Gqu] [Q]"’M |:G21Eq:|

VA

c c c
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Z, Z Z,
B (3.96)
[G;jq] “[zm [G;zf"]] [[GZ‘EJ [0, ]} - [m]
[X22]=[[1d1 [G;zf"]] {[Gm]-{[%]+[Q]—[G;EJ{[Q]+[G;?]] [Gm]]
- (3.97)
[G;jJ“[ d]+[G;jJ] [[G;jq]—[zd]]—[zd]H[G;jJ—[zd]]}
3.5 Validation of Nonlinear Two-Port Network Configurations

The different nonlinear network configurations have been validated. For each configuration,
topologies of two nonlinear components, two linear networks and a mix of nonlinear and
linear components have been validated. For each validation case, two components with
different small- and large-signal operation regions were used. In each case, the simulating
signals used in the validation are able to excite the PAs highly above the 1 dB compression.

3.5.1 Cascaded network configuration

The validity of analytical cascaded nonlinear ABCD-parameters was evaluated by computing
the X-parameters of a nonlinear cascaded system of two mini-circuits PAs, ZFL11AD and
7X602522M. Two types of simulation are used. X-parameters and harmonic balance (HB)
simulations of xnp measurement files in ADS (Advanced Design System) simulator software
could be sufficient to validate the cascade behavior. The process of the validation is
summarized in Figure 3.6. X-parameters simulations are used to generate X-parameters data
of the whole cascaded system and of each component simulated alone under the same

conditions as when it is in the cascaded network.
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Design a nonlinear cascade network

| Run Harmonic Balance simulation |

2
Determine the conditiqns of each Get voltages and Get X-parameters
component (a) and (b) (input power, currents data of the data of the whole
source and load terminations at fo, 2fo.. ) Vpar_allel circuit cireuit (Fi, Sici, Ti)
v 5 W [ra] (4] [4]
Run X-parameters Run Harmonic — v v
simulation of each || Balance simulation Calculate Convert X- || Convert X-
network of each network A- and B- parameters || parameters
component under component under waves of to nonlinear || to nonlinear
the determined the determined the parallel T- ABCD-
coniitions conditions : Ci]rc[uit] parameters || parameters
v A4
Get X- Get voltages and . [n”"’i"E"] [ABCD”“"”"E‘]]
& [Bl] [Bz] . :
parameters data currents data of |
of each network each network
component component circuit Y VY A 4
cireuit [Vla] [VZa] [Ila] [IZu] I:V :I CalCUI Of _[V ]
1c]|_ 2
7] [VZb ] [Ilb ] (7] |:|:11C ﬂ - [ABCD"“"”"Eq ] (1,]
Y A L 2 . [Blcj _ [Bz_]
Convert X- Convert X- Calculate A- and B- I:AIC] - |:Tnon/inEq:| [Az]
parameters | parametersto [ Waves of each r}etw‘ork
to nonlinear nonlinear component circuit
T- ABCD- (4[4, ][4, ][ 4]
arameters arameters
P [Tmlm] [;BCDWJM] [Bla ] [BZa ][Blb ][sz]
[T;mnlinB] [ABCDnonlinB] E
\ 4 \ 4 v A 4 v vV V
Check if Check if Check if
[ABCDnonlinEq} = [ABCDnonlinA ] [ABCDnanlinB ] ? [I/Za] = [V;b ] ? [Il ] - [IIC ] ?
Vil={Vi]?
I:T;wnlinEq:' = [T;lonlinA ] [7-;!0711[713 ] ? [Iza ] - [Ilb ] ? [ 1] [ IC] 9
(8, ]1=[4,]2 | [[B]=[Bc]’
[Blb]:[AZa]? [Al]:[AIC]?

Figure 3.6 Validation process of nonlinear cascaded network configuration.
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The conditions of input power, source and load terminations are determined through the HB

simulation. X-parameters of the whole circuit (circuit A, circuit B, resp.) are then converted

] i [ABCDm)n[inB] ) HB

nonlinA

to nonlinear ABCD-parameters I:ABCDnonlinEq:I ([4BCD

simulation yields harmonic voltage and current harmonic components at the input and the

output of the whole circuit ([V;], [V5], [1,]. [1,]), circuit A([V,, ], [Vau]s [1]s [1]) and
circuit B([V,,], [Va]> [11s]- [1])- To validate the useful of nonlinear ABCD-parameters to

describe a cascade nonlinear network, the matrix [ABCDWMEJ

is compared to the
multiplication of nonlinear ABCD matrices calculated from the X-parameters of each
component in Figure 3.7 that demonstrates a good agreement. For a 2-port circuit and 3
harmonic orders, 72 nonlinear ABCD terms could be obtained. In order to keep the figures

legible, only 7 arbitrary terms are presented: 47%,,, 4%,,, C%,,, C4.,, CL,, D%, BE,,.
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Figure 3.7 Comparison between the logarithmic amplitude (a) and the phase (b) of a
random set of nonlinear ABCD-parameters calculated from the X-parameters of
a cascaded system and those calculated through the cascaded nonlinear
ABCD expressions in (3.61).
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In the analytical development, it was assumed that the voltage vector [Vza] and current
vector [IZa] at the output of the first nonlinear component are equal to the voltage [Vlb] and
current [I | b] , respectively, at the input of the second nonlinear component. In Figure 3.8, the

assumption is checked ([V,,]=[V,,] and [1,,]=[1,,]). Moreover, in Figure 3.8, the harmonic

components of voltage and current at the input of the cascaded circuit calculated through
nonlinear ABCD matrix with (3.60) are compared to those obtained with HB simulation. The
agreement between the curves proves more the concept of analytical cascaded nonlinear

ABCD-parameters.
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Figure 3.8 Comparison between the logarithmic amplitude (a) and the phase (b) of
harmonic voltages and currents as mentioned in the graph presenting the
validation process in Figure 3.6. vi;-sim and 1;;-sim are the jth harmonic

component of voltage and current, simulated with HB, at the input of
cascaded system. v;;-Calc and 1y;-Calc are the jth harmonic component
of voltage and current at the input of cascaded system calculated
through nonlinear ABCD matrix with (3.60). va;-sim (Vpj-sim)
and 1,-sim (ip1j-sim) are the j™ harmonic component of
voltage and current, simulated with HB, at the output
(input) of circuit A (circuit B).
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Nonlinear T-parameters are also used to model a nonlinear cascaded system. The same data
used to validate the cascaded nonlinear ABCD-parameters are also used to evaluate the
cascaded nonlinear T-parameters. The comparison between the amplitudes and phases in
Figure 3.9 demonstrates a good agreement between the nonlinear T-parameters calculated
from the X-parameters of the cascaded system and the results of the multiplication of
nonlinear T matrices calculated from the X-parameters of each component. In the figure,
only 7 arbitrary terms are considered: 7.2, T\, T%,, T5,, T, TS, , T2, , T2, . In the

analytical development, it was assumed that A- and B-waves at the output of the first

component are equals to B- and A-waves of the second component. This assumption (
[4,,]=[B,] and [B,,]=[4,]) is validated in Figure 3.10. Moreover, in Figure 3.10, the

harmonic components of A- and B-waves at the input of the cascaded circuit calculated
through nonlinear T matrix with (3.71) are compared to those obtained with HB simulation.
The agreement between the curves proves more the concept of analytical cascaded nonlinear

T-parameters.
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Figure 3.9 Comparison between the logarithmic amplitude (a) and the phase (b) of a random
set of nonlinear T-parameters calculated from the X-parameters of a cascaded system and
those calculated through the cascaded nonlinear T expressions in (3.71).
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Figure 3.10 Comparison between the logarithmic amplitude (a) and the phase (b)
of harmonic A- and B-waves as mentioned in the graph presenting the validation
process in Figure 3.6. bjj-sim and a;j-sim are the jth harmonic component of
scattered and incident waves, simulated with HB, at the input of cascaded
system. a;;-Calc and by;-Calc are the jth harmonic component of incident
and scattered waves at the input of cascaded system calculated through
nonlinear T matrix with (3.68). a,j-sim (ap1j-sim) and byo;-sim
(bpij-sim) are the jth harmonic component of incident and
scattered waves, simulated with HB, at the output
(input) of circuit A (circuit B).
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3.5.2 Series network configuration

The validity of analytical series nonlinear Z-parameters was evaluated by computing the X-
parameters of a nonlinear series system of two mini-circuits PAs, ZFL11AD and
7X602522M. Two types of simulation are used. X-parameters and HB simulations of xnp
measurement files in ADS simulator software are sufficient to validate the series model. The
process of the validation is summarized in Figure 3.11. X-parameters simulations are used to
generate X-parameters data of the whole series system and of each component simulated
alone under the same conditions as when it is in the series network. The conditions of input
power, source and load terminations are determined through the HB simulation. X-

parameters of the whole circuit (circuit A, circuit B, resp.) are then converted to nonlinear Z-

parameters [ZnonlinEq j‘ ( [ZnonlinA ] 2 [ZnunlinB ] 2 resp')'

To validate the utility of nonlinear Z-parameters to describe a series nonlinear network, the

matrix [Z

MWEJ is compared to the sum of nonlinear Z matrices calculated from the X-

parameters of each component in Figure 3.12. The figure is limited to 7 arbitrary terms: Z,,

L Zh ., 2%, 2%, 78, 75, Z%.,. The figure illustrates a good agreement between the

nonlinear Z-parameters calculated from the X-parameters of the series system and the results
of the addition of nonlinear Z matrices calculated from the X-parameters of each nonlinear

component.

In the analytical development, the assumption that the voltage vector [V ]:[V ]+[Vpb}

p pa
where p=1,2 and the current vector [Ip]=[1p0]=[lpb] are verified in Figure 3.13.

Moreover, in the figure, the harmonic components of voltage at the input and the output of
the series circuit calculated through nonlinear Z matrix in (3.46) are compared to those
obtained with HB simulation. The agreement between the curves proves more the concept of

analytical series nonlinear Z-parameters.
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Figure 3.11 Validation process of nonlinear series network configuration.
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Figure 3.12 Comparison between the logarithmic amplitude (a) and the phase (b) of a
random set of nonlinear Z-parameters calculated from the X-parameters of a series
system and those calculated through the series nonlinear Z expressions in (3.47).
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Figure 3.13 Comparison between the logarithmic amplitude (a) and the phase (b) of
harmonic voltages and currents as mentioned in the graph presenting the validation
process in Figure 3.11. vp-sim and ip;-sim are the jth harmonic component of
voltage and current, simulated with HB, at the 1nEut (p=1) and output (p=2)
of the series system. vp-Calc is the sum of the j harmonic component of
voltages simulated with HB at the port p of circuit A (va) and circuit B
(prj) ij-Model are calculated through nonllnear Z matrix with (3.53).
ipj-sim (iapj-sim, ippi-sim, resp.) are the j™ harmonic component of
current, simulated with HB, at the port p of the series circuit
(circuit A, circuit B, resp.).
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3.5.3 Parallel network configuration

The validity of analytical parallel nonlinear Y-parameters was determined with the X-
parameters of a parallel system of ZFL11AD with a cascaded system of ZFL11AD and
7X602522M. The process of the validation is summarized in Figure 3.14. X-parameters
simulations are used to generate X-parameters data of the parallel system and of each
component simulated alone under the same conditions as when it is in the parallel network.

The conditions of input power, source and load terminations are determined through the HB

simulation. X-parameters of the whole circuit (circuit A, circuit B, resp.) are then converted

to nonlinear Y-parameters [KmlmEq] ([Yomina | s [ Yooinz |» TESP.). To validate the utility of
nonlinear Y-parameters to describe a parallel nonlinear network, the matrix [Y,wnhnEq] is

compared to the sum of nonlinear admittance matrices ([Y,,,;. ] [ Yoomims |) calculated from

the X-parameters of each component in Figure 3.15. The figures are limited to 7 arbitrary

.ya o
termS'YBlS’ I/1123’

Y2, Y5, YA, Y%, Y%,. The figure illustrates a good agreement
between the nonlinear Y-parameters calculated from the X-parameters of the parallel system
and the results of the addition of nonlinear Y matrices calculated from the X-parameters of

each nonlinear component.

In the analytical development, the assumption that the current vector [1 p] = [1 pa]+[l pb]

where p=1,2 and the voltage vector [V ]z[V ]:[Vpb] are verified in Figure 3.16.

p p
Moreover, in these figures, the harmonic components of the current at the input and the
output of the parallel circuit calculated through nonlinear Y matrix in (3.53) are compared to
those obtained with HB simulation. The agreement between the curves proves more the

concept of analytical parallel nonlinear admittance parameters.
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Figure 3.14 Validation process of nonlinear parallel network configuration.
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Figure 3.15 Comparison between the logarithmic amplitude (a) and the phase (b)
of a random set of nonlinear Y-parameters calculated from the X-parameters of
a parallel system and those calculated through the parallel nonlinear
Y expressions in (3.54).
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Figure 3.16 Comparison between the logarithmic amplitude (a) and the phase (b) of
harmonic voltages and currents as mentioned in the graph presenting the validation
process in Figure 3.14. vp-sim and ip-sim are the jth harmonic component of voltage
and current, simulated with HB, at the input (p=1) and output (p=2) of the
parallel system. 1,-Calc is the sum of the jth harmonic component of
currents simulated with HB at the port p of circuit A (vap;) and
circuit B (vyp;). ipi-Model are calculated through nonlinear Y
matrix with (3.53). vpj-sim (Vapj-Sim, Vipj-sim, resp.) are
the j"™ harmonic component of voltage, simulated
with HB, at the port p of the parallel
circuit (circuit A, circuit B, resp.).
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354 Series-to-parallel network configuration

The validity of analytical nonlinear H-parameters was evaluated through the computation of
the X-parameters of ZFL11AD with a cascaded system of ZFL11AD and ZX602522M in a

series-to-parallel configuration. The process of the validation is summarized in Figure 3.17.

X-parameters simulations are used to generate X-parameters data of the series-to-parallel
system and of each component simulated alone under the same conditions as when it is in the
whole network. The conditions of input power, source and load terminations are determined

through the HB simulation. X-parameters of the whole circuit (circuit A, circuit B, resp.) are

then converted to nonlinear H-parameters [H nonlinEq:I ([H ot ] [ H yomiins | » TESD-). To validate

the utility of nonlinear H-parameters to describe a nonlinear series-to-parallel network, the

matrix [H is compared to the sum of nonlinear admittance matrices ([H,,;.(]+

nonlinEq ]

[H,,.z]) calculated from the X-parameters of each component in Figure 3.18. These figure

is limited to 7 arbitrary terms: Hp,,H? ., HS,., HL\,, HL,,, HS, and HE,,. They

illustrate a good agreement between the nonlinear H-parameters calculated from the X-
parameters of the whole system and the results of the analytic expression of the calculated

nonlinear H matrices.

In the analytical development, the assumption that the current vector [/, ]|=[1,,]=[1,,] and

the voltage vector [V;]=[V;,]=[V;,] is verified in Figure 3.19. Moreover, in that figure, the

harmonic components of the current at the output and of the voltage at the input of the series-
to-parallel circuit calculated through nonlinear H matrix in (3.80) are compared to those
obtained with HB simulation. The agreement between the curves proves more the concept of

analytical nonlinear H-parameters.

Clicours.COM
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Figure 3.17 Validation process of nonlinear series-to-parallel network configuration.
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Figure 3.18 Comparison between the logarithmic amplitude (a) and the phase (b)
of a random set of nonlinear H-parameters calculated from the X-parameters of
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nonlinear H expressions in (3.81).
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Figure 3.19 Comparison between the logarithmic amplitude (a) and the phase (b) of
harmonic voltages and currents as mentioned in the graph presenting the validation
process in Figure 3.17 . vpj-sim and ipj-sim are the jth harmonic component of voltage
and current, simulated with HB, at the input (p=1) and output (p=2) of the series
-to-parallel system. vi;-Calc (i;-Calc) are the sum of the jth harmonic component
of voltages (currents) simulated with HB at the port 1 (port 2) of circuit A and
circuit B. vij-Model and 1,;-Model are calculated through nonlinear H matrix
with (3.80). vpj-sim (Vapj-SIm, Vipj-sim, resp.) and ipj-Sim (1apj-Sim, ippi-Sim,
resp.) are the j" harmonic component of voltage and current, simulated
with HB, at the port p of the series-to-parallel circuit
(circuit A, circuit B, resp.).
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3.5.5 Parallel-to-series network configuration

The validity of analytical nonlinear G-parameters was evaluated by computing the X-
parameters of ZFL11AD with a cascaded system of ZFL11AD and ZX602522M in a

parallel-to-series configuration.

The process of the validation is summarized in Figure 3.20. X-parameters simulations are
used to generate X-parameters data of the parallel-to-series system and of each component
simulated alone under the same conditions as when it is in the whole network. The conditions
of input power, source and load terminations are determined through the HB simulation. X-

parameters of the whole circuit (circuit A, circuit B, resp.) are then converted to nonlinear G-

parameters [GnonlinEq j‘ ( [GnunlinA ] > [GnonlinB ] ’ resp')'

To validate the utility of nonlinear G-parameters to describe a nonlinear parallel-to-series

network, the matrix [G

non,mEq] is compared to the sum of nonlinear admittance matrices (

[Goming ] [ Gromins | calculated from the X-parameters of each component in Figure 3.21.
These figures are limited to 7 arbitrary terms: G”,,,G%,,, G%,, G2\, G%5, G%,, G2\
and G/,,. They demonstrate a good agreement between the nonlinear G-parameters

calculated from the X-parameters of the whole system and the results of the analytic

expressions of nonlinear G matrices calculated with (3.90).

The assumption that the current vector [/,]=[l,,]=[l,,] and the voltage vector

[V:]=[".]1=[V.,] is verified in Figure 3.22. Moreover, in these figures, the harmonic

components of the current at the input and of the voltage at the output of the parallel-to-series
circuit calculated through nonlinear H matrix in (3.91) are compared to those obtained with
HB simulation. The agreement between the curves proves more the concept of analytical

nonlinear G-parameters.
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Figure 3.20 Validation process of nonlinear parallel-to-series network configuration.
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Figure 3.21 Comparison between the logarithmic amplitude (a) and the phase (b) of
a random set of nonlinear G-parameters calculated from the X-parameters of a
parallel-to-series system and those calculated through the parallel-to-series
nonlinear G expressions in (3.90).
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Figure 3.22 Comparison between the logarithmic amplitude (a) and the phase (b) of
harmonic voltages and currents as mentioned in the graph presenting the validation
process in Figure 3.20. vp;-sim and 1ip-sim are the jth harmonic component of voltage
and current, simulated with HB, at the input (p=1) and output (p=2) of the parallel
-to-series system. Vy-Calc (i;-Calc) are the sum of the j* harmonic component of
voltages (currents) simulated with HB at the output (input) of whole circuit. Vy;-
Model and 1;;-Model are calculated through nonlinear G matrix with (3.90). vy;-
SIM (Vapj-Sim, Vppi-sim, resp.) and iyj-sim (ipi-sim, ippj-sim, resp.) are the j™
harmonic component of voltage and current, simulated with HB, at the
port p of the parallel-to-series circuit (circuit A, circuit B, resp.).
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3.6 Conclusion

Nonlinear network configurations are important in nonlinear modeling and design. For linear
circuits, Z-, Y-, ABCD-, T-, G- and H-parameters that are derived from S-parameters can be
successfully used to characterize series, parallel, cascaded, parallel-to-series and series-to-
parallel configurations, respectively. Unfortunately, these parameters cannot be used with
nonlinear circuits. The new analytical expressions presented in this paper circumvent this

limitation. They are more general than those derived from S-parameters.

Based on X-parameters, these parameters can describe topology of all linear, all nonlinear or
a mixed of linear and nonlinear components. Nonlinear Z-parameters are used to describe
series topology, and the nonlinear Z matrix is simply the sum of the individual nonlinear Z
matrices. Nonlinear Y parameters are used to describe parallel topology, and the nonlinear Y
matrix is the sum of the individual nonlinear Y matrices. Nonlinear G parameters are used to
describe parallel-to-series topology, and the nonlinear G matrix is the sum of the individual
nonlinear G matrices. Nonlinear H parameters are used to describe series-to-parallel
topology, and the nonlinear H matrix is the sum of the individual nonlinear H matrices.
Nonlinear ABCD- or T-parameters are used to describe a cascade topology, and the ABCD

or T matrix is the product of the individual nonlinear ABCD or T matrices, respectively.
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4.1 Abstract

In this paper, a new accurate small- and large-signal equivalent circuit based modeling
technique for GaN HEMT transistors grown on silicon substrate is presented. Despite X-
parameters are developed as tools for the development of black-box modeling, they are used
for equivalent circuit based model extraction. Unlike traditional modeling that uses the small-
signal data to build with an indirect manner a nonlinear model, the proposed model is
extracted from X-parameters measurements directly. But, similar to the equivalent circuit
based models discussed in the literature, the new model is subdivided into extrinsic and
intrinsic parts. The extrinsic part consists of linear elements and is related to the physical
layout of the transistor. The intrinsic part can be extracted with the proposed analytical de-
embedding technique. The nonlinear intrinsic elements are represented by new nonlinear
lumped impedances and admittances whose extraction is carried out using a newly proposed
technique. This new technique uses nonlinear network parameters, various X-parameter
conversion rules and basic analysis techniques of interconnected nonlinear networks. It is
accurate and more advantageous than traditional transistor modeling techniques. The

modeling procedure was applied to a 10x200um GaN HEMT with a gate length of 25 pm. A
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very good agreement between model simulation and measurements was obtained, validating

the modeling technique approach.

Keywords: X-parameters, equivalent circuit based model, large-signal model, nonlinear
lumped element impedance, nonlinear lumped element admittance, parameters extraction, X-

parameter de-embedding.

4.2 Introduction

Accurate large-signal models are used to describe the nonlinear behavior of microwave
devices and are mandatory for nonlinear circuit design. In conventional approaches, compact
models are defined by nonlinear equivalent circuits or by a system of nonlinear ordinary
differential equations describing current-voltage and charge-voltage relations for nonlinear
lumped elements (Jarndal 2006, Root 2012). Nonlinear models for microwave and
millimetre-wave devices are commonly based on DC and S-parameter measurements
(Schreurs, Verspecht et al. 1997, Jarndal, Bunz et al. 2006) and their nonlinear elements are
described in terms of state functions (Schreurs, Verspecht et al. 2002). The values of the state
functions are generally determined via a small-signal detour based on multi-bias S-parameter
measurements (Root 2012, Root, Xu et al. 2012). This technique is based on small-signal
approximations of the nonlinear state functions at different bias points and requires a large
set of S-parameter measurements (Schreurs, Verspecht et al. 1997, Jarndal, Bunz et al. 2006,
Root 2012, Root, Xu et al. 2012). Nonlinear RF measurements, such as Pin-Pout, are not part
of the model construction and parameter extraction but are used for parameter value

optimization and final model validation (Root 2012).

The accuracy limitations of this approach arise from several sources. The main source is that
S-parameters are not suitable for the extraction of nonlinear elements. Conventional S-
parameters are defined only for linear systems, or systems behaving linearly with respect to a
small signal applied around a static operating point from several sources (Verspecht and Root

Jun. 2006). Furthermore, DC and S-parameter measurements cannot be made at the same



169

time. Consequently, devices may not be characterized under the exact same conditions
leading to possible errors due to temperature differences and memory effects.

In 2008, Agilent introduced a new Precision Network Analyzer, PNA-X (Technologies),
which is a mixer-based Nonlinear Vector Network Analyzer (NVNA) (Horn, Gunyan et al.
2008, Root, Verspecht et al. 2013) capable of measuring the newly developed X-parameters
(Root, Verspecht et al. 2013). X-parameters represent new nonlinear scattering parameters,
applicable to passive and active circuits under small and large signal excitation (Verspecht
2005, Horn, Gunyan et al. 2008), and are considered as a mathematical superset of small-
signal and large signal S-parameters (Horn, Gunyan et al. 2008, Verspecht and Root Jun.
2006). They capture the device behavior at the fundamental and harmonic frequencies in a
single measurement for a given bias point. As such, they offer great potential for device
modeling that will: (i) do away with DC measurements and (ii) incorporate nonlinear
measurement in the model construction and parameter extraction process. Some work has
already begun to explore the application of X-parameters to device modeling (Simpson, Horn
et al. 2008, Chia-Sung, Kun-Ming et al. 2009, Horn, Root et al. 2010, Root, Xu et al. 2010,
Root 2012, Root, Marcu et al. 2012, Root, Xu et al. 2012, Root, Verspecht et al. 2013). In
(Root 2012, Root, Xu et al. 2012, Root, Verspecht et al. 2013), the advantages of using
NVNA/LSNA measurement systems and X-parameters for transistor characterization and
modeling are highlighted. It was shown that parameter extraction, model tuning and
validation using NVNA waveform data combined with Artificial Neural Network (ANN)
modeling technique is more advantageous than conventional technique. It was also
mentioned that X-parameters are becoming useful and increasingly important in the future.
X-parameters are explored for transistor modeling applications (Simpson, Horn et al. 2008,
Chia-Sung, Kun-Ming et al. 2009, Horn, Root et al. 2010, Root, Xu et al. 2010). However,
they are still used as a model only at the external terminals of the device which means that

the internal structure of the equivalent circuit topology is not defined.

Equivalent circuit based or compact model is preferred since it is able to indicate which of
the material and structural properties of a given transistor affect its electrical performance: ‘it

is worth pointing out that it is common to try and place physical meanings and origins on the
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circuit elements in the model’ (Peter H.Aaen 2007). Equivalent circuit models can be
measurement or physically based. The measurement-based equivalent circuit parameter
values can be carried out over a range of bias voltages, loads and input power, and the values
can be stored in a table. Interpolation can be used to calculate a non-stored case.
Mathematical function fittings can also be applied to obtain a nonlinear function that

describes the behavior of the extracted element.

In this paper, a new small- and large-signal equivalent circuit modeling technique using X-
parameter measurements is proposed. The overall equivalent circuit topology is derived from
the commonly used physics-based models and incorporates extrinsic (linear) and intrinsic
(nonlinear) elements. The intrinsic elements are represented by new nonlinear lumped
impedances and admittances whose extraction is carried out using a newly proposed
technique. This new technique uses nonlinear network parameters (Riadh Essaadali, Anwar
Jarndal et al. 2011), various X-parameter conversion rules (Riadh Essaadali, Anwar Jarndal
et al. 2011) and basic analysis techniques of interconnected nonlinear networks (Riadh

Essaadali, Anwar Jarndal et al. 2013).

The remainder of this paper is organized as follows: section II outlines the concept of two-
port X-parameters and nonlinear network parameters. The new expressions of nonlinear
lumped element impedance and admittance, derived from X-parameters, are also presented in
this section. Section III defines the equivalent circuit topology and presents the extrinsic
parameter extraction technique. In section IV, a new technique for de-embedding the
extracted extrinsic elements from the measured X-parameters is presented. Section V
provides the details of the intrinsic parameter extraction from de-embedded X-parameter

measurements. The final section presents several validation results.
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4.3 X-parameters and nonlinear characteristic parameters

4.3.1 X-parameter formalism

X-parameters are mathematically rigorous supersets of S-parameters and are applicable to
linear and nonlinear components under both small-signal and large-signal conditions [7, 10].
For a given device under test (DUT) driven by a large single-tone signal, the function
describing the relation between reflected and incident waves is linearized and leads to X-
parameter expression as shown in (4.1). In (4.1), the terms by (B-waves) and a; (A-waves)
denote the scattered and incident traveling voltage waves, respectively. Indices i and j range
from one to the number of signal ports; indices k and 1 range from one to the highest
harmonic index; and, Fi, Siji and Ty ji are complex functions of input power, DC biasing,
source and load terminations, respectively.

bik = Fik (|a11|’ngVd.wr.er)Pk + Z Sik,j1(|all|’Vg.\"Vd.\"r.\"FL)Pk_lajl
(D= (1)
+ z T’ik,jl(|all|’Vgs’Vds’l_‘s’l_‘L)PkHaj'l'

(J:D#(1.1)

(4.1)

4.3.2 Nonlinear characteristic impedance

Thanks to the conversion rules of X-parameters to other nonlinear parameters, such as
nonlinear network impedance, admittance and ABCD parameters (Riadh Essaadali, Anwar
Jarndal et al. 2011), and the analysis of cascade, series and parallel configurations of purely
nonlinear networks as well as hybrid configurations of linear and nonlinear components
(Riadh Essaadali, Anwar Jarndal et al. 2013), it is possible to use X-parameter measurements
or data to analyze different nonlinear circuit topologies. These tools (Riadh Essaadali, Anwar
Jarndal et al. 2011, Riadh Essaadali, Anwar Jarndal et al. 2013) allow for the modeling of a
series topologies, Z-parameters, parallel topologies, Y-parameters and cascaded topologies,

ABCD- parameters, and any combination thereof.

Just as X-parameters of a two-port relate harmonic components of B-waves and A-waves at

both ports, nonlinear impedance parameters relate harmonic current to harmonic voltage
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components at both ports. Furthermore, in the same way that X-parameters include S;; and

Tixj terms that are associated with a;, and a_j, (see equation (4.1)), it can be shown (Riadh
Essaadali, Anwar Jarndal et al. 2011) that nonlinear Z-parameters include ijq]. andemq].

term associated with 7 and to its conjugate l';. as follows:

Vom = Z Z g (|a11|)iqi + meq/ (|a11|)i;' 4.2)

(g./)

where p and ¢ refer to port numbers, m is the harmonic index at port p and j the harmonic

index at port ¢g. Equation (4.2) can be put in matrix form, which, for a two-port network,

[V1] _ []1] _ [Znonlin—ll] [Znan/in—IZ] [11]
M‘[Z"""’f"]{[zzﬂ{[zm_ﬂ] [z,,o,,h,,_zz]ﬂ[zz]} @3)

where the voltage vector at port p is [Vp] = [vpl v

gives:

« T
ol Vo Vpn] and the current vector

* . Sk T .
at the same port [1 p] = [ipl Ly = i, zpn] . The expressions of [mehn_pq} sub-
. . o ﬂ .
matrices in terms of Z, - and Z - is:
o 5 u 5
Zplql Zplql Zplqn Zplqn
5 & 5 o
Zplql Zplql Zplqn Zplqn
I:Znonlin—pq] = : ° : : : (44)
o B o B
anql anql ne anqn anqn
5 o 5 o
_anql anql e anqn anqn i

The equivalent nonlinear impedance of a series configuration of N purely nonlinear, purely
linear or a mix of linear and nonlinear elements is the sum of the impedances of each

component (Riadh Essaadali, Anwar Jarndal et al. 2013):
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N

[Znonlin ]Eq = Z[Znonlin ][ (45)

i=1

Similarly, for nonlinear admittances we use two terms, Y, . and Yp'fnq/ associated to v, and

to its conjugate v;. (Riadh Essaadali, Anwar Jarndal et al. 2011) such that:

Z 17"1(11(|a“|)v d pmql(|a11|)v (4.6)

(q.))

In matrix form for a two-port network, (4.6) can be written as:

1T] o T W] ] T
{[121}”"0"”"]{[ J [[ ] MJLVZJ @)

B
The expressions of [ i pq] sub-matrices in terms of ¥ . and Y, . is
a B a B
Yplql },qul o Yplqn Yplqn
B o B o
Yplql Yplql Yplqn Yplqﬂ
I:Ynonlin—pq :I = . : . : : . (48)
a B a B
anql anql pngn pngn
Yﬂ o 5 o
pngl pngl pngn pngn |

The equivalent nonlinear admittance parameters of a parallel configuration of N pure
nonlinear, pure linear or a mix of linear and nonlinear elements is the sum of the admittances

of each nonlinear component (Riadh Essaadali, Anwar Jarndal et al. 2013):
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N
[Ynonlin :|Eq = ZI:Ynonlin :L . (49)
i=1

Nonlinear ABCD-matrix includes 4 parameter categories: A-, B-, C- and D-terms. A-
parameters relate input harmonic voltages to output harmonic voltages. B-parameters relate
input harmonic voltages to output harmonic currents (Riadh Essaadali, Anwar Jarndal et al.
2011). C-parameters relate input harmonic currents to output harmonic voltages. D-
parameters relate input harmonic currents to output harmonic currents. Each ABCD
parameters include two-term categories associated respectively to a harmonic component and
its conjugate of voltage and current present at second port. The formulation of the nonlinear

model based on nonlinear ABCD-parameters is:

Vim = Z Alamz](|all|)v2] + AlmZ] (|a11|)vzj + Z 1m2j (|a11|)i2j +B£nzj (|a11|)i;j' (4.10)

(q./) (q./)

= Z Clor{an (|a11|)vzj +C1ﬁmz,(|a11|)vzj + Z 1m2,j (|a11|)12] 1mz,(|a11|)12, (4.11)

(q./) (q.))

In matrix form, (4.10) and (4.11) can be written as (Riadh Essaadali, Anwar Jarndal et al.

2011):
] 1] ] (B 0
M [ABCD"(’"I’"]LQJ L " [D,,(,,WJ{[ J @12)

The expressmns Of [ABC nonlm] Sub matrlces [ nonlm] [ nonlm] [ nonlm] and [ ] in

nonlin

terms of A% .. BY . C? . D? AP BF CP and D’  are in (4.13). For

pmgj> " pmgi> " pmg > pmgi > “Tpmgj> T pmgji> " pmgi pmgj

simplification purpose, the letter R symbolizes A, B, C and D symbols.
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RloiZI RﬁZl o RIDI{Zn RlliZn
RY, RY, . R, R,
[Roun]=] Pt : (4.13)
Rlor{zZI Rlﬁn2n Rlo:an RlﬁZn
_Rli*ﬂ RIO::ZI Rli;n Rlo;i*zn i

The equivalent nonlinear ABCD parameters of a cascade configuration of N pure
nonlinear, pure linear or a mix of linear and nonlinear elements is the product of the ABCD

parameters of each nonlinear component (Riadh Essaadali, Anwar Jarndal et al. 2013):

N

[ABCDnonlin ]Eq = H[ABCDnonlinJ :' (4 14)

i=1
4.3.3 Nonlinear lumped element impedance and admittance

Typically, the intrinsic transistor can be modeled by the equivalent circuit in Figure 4.1
(Jarndal, Bunz et al. 2006). The intrinsic part is composed of nonlinear gate current and
charge sources that are obtained by path integration of the intrinsic gate capacitances and
conductances (Jarndal, Bunz et al. 2006). The intrinsic nonlinear model can be modeled as a
pi network of nonlinear lumped element impedances. These parameters can be extracted
directly from X-parameters measurement. Traditionally, a nonlinear circuit can be described
by a Taylor series expansion of its nonlinear current/voltage, charge/voltage, or flux/current
characteristic (Maas 2003). Power-series and Volterra-series can be used to describe or
implement the behavior of a nonlinear component in a CAD software. Unfortunately, none of
these models are suitable with X-parameters concept: it is difficult to extract their expression
from nonlinear network parameters. In this paper, new expressions of nonlinear lumped
element impedance and admittance that are accurate and easy to construct from X-parameters
are introduced. The expressions of the new nonlinear lumped element impedance and

admittance and their implementation in CAD software are validated in section IV-D.
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S

Figure 4.1 GaN HEMT equivalent circuit model

Linear impedance occurs when the current is proportional to the applied voltage (Pozar
1990). In a nonlinear case, the current feeding nonlinear impedance is not proportional to the
voltage. The impedance of a nonlinear component can be defined from the availability of X-
parameters. The harmonic voltage components of the nonlinear component are expressed in

terms of nonlinear impedance and current:

V1= Z,, |1 (4.15)
where the harmonic voltage vector is [V]:[vl v v, v:JT, the harmonic current
vector is [/ ]:[il i i:]T; the terms v, and i, represent the voltage and current

frequency component, respectively; and, n is the highest harmonic order. To determine the

expression of the nonlinear impedance [Z NL }, the expression of the nonlinear ABCD matrix

can be used for the two-port network consisting of a series nonlinear impedance between the
input and output port illustrated in Figure 4.2 (a). The expression of harmonic voltage and

current components at the first port can be expressed as (Riadh Essaadali, Anwar Jarndal et

al. 2011):
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G v [ (817
M‘[ABCD"O"ZI‘"]{UAH[o] [a]}{m} (410

_BloiZI Blﬁ121 A BﬁZn BlﬁIZrl |
__|BL BL, - B, B,
Where [Bmlm]:[ZNLJ: : : : : | and [1,] is the identity matrix.
Bgﬂl Bl€l2l A BIO:lZn BlﬁZn
Bl Bin - Bl B,

Consequently, the expression of each harmonic voltage component v, can be expressed as a

a
i

function of nonlinear impedances (Z;;,Z i'/ﬁ ) and harmonic current components:

_ n o n ﬂ .
v =D 25+ Y 250 (4.17)
=

J=1

where 1 is the frequency component index and n is the harmonic order. Equation (4.17) can

be rewritten in a matrix form as follows:

| & | [IlL [ABCDnonlin ] [12]
.E;.— |:§NL:| ']2]»0 Ty “I] | -
VT :

Figure 4.2 A two-port network consisting of a series nonlinear impedance (left)
and a parallel nonlinear admittance (right) between the input and output ports
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roo o B o Br.

14 le le Zln Zln L

Vi Zlﬁl Zloi Zl’i Zlorll il

I A SN (4.18)
: ze zr . z% 7P|l

) |z ze o z8 7z |l

A nonlinear ABCD matrix can be used for the two-port network consisting of a parallel

nonlinear admittance between the input and output port as illustrated in Figure 4.2 (b) (Riadh

Essaadali, Anwar Jarndal et al. 2011). The expressions of nonlinear sub-matrices [4,,,, ],

[Bnonlin] H [Cnonlin ] and [D ] Of nonlinear admittance are [Anonl[n ] = [Dnonl[n ] = [Id] 4

nonlin
[Bnonlin] = [O] and
o 5 o 5
C1121 C1121 C112n C112n
ﬁ* o ﬁ* o
_ C1121 C1121 CllZn C112n
[Cnonlin ] = |:YNL:| = : : . : :
a B o B
C1n21 Cann o Cann C1n2n
ﬂ* o ﬁ* o
_C1n21 C1n21 C1n2n C1n2n_

The expression of each harmonic current component as a function of nonlinear impedances

and harmonic current components is as follows:

._na nﬂ*
=2+ 2 (4.19)
J= J=

The admittance can easily be deduced from nonlinear impedance:

AR S

I b S T 4

Tul=[Zu] =0 o8 (4.20)
A GRS S £
RAAED SRS G 4
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The electrical nonlinear pi network (Figure 4.3) has three nonlinear impedance branches
connected in series to form a closed circuit, with the three junction points forming an output
terminal, an input terminal and a common output and input terminal. A nonlinear pi-network
model can be extracted directly from nonlinear two-port admittance parameters. The
expression of nonlinear harmonic current components as a function of nonlinear harmonic

voltage components is:

"l
alk 4.21)

Al Az
7] 13 = [7,]
| — |-

. | | .

Figure 4.3 A nonlinear pi-network model

4.4 GaN HEMT extrinsic parameters extraction based on X-parameters

Throughout the remainder of this paper, we will consider an on-silicon GaN HEMT device

for which the modeling technique is applied.

4.4.1 Model topology definition

The Nitronex GaN HEMT (high-electron mobility transistor) structure to be modeled was
grown in a silicon (Si) substrate. A small-signal equivalent circuit for GaN HEMTs on a Si
substrate was presented in a paper by (Jarndal 2014). The topology of the developed model is

llustrated in
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Figure 4.4. In the extrinsic part of this model, Cy, and Cy, account for parasitic capacitances
due to the pad connections, inter-electrode and crossover capacitances (due to air-bridge
source connections) between gate, source, and drain (Jarndal 2014). R,, R; and R, represent
contact and semiconductor bulk resistances; and, L,, Ly and L, model the effect of

metallization inductances.

4.4.2 Extrinsic parameter extraction using open structures and cold measurements

In order to model the RF behavior of the DUT accurately, the influence of the parasitic
components must be subtracted from the measurements on the test structure. The parasitic
elements of the pad contacts can be extracted from open de-embedding structure fabricated
on the same wafer of the DUT and cold measurements. Figure 4.5 shows the implemented

on-wafer open de-embedding structure and its equivalent circuit model.

Ry Ly D
Intrinsic —'Wv—’m‘T'
Part = Cqp
R,
Ryq =—=C
L. dd
S.

Figure 4.4 Aphotograph of 200x10um GaN HEMT on Si Substrate (Left)
and its equivalent circuit model (Jarndal, Markos et al. 2011)
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Figure 4.5 On-wafer GaN Open de-embedding structure for a 2mm GaN HEMT
(Left) and its equivalent circuit model (Right)

For passive components, X-parameters reduce to S-parameters (Verspecht and Root Jun.

o

pmqj
m:ﬁj

2006), and all nonlinear Z” terms and all cross frequency Z terms vanish (Riadh

Essaadali, Anwar Jarndal et al. 2011). The expressions of the nonlinear Z7 = terms reduce

to linear impedance in linear operation mode and are equal to Z, . The extrinsic elements

R4, and Ry, can be extracted from the real part of parasitic gate and drain impedances. The Z-

parameters of the open structure equivalent circuit can be expressed as follows:

R wR> C
Zﬁn :1 zégz R’ _]|:wé +1 féziz } (4.22)
TOC Ry, o TOC Ry,
" R 11 wR.,C
ZZ]21 = > ddz ) =J + zdd zdd S (423)
1+ C,R;, a)Cdp I+w C,R,,

Extrinsic resistances Ry, and Ry; can be extracted by extrapolating the curves of the

o

measured real part of Z[],, and Z;,, at ® = 0. However, the reliability of extraction depends

on the accuracy of extrapolation and measurement uncertainties. Another more accurate

method 1s to extract Ry and Rys from the slope of the curves of
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1/ o’real(Z];,] (1/ o’real(Z 2121])) versus 1/ @ . The expressions of these curves are

given below:

1 1 1
-~ [ +r.C?.
w'reallZ7,,1 R (a)zj &

1 1 1
= — |+R,C,°.
w'real[Z5,,] Rdd(afj dd = dd

(4.24)

(4.25)

Parasitic capacities C,; and Cy are derived from the slope of the curves of

1/real(Z2,,] ( 1/real(Z%,,]) versus @ . The expressions of these curves are:

! _ | +R,C 0.
real[Zml] Rgg
1 1

=—+R,C, 0.

’"eal[Z;u] R,

(4.26)

(4.27)

At higher frequencies, equation imag(Zf{H)a) (imag(Z;21)a)) tends toward

_1/ Core = 1/ Cor = 1/ (_1/ Coa ==1/Cop =1/ Cy ) :

C R w
lim imag(Zﬁll)a): hm_( 1 + gg2 gg2 J__ 1
W—>00 W—oo Cgp 1 + Ré& Cg,g, Cqu
- : 1 C R & 1
lim imag(ZZO;21 ) = lim—| —— -+ __
P o= | C, 1+R,Co@? C...

Parasitic capacities C,y(Cyp) are deduced from C, p(Ceqq) as follow:

(4.28)

(4.29)



183

Cc C
C =__%& &8 (430)
v ng_cqu

c C
Cp = . (4.31)
N Cdd_ceqd

The measured Y-parameters converted from X-parameters of the open structure are then

de-embedded from cold Y-parameter measurements at V, =0V and ¥, > 0F . Extrinsic

inductances L,, L; and L, can then be extracted from the curves of the imaginary part of the
stripped Z-parameter measurements by linear regression (Jarndal and Kompa 2005). The
extrinsic resistances R,, R; and R, can also be extracted from the curves of the real part of the
stripped Z-parameter measurements. The whole extracted values of the extrinsic elements are
then optimized to find the best fit for the previously stated cold measurements. The same
procedure is used to find the optimal value for each model element (Jarndal and Kompa

2005).

4.5 X-parameter based de-embedding technique

There have been many papers published on the topic of de-embedding techniques for S-
parameters (Cho and Burk 1991, Vandamme, Schreurs et al. 2001, Cheolung, Zhaoran et al.
2003) and for large-signal measurements, but very little has been published on X-parameters.
A typical or generalized equivalent circuit model of a GaN transistor is shown in

Figure 4.6. In order to avoid overloading the demonstrations, admittances G, and G, are
designated to represent the parasitic gate and drain elements, respectively. Impedances Z,
Z, and Z, represent gate, source and drain cascaded configuration of inductance with
resistance, respectively. The values of admittances (G, and G, ) and impedances (7, Z, and
Z,) are determined by the extrinsic elements’ extraction procedure presented in the previous

section. X-parameters of the intrinsic part can be easily determined by applying the X-

parameters de-embedding procedure explained below. The measurements of X-parameter can
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be performed by using a PNA-X network analyzer with an NVNA (nonlinear vector network
analyzer) option. X-parameters of the intrinsic part are calculated or deduced by means of
transformations between X-parameters, nonlinear Y-parameters and nonlinear Z-parameters

(Riadh Essaadali, Anwar Jarndal et al. 2011, Riadh Essaadali, Anwar Jarndal et al. 2013).

[Laoer] L) |1
Intrinsic'HV | Z, :[ 2]‘ :‘: 2]=

B
]G, | G, "]
Z;

Figure 4.6 GaN HEMT equivalent circuit model

Admittances G, and G, are in parallel. To subtract their effects, the measured X-

parameters [X| of the transistor should be converted to nonlinear parameters [Y,, . | using

the following conversion rule (Riadh Essaadali, Anwar Jarndal et al. 2011):
1 -1
Yoo =[]+ [XT] L] - [XT]. (4.32)

where [Id] and Z_ are the identity matrix and the characteristic impedance, respectively.

* « T .
The current vector [/,]= [il.l iy @ im] can be expressed as a function of the voltage

*

vector [V;]= [v.l R ]T through (Riadh Essaadali, Anwar Jarndal et al. 2011):

1
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1

]y (O] Diis] o 4]
M‘[Y"“"”‘"]{[VQJ{mmﬁn_m] [non,in_zz]ﬂ[m}' 433

The harmonic current components [/ ] and [/, ] that flow through impedances [Z] and [Z, |

can be calculated as follows:

(ZT| (4] [[G] [o] |[[#] V]
M M [[o] [GZJ{[VZJ [%’””J{[VZJ' (439
G(w) 0 .. 0 ]
0 G (v .. 0
where [Gi]l_:1 L= : : :
’ 0 0 .. Gw) 0
0 0 .. 0 G

The resulting nonlinear Y-matrix after de-embedding the admittances G, and G, is:

[qunﬁnﬁ] = [Ynonlin ] _{[[GO]]] [[((;)Z]J . (4.35)

The harmonic voltage components at the input and the output of the intrinsic part can be

[VlDUT] [Vl] [Zn] [le] []1’]
|:[V2DUT]}:|:[V2]:|_|:[ZZI] [Zzz]:“[]g]} (4.36)

where the sub-matrices [Z,,], [Z},], [Z,,] and [Z,,]are:

expressed as:
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[ Z(0)+Z,(w) 0 0 ]
0 Z( O+ Zi (@) .. 0 0
[Z,]= : : : :
0 0 . Zy(new)+Z,(ne) 0
i 0 0 0 Z, (na)+Zy(nw) |
[Z,(0)+Z,(o) 0 0 0 ]
0 Z()+Z (@) .. 0 0
[Z,]= : ; : : ;
0 0 v Ly, (nw)+Z,(nw) 0
L 0 Z,(ne)+ Z;(ne) |
(Z(@w) 0 .. 0 0 |
0 Zi(w) .. 0 0
and [Z,]=[Z,]=| : : :
0 0 .. Z(nw) 0
0 0 .. 0 Z;(nw) |

The resulting nonlinear Y-matrix [Y

nonlin _ A

} 1s transformed into a nonlinear Z-matrix. The

effects of series impedances Z, Z, and Z, are subtracted as follows:

2

R —H;ﬂ ELZH : (4.37)

where [Zm,m B] is the nonlinear impedance matrix relating the nonlinear voltage harmonic
components at the input and output of the intrinsic part [V1 DUT] and [Vz DUT] , respectively, to

nonlinear current harmonic components [11 DUT] and [12 DUT] :

[I/IDUT] []lDUT]
LVW]HZWB]{UWJ' 0
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The X-parameters of the intrinsic part are obtained through the conversion rule from
nonlinear Z-parameters to X-parameters. The expression of the X-parameters matrix is

(Riadh Essaadali, Anwar Jarndal et al. 2011):

(112 ]| [ ] (439)

c c

4.6 Intrinsic Parameters extraction
4.6.1 X-parameters based large-signal intrinsic model topology definition and
extraction

Once the extraction of the extrinsic elements is complete, the de-embedding of the parasitic
parameters enables the X-parameters of the intrinsic part to be determined. Typically, the
intrinsic transistor can be modeled by the equivalent circuit in Figure 4.1. The intrinsic part is
composed of nonlinear gate and drain current and charge sources that are obtained by path

integration of the intrinsic gate and drain conductances and capacitances.

The intrinsic nonlinear model can be modeled as a pi network of nonlinear impedances as
shown in Figure 4.7. Nonlinear admittances [ZS}, [):’GDJ, [ZG] and [Zs} model the gate-

source, gate-drain, drain-gate and drain-source nonlinear junctions, respectively.

The nonlinear impedances can be extracted directly from the de-embedded X-parameters.

The intrinsic elements are extracted as a function of the extrinsic gate-source V and drain-
source V,, voltages. The nonlinear admittance matrix of the intrinsic part of an active device

1S:

N —
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Figure 4.7 Large-signal intrinsic model to be
extracted from X-parameters

Nonlinear impedances of intrinsic transistor junctions — gate source [ZGS}, drain source

[ZDS} , gate drain [ZGD} and drain gate [ZDG} can be easily determined from (4.40). Their

expressions are expressed in (4.41), (4.42), (4.43) and (4.44), respectively.

[EGD(VGSaVDs)]:_[leT1 . (4.41)
|:EDG (V6sVps )J =Yy ]71 . (4.42)
[EGS (Vss>Vps )J = [[Yll 1+[%, H“_l . (4.43)

| Zos (Vos Vo) | =[] +[1a]] - (4.44)
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4.6.2 Transistor intrinsic part modeling with frequency-domain defined devices

In ADS, an FDD component enables the current and voltage spectral values to be directly
expressed in terms of algebraic relationships of other voltage and current spectral values
(Technologies). This component simplifies the development of nonlinear behavioral models
that are defined in the frequency domain. An FDD is ideal for modeling the transistor
intrinsic part. As illustrated in Figure 4.8, the intrinsic nonlinear part of the transistor is
modeled by a cascade of FDD components. The nonlinear impedances shown in Figure 4.8
are intrinsic. However, FDD components can describe input and output voltage components
or current components; therefore, the relation between the input or output spectral component

voltages and currents is required.
There are two types of configurations in Figure 4.8: series and parallel configurations. The
model of a series nonlinear impedance can be described by an FDD component as shown in

Figure 4.9(a). The equations of the FDD model that describe the behavior of a nonlinear

component in a series configuration are:

(11=[Z., | [m1-1%1]. (4.45)

AEFARIAN) (4.46)

The model of parallel nonlinear impedance can be described by the FDD component
illustrated in Figure 4.9(b). The equations of the FDD model that describe the behavior of a

nonlinear component in a parallel configuration are:

=] 7 [ {n1+(LT) (4.47)
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v]=[% | {1 1+(LT) (4.48)

FDD#1 FDD#3

[ ]

—
I
L1

DS

'3
®
(0]

2D 1) FPD[1)]
o—ﬂ» [fNL} -M—o. A) _I (A )
G I L] fin)
s ' o

(a) (b)

Figure 4.9 Series (a) and parallel (b) nonlinear impedance FDD modeling

4.6.3 Trapping and self-heating effects in model embedding

Trapping effects are related to surface and buffer traps in the active region of the transistor
(Jarndal, Bunz et al. 2006). The buffer traps refers to the deep levels located in the interface
between the buffer layer and the substrate. Under high electric field condition, due to high
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drain-source voltage, electrons moving in the 2DEG (two-dimensional electron gas) channel
could get injected into the buffer traps. Due to the longer trapping time constant, the trapped
electrons cannot follow the high frequency signal and hence, they are not available for
conduction. The trapped electrons produce a negative charge, which depletes the 2DEG, and
therefore reduce the channel current. This reduction in the current under RF operation is
called current dispersion, or more precisely, buffer traps induced current dispersion. These
traps are primarily related to the existing large number of threading dislocation in the GaN
layer due to the large lattice mismatch between the GaN and the substrate especially for Si

substrate.

In (Jardel, De Groote et al. 2007), it has been shown that modeling the trapping effects
improves the large-signal simulation results, particularly when the output loads deviate from
the optimum matching conditions. The effects of the traps are taken into account by
modifying the command voltage of the current source by adding transients to gate-to-source
voltage. These delay times are related to the capture or the emission of charges by traps. The
parameters of the lag circuits are extracted from pulsed IV and S-parameters measurements.
Dispersion effects can be characterized. In (Raffo, Di Falco et al. Sept. 2010), a nonlinear
automated measurement system which is based on low-frequency multi-harmonic signal
sources is presented. The system is used for in-depth investigation of low-frequency
dispersion. Another concept for the low-frequency dispersion modeling is presented in (van
Raay, Quay et al. 2013) by using an integral transform (ITF) approach for the description of
the drain current. In (Jarndal and Kompa 2007), an accurate table-based large-signal model
for AlGaN/GaN HEMTs accounting for trapping- and self-heating-induced current
dispersion is presented. To include these effects, the RF drain current is modeled as a linear
combination of the isothermal dc current and the deviation in the drain current due to the
surface-trapping, buffer-trapping and the self-heating effects. The RF drain current is derived
from pulsed I-V measurement. The amount of trapping induced current dispersion is
controlled by the averaged values of the intrinsic voltages that are extracted by using RC

high-pass circuits at gate and drain sides. For the self-heating, the amount of the induced
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current dispersion is controlled by a low-pass circuit that determines the value of the

normalized channel temperature rise.

In (Raffo, Vadala et al. 2010), a general analytical formulation for the description of low
frequency dispersion is presented. The model avoids the simplifying approximations of the
description of the complex phenomena related to low frequency dispersion. The RF current
depends not only on the instantaneous values of the voltage at the device ports, but also on

other variables, such as average values of the voltage.

The trapping and self-heating effects modeling approach presented in this paper is based on
X-parameters and consistent with the small-signal Z-parameter model. Z-parameters in the
model are function of the input power, dc voltages, fundamental frequency and source and
load terminations. The question is how trapping and thermal effects can be embedded in the

model.

These two effects result in extremely different values for the drain at low and high RF

frequencies. The gate charge could be neglected for frequency less than the intrinsic transient

frequency fr. Thus [EGSJ and [EGDJ could be kept without any modification.

|:§GS (|a11 ’VgNVds"rs’FL ’f;)::[EGS,RF (|all ’Vgs’Vds’rs’FL ’f;)i| : (449)
|:§GD (|a11 Vs Vas U Ts S, ): = |:§GD,RF (|a11 VeV T/, )} . (4.50)

Thermal effect influences the electron mobility and saturation velocity of electrons and thus

both channel conductance g45 and trans-conductance g,,, will be affected under small-signal

regime. This will be reflected also on the values of [Z DS} and [Z DG} under large-signal

condition. Thus, these two elements should be a function of channel or junction temperature

AT in addition to Vg and V.
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,gs,ns,FS,FL,ﬁ,)_+[aT1]AT. (4.51)

) gs’Vds’rs’rL S, )_ = |:§DS,RF (|a11

|:§DS (|a11

) gs’Vds’Fs’FL :f;):+[aT2]AT (452)

Vg Vass T T, ’ﬁ;)::[EDG,RF (|a11

|:§DG (|a11

Surface and buffer trapping influence the channel electron concentration due to back-gating.
The negative charge due to the trapped electrons in the surface and in the buffer modifies the

depletion region and thus drains current. However these two effects are observable only

under RF and thus the quiescent (I{qso, Vdso) with fitting matrices [aD] and [aG] can be used

to simulate this effect as follows:

s ggastarsarL7f(;):|+[aT1]AT+[aD]V:iso' (453)

5 g_y’V:is’Fs’rL ’f;)):|:|:§DS,RF (|a11

|:§DS (|a11

’Vg99l/(/is’rs’rL ’f;):|:|:ZDG,RF (|a11 4 gs’Vds’rs’rL 9f;)j|+[aT2]AT' (454)

|:§DG (|a11
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Figure 4.10 Equivalent circuit models for an intrinsic GaN
HEMT model coupled with thermal and trapping effects.
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The expression of the matrices [, ], [¢4,], [@,] and [ ]is in (4.55). For simplification

(04

purpose, the letter F represents ¢,

o,,, o, and ¢, symbols.
Fy F} Fe R
Tor Fl RS
. : : : (4.55)
FY F} Fy Fjh
5 . 5 .
_F;tl n‘f F:m IIZ a

The equivalent circuit topology of the nonlinear intrinsic model including thermal and

trapping effects circuit model is shown in Figure 4.11. The circuit in the top models the

intrinsic part of the model based on X-parameters. The circuit in the middle predicts the

power dissipation induced temperature. The other two sub-circuits are for simulating the

dynamic trapping effects.

At single operating frequency and single input power (with 50 source and load termination,

the measured X-parameters and Z

-parameters will be a function of just Vg and Vs (the

intrinsic voltages including the RF and DC components). Thus [f DS} and [f DG} can be

formulated as:

4

gs’

V)

7

V)

%

gs?

7

ZDS,RF ( 4

dso*

V

gs?

V) |[+len]aT+[a, ] (4.56)

V

gso*

V

gs?

(4.57)

ZDG,RF

(

Vi) |+l AT +[ag]

The measured Z-parameters (converted from X-parameters) at quiescent voltages (bias

voltages) Vg =0 V and Vg<Vpinchor and RF frequency (> 100 MHz) can be described by
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(4.58) and (4.59) . In this condition the static (average) power Vg4 is negligible and thus
AT=0.

| Zos (VY ) |=| Zosr (VeosVa ) | (4.58)

| Zoo (VasVi) |=| Zooar (VesVir) [+ )V.r (4.59)

The measured Z-parameters at quiescent voltages (bias voltages) V4=0 V and V=0V and
RF frequency (> 100 MHz) can be described by (4.60) and (4.61). The dissipated power is

also negligible in this case.

| Zos VeV ) [=| Zosar (Ve Vi) | (4.60)

[z V.V, )] [ZDGRF(VgS,V )] (4.61)

The measured Z-parameters at quiescent voltages (bias voltages) Vgs =Vgspn>30V and

V¢s<Vpinch-oftand RF frequency (>100MHz)can be described by:
|:Z (Vgs’V ):| |:ZDS RF(Vgs’V ):|+[aD]Vdso' (462)

[E VeV )} [ZDGRF(Vgs»V )} (26 ]V - (4.63)

For static operating condition and at low frequency (<1MHz) Z-parameters can be described

by:

[2 (Vgs’V )} [EDSRF(Vgs’V )J*‘[CE’N]AT. (4.64)
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|:§DG (Vgs Vi )} = [EDG’RF (Vgs Vi )} +[e, |AT. (4.65)

In this condition, the surface and buffer tapping can be ignored. Using the extracted values of

[Z Ds. RF} and [E DG, RF} , the thermal fitting parameters [O!Tl] and [Otn] can be determined at

the considered voltages Vs and Vg Moreover, by comparing the above equation and

applying optimization operation such as the least-square method, the parameters [aD] , [aG] ,

[Z D8, RF} and [f DG, RF} can be determined at each V4 and V. However, and unfortunately,

the proposed extraction procedure needs pulsed X-parameters measurements which are not

available at this moment.

4.7 Measurement results

In this section, the transistor parasitic components extraction results are presented, followed
by the validation of the X-parameter de-embedding procedure. With this procedure, X-
parameters of the intrinsic part are shown for the first time. As indicated above, X-parameters
of the intrinsic part are implemented in ADS by FDD components. In the final section, the

results of the nonlinear measurements are presented in order to validate the whole model.

4.7.1 Measurement setup

The measurement setup used to characterize the GaN transistor die and GaN de-embedding
structure is illustrated in Figure 4.11. DUTs were mounted on a probe station, and the PNA-

X was switched to X-parameter measurements.

The DC power supplies were used to bias the device through bias tees internal to the PNA-X
and to supply comb generators. The comb generator, which provides precision phase
calibration, ensured superior phase stability and high measurement reliability (Technologies).
The setup was controlled by a measurement algorithm to configure the equipment in the

setup and to gather data. The transistor used was an on-wafer GaN HEMT on Si substrate.
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When performing measurements, systematic errors are often introduced due to the
imperfections of the measurement devices (Technologies , Van Moer and Rolain 2006). To
minimize these errors, a calibration procedure is required. In addition to standard calibration
elements, two additional calibration steps are required: a power and a phase calibration

(Technologies , Van Moer and Rolain 2006, Root, Verspecht et al. 2013).
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Figure 4.11 X-parameters measurement setup

4.7.2 Extrinsic parameters extraction validation

From the measurements of the open de-embedding structure shown in Figure 4.5, the values

of Ry; and Ryg are extracted from the slope of the curve of 1/(a)2real[Zf{”]) and
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1/ (a)zreal[Zf’lzl]) versus 1/m’. Parasitic capacities Cgg and Cyy are derived from the slope of
the curves of 1/real(Z%,,] ( 1/real(Z%,,]) versus «F. Parasitic capacities Cg(Cyy) are

deduced from imag (Zl"{ " ) @ (l'mag(ij21 ) a)) at higher frequencies. Using these approaches,

the extracted values are indicated in Table 1. The validation of the extracted values of Rg,,

Rad, Cgg , Caa , Cgp and Cy, consists on comparing the impedances of the open structure model

shown in

Figure 4.5 to the measured impedances in Figure 4.12, 4.12 and 4.13. To extract the
remaining extrinsic resistances Ry, R; and R, and extrinsic inductances Lo, L; and L, the

proposed parasitic extraction steps were applied on the measured cold X-parameters of 2 mm

GaN on Si HEMT at V, =1.6V (Igs = 87mA) and V, = 0V with a frequency range of 0.01

to 40 GHz. Table 4.1 lists the starting and optimized values of the extrinsic elements of the

model.
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Figure 4.12 Extraction of extrinsic elements Ry, and Ryq for a 2mm GaN HEMT
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Table 4.1 Extracted values of the model extrinsic elements of 2 mm GaN
HEMT using X-parameters of open structure and cold device

Model Element | Starting Value | Optimized Value

Cgp (pF) 0.92 0.96
Cap (pF) 1.32 1.4

Cge (pF) 0.078 0.08
Caa (pF) 0.08 0.08
Rg, (2) 1362 1362
Rad (Q) 3036 3785
L, (pH) 135 138
L4 (pH) 205 205

Ls(pH) 13 13.3
R, (2) 1.05 1.05
R4 (Q) 1.01 1.03
R (Q2) 0.5 0.5

4.7.3 X-parameter de-embedding technique validation

The de-embedding process was used to remove the effects of parasitic elements. The
embedding procedure, which moves the measurement plane from the intrinsic part plane to
the device plane, is presented and validated in this section. The conversion from the X-
parameters of the intrinsic part to nonlinear Z-parameters using the conversion rule [18]
allows the nonlinear harmonic voltage, in terms of the nonlinear harmonic current
components, to be expressed as shown in (4.66). This section demonstrates the validation of

the large-signal de-embedding technique.

{[VW]} = [Z]H;D ﬂ . (4.66)

I/ZDUT

where
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(Z,n por = Z[ 1) ~[ X o )] [ 1]+ X ] - (4.67)

Equation (4.66) can be rewritten as:

[Vour ] [17]
|:[V2DUT]:| :[ZnonlinDUT]|:[I;]:|' (4.68)

The harmonic voltage components at the input and the output of the die can be expressed as:
{[VJH[VM]H[ZH] [zn]}[[zg]}_ .
1) (Paner] ] [1Z0] [22]][122]

Z Z
where [[ ! 12]} is defined in (4.36). Equation (4.69) can be rewritten as:
[ZZI ] [ZZ2 ]

g 2] 1Z:]][l
{[Vz J B {[ZnanlmDUT] + {[zﬂ] [Zzz]ﬂ{[[;]} : (4.70)

[Z4] [Z:]

ul |
[ZZI] [ZZZ]

function of the current vector, the expression of nonlinear impedance of the embedded model

Note that: [ZM]:[ZWWDUT]+[ } If the voltage vector is expressed as a

becomes:

[ Zoanin s ] = {[Id [+(2, ][[[(S]] [[;”]ﬂ (2.1 (4.71)

The application of the conversion from nonlinear impedance to X-parameters yields the

expression of the embedded X-parameters as follows:
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(4.72)

oA LR ol |ER

The validation of the de-embedding procedure depends on the comparison of the measured
X-parameters to the X-parameters of the embedded intrinsic part. Measured X-parameters
were first de-embedded by using the procedure presented in Section 4.4. The obtained X-
parameters of the intrinsic part were then embedded using the embedding procedure
presented in the current section. The calculated X-parameters were compared to the
measured ones. The X-parameter measurements were determined for a Nitronex GaN HEMT
in a Si substrate with a gate width of 200 um and 10 gate fingers. A photo of the transistor is

shown in Figure 4.15.

Figure 4.15 A W200N10 GaN HEMT on Si substrate

The X-parameters of the intrinsic part were obtained by de-embedding measured X-
parameters. X-parameters of the embedded intrinsic part is calculated from the de-embedded
measured X-parameters. The de-embedding and embedding validation results are presented
in Figure 4.16 and 4.16. Since a two-port circuit and three harmonic orders have 72 S- and

T-terms, the arbitrary terms were limited to seven in order to avoid overloading the figure

Toss Tisiss Sioans Soimns Saizs Siz> Spapn - Figure 4.16 and 4.17 illustrate an excellent

agreement between the measured X-parameters of the die and the embedded X-parameters of

the de-embedded intrinsic part.
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Figure 4.16 Logarithmic amplitude of an arbitrary set of X-parameters. SZ,;,"; and 7;,",,’25 are

terms of measured X-parameters, and Sz% and 7;%} are terms of embedded intrinsic
part X-parameters. The transistor is a 2 mm GaN HEMT on Si substrate biased with
V=25V, [=125mA, Vg=-1V and I,=8mA and has an input power between
1 and 17 dBm. The measurement frequency is set to 6 GHz.
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Figure 4.17 Phase of an arbitrary set of X-parameters. SZZZ; and Emme;v are terms of measured

X-parameters, and S;’m"; and 7;,:”;] are terms of embedded intrinsic part X-parameters. The

transistor is a 2 mm GaN HEMT on Si substrate biased with V4=25V, [;=125mA,
V,y=-1V and I,=8mA and has an input power between 1 and 17 dBm. The
measurement frequency is set to 6 GHz.

4.7.4 Nonlinear lumped element impedance and admittance validation

Before validating the GaN HEMT nonlinear intrinsic part extraction technique, validation of
nonlinear lumped element impedance and admittance was performed. The implementation of
series, parallel and pi networks by FDD components was also validated. The validation of
nonlinear lumped element impedance or admittance is demonstrated. In Figure 4.18, the

model of parallel nonlinear impedance is described by an FDD component.

The parallel nonlinear capacitor was modeled with an X-parameter simulator in ADS. The

conversion of simulated X-parameters to a nonlinear ABCD matrix proves that
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[ 4, =[Doonin | =[1,] and [B,,,;,,] =[0] and that the nonlinear lumped element admittance

matrix was equal to nonlinear [C,,,, | sub-matrix. The nonlinear capacitance model shown

in Figure 4.18 can be implemented in ADS by using an FDD component as indicated in
Figure 4.9 (b). The implementation was achieved through (4.47) and (4.48). As previously
mentioned, the nonlinear lumped element impedance matrix is the inverse of nonlinear
lumped element admittance. In Figure 4.19 and 4.20, the extracted nonlinear lumped element
impedances of the parallel nonlinear capacitor from the polynomial model are compared to

those extracted from the FDD model.

+4

3

1 nNonincT T
= .
. Coeff=list(28-16,1e-12 26-15,1e-16)

Figure 4.18 Simulation of a parallel nonlinear capacitor
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An example of a series nonlinear component is shown in Figure 4.21. The polynomial model

is the standard model used to describe a nonlinear component. The conversion of X-

parameters to a nonlinear ABCD matrix proves that [4]=[D]=[I,] and [C]=[0] and that

the nonlinear lumped element impedance matrix was equal to the nonlinear [B] sub-matrix.

The nonlinear capacitance model shown in Figure 4.21 can be implemented in ADS by using
an FDD component, as indicated in Figure 4.9(a). The implementation was achieved through

(4.45) and (4.46).

|,
—TN

NorlinG =
1
 Coeff=list(Ze-16.16-12.76-15.16-16) . | <.

Figure 4.21 Simulation of a series nonlinear capacitor
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In Figure 4.22 and 4.23, the extracted nonlinear lumped element impedances of a series
nonlinear capacitor from the polynomial model are compared to those extracted from the

FDD model.

In order to validate the pi-network model based on X-parameters, an X-parameter simulation
of a nonlinear pi network was conducted, as shown in Figure 4.24. The pi network consists of

three nonlinear capacitors. The conversion of the X-parameter of the nonlinear pi network to

nonlinear Y matrix proves that [Y12] = [Yz1] . Nonlinear lumped element admittance matrices

[}:’NLJ , |:;NL2:| and |:;NL3:| are extracted from the nonlinear Y matrix by using the following

equations:
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(4.73)
7. |

(4.74)
:|:_[Y12]: [,,] (4.75)
i P .
i i

e S " NorlinC I e T

. é . NonlinC . . Nonlir . § .
) Ner e L
= £ L =

Figure 4.24 Simulation of a nonlinear pi network
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The pi network of nonlinear capacitances can be implemented in ADS by an FDD component
using (4.45), (4.46), (4.47) and (4.48). In Figure 4.25 and 4.26, the extracted nonlinear
lumped element admittances of the nonlinear pi network, which consist of nonlinear
components described with the polynomial model, are compared to the extracted admittances

of the same nonlinear pi network, but implemented with the FDD model.

4.7.5 GaN HEMT nonlinear intrinsic part extraction technique validation

As illustrated in Figure 4.7 and 4.8, the nonlinear intrinsic part can be modeled as a pi

network of nonlinear impedances: [Z,LGS}, [ENLGD] [ENLDGJ and [ENLDSJ. Equations

(4.34) and (4.35) are used to implement |:ZNLGS:| and [vaws} with FDD components,

whereas [ZNLGD] is implemented with FDD using (4.32) and with [12] of the FDD

component set to[()]. Equations (4.32) and (4.33) are used with [[1] of the FDD component

set to [0] to implement [ZNLDG} with FDD. In Figure 4.27 and 4.27, nonlinear lumped

element impedances[ZNLGS}, [ZNLGD}, [ZNLDG} and [vas} of the intrinsic part of the

transistor at 2.15 GHz for V=25V, 14=180mA, Vy=-1V and I,=8mA are validated. All
nonlinear impedances extracted from the de-embedded X-parameters are compared to the
impedances extracted from the intrinsic model implemented with FDD components. As
shown in the figures, there is agreement between the X-parameters obtained from

measurement and the model implemented with FDD components in ADS.
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4.7.6 GaN HEMT equivalent circuit model validation

The new equivalent circuit model of the GaN HEMT device on a Si substrate is shown in
Figure 4.29. The model is subdivided into extrinsic and intrinsic parts. The extrinsic network
consists of linear elements that are related to the physical layout of the transistor. The
intrinsic part is modeled as a modified Pi-network composed by 4 FDD components to
simulate the gate-source, gate-drain, source-drain and drain-source junctions. The nonlinear
lumped element impedances are extracted from the intrinsic X-parameters after de-

embedding.

Data Access Component (DAC) is used to access to the values of the voltage dependent
intrinsic elements. In order to validate the new modeling technique based on X-parameters,
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an X-parameter simulation of the equivalent circuit model, shown in Figure 4.29, was
conducted and, then, compared to the measurements. As shown in
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Figure 4.30 and 31, there is a good agreement between the X-parameters obtained from

measurements and those obtained from the simulation.

In addition to X-parameters simulation, harmonic balance simulation is also carried out. The
time domain measured waveforms of voltage and current at the input and output of the 2 mm
GaN HEMT device are compared to those obtained from the harmonic balance simulation of
the equivalent circuit model shown in Figure 4.29. As seen in Figure 4.30, the model fit
accurately the voltage and current time domain waveforms at the input and the output.
Moreover, the time domain simulated waveforms of voltage and current at the input and
output of the intrinsic part are compared to de-embedded measurements, in Figure 4.36,

which proves the de-embedding techniques.
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Figure 4.29 Implementation of the equivalent circuit based model on ADS
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Figure 4.30 Comparison between the logarithmic amplitude of measured and simulated X-
parameters of a 2 mm GaN HEMT on Si substrate measured at 750 MHz for V4=3V,
[=113mA, Vy=-1.28V and I,=11mA (a), at 1500 MHz for V4=1V, [;=30mA,
Vg=-1.48V and [,=13mA (b) and at 6 GHz for V4=25V, [=125mA, Vy=-1V

and [,=8mA (c). Sfme;.g and 7;%;” are terms of measured X-parameters, and

Sﬁ%d and Yﬁg.}d are terms of signal model X-parameters.

The set of X-parameter terms are chosen randomly.
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Figure 4.31 Comparison between the phase of measured and simulated X-parameters
of a 2 mm GaN HEMT on Si substrate measured at 750 MHz for V4=3V,
[=113mA, Vg=-1.28V and [;=11mA (a), at 1500 MHz for V4=1V,
[=30mA, Vg=-1.48V and [,=13mA (b) and at 6 GHz for V4=25V,
[:=125mA, Vg=-1V and [,=8mA (c). ng;’; and T;A,f;s are terms of

measured X-parameters, and Si;[f;.d

signal model X-parameters. The set of X-parameter terms
are chosen randomly.
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Figure 4.32 Extrinsic input and output voltage and current waveforms simulation (lines)
compared to measurements (symbols) of a 2 mm GaN HEMT on Si substrate at 750
MHz for V4=3V, I;=113mA, Vg=-1.28V and [,=11mA and for an input power
sweep between 1 and 15 dBm with a step of 2 dBm (a) and at 1500 MHz for
V4s=1V, I7=30mA, V,=-1V and I,=13mA and for an input power sweep
between 1 and 15 dBm with a step of 2 dBm (b) and at 6 GHz for
V=25V, [=125mA, Vy=-1V, [,=8mA and for an input power
sweep between 1 and 17 dBm with a step of 2 dBm (c).
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Figure 4.33 Intrinsic (de-embedded) input and output voltage and current waveforms
simulation (lines) compared to measurements (symbols) of a 2 mm GaN HEMT on
Si substrate at 750 MHz for V4=3V, 1;=113mA, V,y=-1.28V and [,=11mA and
for an input power sweep between 1 and 15 dBm with a step of 2 dBm (a) and
at 1500 MHz for V4=1V, I;=30mA, V,=-1V and I,=13mA and for an input
power sweep between 1 and 15 dBm with a step of 2 dBm (b) and at 6 GHz
for V4=25V, [=125mA, Vg=-1V, [,=8mA and for an input power
sweep between 1 and 17 dBm with a step of 2 dBm (c).
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Figure 4.34 Extrinsic and Intrinsic (de-embedded) dynamic loadlines simulation (lines)

compared to measurements (symbols) of a 2 mm GaN HEMT on Si substrate at 750
MHz for V4=3V, Vg=-1.28V and for an input power of 15 dBm (a) and at 1500
MHz for V4=1V, Vg=-1V and for an input power of 15 dBm (b) and at 6 GHz

for V4s=25V, V4=-1V and for an input power of 17 dBm (c).

Moreover, the model can predict accurately the nonlinear behavior of the device. Figure 4.35

illustrate the measured and simulated output power at the fundamental, second and third

harmonics. A good agreement is also seen in Figure 4.36 while comparing AM-AM and AM-

PM measurement behaviours to the predicted ones by the model.

In addition to the measurements presented in this section, other measurements were carried

and compared to the model simulation. The model is validated within 50 Ohm terminations,

for a set of frequencies less than 6 GHz, for Vds between OV and 25 V, for Vgs between -

1.8V and -0.5V and for an input power less than 17 dBm. The values of these parameters are

chosen randomly.



226

Output Power[dBm]

—Measured Pout @f0
-©-Simulated Pout @f0
Measured Pout @2f0
Simulated Pout @2f0
—Measured Pout @3f0
| | ~ |*-Simulated Pout @3f0

7 8 9 10 1" 12 13 14 15
Pin[dBm]

(a)

Output Power[dBm]

-10

-15

-20¢

—Measured Pout @f0
-©-Simulated Pout @f0
Measured Pout @2f0
Simulated Pout @2f0
—Measured Pout @3f0
| ~ |*-Simulated Pout @3f0

7 8 9 10 1 12 13 14 15
Pin[dBm]

(b)




Output Power[dBm]

30

20

R

-10+

-20+

-30

-40

///A

—Measured Pout @f0
-©-Simulated Pout @f0
Measured Pout @2f0
Simulated Pout @2f0
—Measured Pout @3f0
| | ~ |*-Simulated Pout @3f0

7 8 9 10 1" 12 13 14 15
Pin[dBm]

(c)

Figure 4.35 Output power simulations (lines) compared with measurements (symbols)
of a2 mm GaN HEMT on Si substrate at 750 MHz for V4=3V, I=113mA, V4=
-1.28V and I,=11mA (a), at 1500 MHz for V4=1V, I&=30mA, V,=-1.48V and
I,=13mA (b) and at 6 GHz for V4=25V, 15=125mA, Vy=-1V and [,=8mA (c).
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Figure 4.36 AM-AM and AM-PM simulations (lines) compared with measurements
(symbols) of a2 mm GaN HEMT on Si substrate at 750 MHz for V4=3V, I4=
113mA, Vg=-1.28V and I,=11mA (a), at 1500 MHz for V4=1V, [;=30mA,
V,=-1.48V and [,=13mA (b) and at 6 GHz for V4=25V, [;=125mA,
V,e=-1V and I,=8mA (c).

4.7.7 Small- and large-signal S-parameters simulation

Unlike small-signal S-parameters, which are based on a small-signal simulation of a
linearized circuit, large-signal S-parameters are based on a harmonic balance simulation of
the full nonlinear circuit (Technologies 2009). Large-signal S-parameters are also called
power-dependent S-parameters. This means that the large-signal S-parameters can change as

power levels are varied. Indeed, in linear operation mode, X-parameters reduce to S-

parameters when the device is operated in linear mode. For small |a”| (linear operation), all

F,, terms for k>1 vanish as well as all cross frequency S, terms and all T, terms. S-

k#l k#l

parameters are compared to the following terms:
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xr

S :a—“:S““_ (4.76)
xr

Sy =a_21=S2111- (477)

S = S (478)

Sy =8 (479)

The model is simulated under small- and large-signal S-parameters and compared to S-
parameters measurements. Small-signal S-parameters simulation runs but it gives an
unexpected result. This is due to the fact that the FDD is not fully compatible with all the
different circuit analysis modes of Advanced Design System (Technologies 2008). However,
large-signal S-parameters (LSSP) simulation gives the expected results. LSSP simulation of
the xnp file that includes X-parameters measurements are compared to the simulation of the
equivalent-circuit model. Then, they are compared to S-parameters measured by the NVNA:
The NVNA is able to run S-parameters measurement which allows keeping the same setup
and the same calibration, and therefore the same conditions. The model is validated within 50
Ohm terminations, for a set of frequencies between 500 MHz and 6 GHz, for V4=10V,
I4=189mA, V,y=-1V and I=14mA and for an input power equal to -20 dBm where the
device operates linearly. A good agreement between measured S-parameters and to the
predicted ones is seen in Figure 4.37. S-parameters measurements are also compared to the

X-parameters mentioned in (4.76), (4.77), (4.78) and (4.79).
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Figure 4.37 Measured S-parameters (S11(a), S12(b), S21(c) and Sx(d))
compared to the simulated ones of the equivalent-circuit based
model with ADS LSSP and to the simulated Xparameters
(81111, 81121, 82111 and 82121) of the model with ADS
X-parameters. The transistor is a 2 mm GaN HEMT
on Si substrate biased with Vy4=10V, 1[3,=189mA,

Vy=-1V and I;=14mA and has an input power
of -20 dBm. The frequency range is between
500 MHz and 6 GHz.

4.8 DISCUSSION

The advantage of using this new modeling technique is that it reduces significantly the
number of required measurements by extracting the nonlinear impedances of the intrinsic
part of the transistor directly from X-parameter measurements. For an amplifier working in a
50-ohm environment and for a given bias voltage, input power and load, there is no need to

run a high set of measurements comparing to the conventional modeling technique.

Another advantage is that the model is easy, fast to construct and mimic the physical
operation of the transistor. It is consistent with the physical structure of the transistor and is
more suitable for design improvement. For this purpose, after de-embedding the extrinsic

elements, the intrinsic part, which is related to the core of the transistor, is obtained by a
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direct extraction of the intrinsic elements from X-parameter measurements. In order to keep
connection to the basic device physics, the intrinsic part is represented by four nonlinear
impedances describing the gate-source, drain-gate, gate-drain and drain-source impedances.
Thus it has a good link to the physical operation which is advantageous for circuit level

simulation: It allows a seamless transition from transistor level to circuit level.

In addition to these benefits, the model is accurate in either small- and large-signal operation
mode which is due to the use of X-parameters to characterize the device and its capability to
capture the nonlinear behavior accurately, better than dc and S-parameters. Thus, the
developed model is able to operate under large signal stimulus and predicts accurately the
harmonics and mismatch affects. Its accuracy and  generality guarantee its exploitation
with confidence in active RF circuit design for modern communication systems. Thanks to
this modeling technique, the development of die model is quick as well as package model

just by adding the bonding and package models.

As any equivalent-circuit model, this model takes into account electro-thermal and trapping
effects. It is easier to embed such a complex phenomenon in an equivalent circuit based
model. Then, it is possible to identify the sources of memory effects and their extent which

can be advantageous for memory effects removing or reducing trials.

The different types of simulations performed in ADS with the proposed model such as
harmonic balance, LSSP, X-parameters are fast and no convergence issues were observed.
The proposed approach is better than the conventional procedure that uses the small-signal
data to build with an indirect manner a nonlinear model. The models obtained by
conventional method may provide accurate results under DC and small-signal operating
conditions (Bandler, Qi-Jun et al. 1989, Werthorf, van Raay et al. May. 1993). However, they
may not be accurate enough for high-frequency and large-signal operation since they are
determined under small-signal conditions and then used to predict the behavior for large-
signal operations (Bandler, Qi-Jun et al. 1989, Kopp and Heston May. 1988). Moreover, they

have additional drawbacks: (i) discrepancy between dc and small-signal characteristics due to
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time-dependent trapping effects (ii) error in load-pull measurements and (iii) nonphysical
model due to numerical optimization techniques (Ce-Jun, Lan et al. 1995). On the other side,
the new approach uses directly the nonlinear measured response (X-paramaters) of the device
under realistic stimulus: In the model extraction process, the DUT is in a similar state as the
usual operating conditions. Thus, this new approach can provide more accurate and more
reliable large-signal model. Moreover, it benefits from X-parameters that measure accurately
the different harmonics. That’s why no optimization algorithms are used to extract the

nonlinear intrinsic parameters in this procedure.

4.9 Conclusion

The GaN HEMT is applied in diverse high efficient RF power amplifier because of its good
performances. To design a high efficient RF power amplifier, a large signal model is
necessary. A transistor can be physics model, black box model or a lumped element based
model. Equivalent circuit based or compact models are preferred because they have good
performances in terms of convergence, operating range, extrapolation accuracy, physical
transistor insight, modeling process easiness and usability for circuit design. Conventional
large-signal compact transistor models are extracted from small-signal data (multi-bias S-
parameters) indirectly. This method limits its accuracy to predict nonlinear distortion. To
overcome this limitation, the development and the extraction of compact models based on X-
parameters instead of multi-bias S-parameters is proposed in this paper. However, in its form,
X-parameters are not suitable to develop an equivalent circuit based model. Thus, new
modeling tools are needed. That’s why a set of new nonlinear two-port network parameters
that are extracted from X-parameters, conversion rules and equations for different nonlinear
circuit topologies were developed. These modeling tools are helpful for the development of
the new equivalent circuit based modeling technique, especially for the de-embedding and

intrinsic part extraction.

Similar to the equivalent circuit based models discussed in the literature, the new model is

subdivided into extrinsic and intrinsic parts. The extrinsic part consists of linear elements and
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is related to the physical layout of the transistor. After determining the values of extrinsic
elements, the X-parameters of the intrinsic part can be determined with the proposed
analytical de-embedding technique. The embedding technique is also developed in this paper
which allows translating the inner reference plane at the device intrinsic boundary to the

measurement reference plane at the external and accessible ports of the device.

The intrinsic part is modeled as a modified pi network of nonlinear lumped element
impedances of drain-to-source, gate-to-source, drain-to-gate and gate-to-drain junctions. The
concept of nonlinear lumped element impedances or admittances derived from X-parameters
is presented. It is shown that nonlinear lumped element impedances or admittances can be

easily extracted from X-parameters in series, parallel or pi network configurations.

The topology of the transistor intrinsic part is modified to describe the non-unilaterality. The
extraction procedure and the implementation of the model in CAD software are presented

and are successfully validated.

In the future, the model will be extended to include thermal and memory effect extraction
results. Mathematical function fitting techniques will be applied to the intrinsic part element
parameters. Artificial Neural Networks (ANN) would be potentially used because they can fit
data in any dimension and they have infinitely many non-vanishing partial derivatives (Root,
Xu et al. 2012). Combining ANN based model with the table based model can be effective.
ANN allows overcoming the limitations of tables and interpolation schemes used in the
proposed model. ANN is a powerful mathematical function approximation technique that can

be used to fit any nonlinear function of any number of independent variables (Root 2012).

The equivalent-circuit based model is extracted for a 10x200um GaN HEMT with a gate
length of 25 um. This model can be scaled to the remaining devices. Scaling study that will
be carried in the future will allow simulating the other devices with different geometrical

dimensions manufactured with the same foundry process. Moreover, the model has already a
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lower number of parameters but re-gridding will certainly reduce the set of dependent

parameters of the nonlinear intrinsic elements.
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CONCLUSION

High power amplifiers have been receiving increasing attention as key components
responsible for a sizable portion of base station cost in terms of power loss and cooling
equipments in wireless communication systems (Jarndal, Aflaki et al. 2010). They are also
responsible in large part for battery life and size of the mobile terminals. Thus, high power
and high efficiency amplifiers with low power loss are critically needed (Oualid, Slim et al.
2006). To meet these requirements, higher attention should be given to the employed active
devices and the circuit design. Today, GaN HEMT devices are the best choice in this regard
since they can produce higher output power with lower self-heating and leakage currents,
which accordingly results in good power efficiency (Nuttinck, Gebara et al. 2002, Oxley and
Uren 2005, Bae, Negra et al. 2007, Milligan, Sheppard et al. 2007, Bensmida, Hammi et al.
2008, Aflaki, Negra et al. 2009, Tanaka, Ueda et al. 2010, Jarndal, Markos et al. 2011). The
design of high efficient power amplifier based on AIGaN/GaN HEMT requires an accurate
large-signal model for this device (Jarndal, Markos et al. 2011).

Large- and small- signal modeling of GaN HEMTs, which is the aim of our work, is an
important step for high power amplifier designer. In general, most of the published models
are accurate only in linear mode since they are relied on DC and multi-bias S-parameters
measurements for model parameters extraction. The availability of X-parameters
measurements and their benefits compared to S-parameters are an opportunity for

incorporating non-linear data directly in the modeling process.

Nonlinear network Z-, Y-, ABCD-, T-, G- and H-parameters are essential to extract and
validate large-signal model based on X-parameters. The expression of the new nonlinear
network parameters are derived from X-parameters. Like X-parameters, each of these new
nonlinear network parameters includes components associated with the independent
current/voltage variables as wells their complex conjugate. The conversion rules between

these new parameters and the measureable X-parameters have been developed and presented.

The validation process showed that, just as Xtparameters represent a superset of the linear S-
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parameters; these new nonlinear parameters are also supersets of their corresponding linear
versions. Moreover, the nonlinear network parameters can describe any topology of pure
linear or nonlinear or a mixed of linear and nonlinear components. The most successful
method for the characterization of such devices is to use a lumped circuit model that includes
a mix of linear and nonlinear components. The new nonlinear network parameters can be
used to characterize and analyze different nonlinear circuits with arbitrary topologies.
Nonlinear Z-parameters are used to describe series topology, and the nonlinear Z matrix is
simply the sum of the individual nonlinear Z matrices. Nonlinear Y parameters are used to
describe parallel topology, and the nonlinear Y matrix is the sum of the individual nonlinear
Y matrices. Nonlinear G parameters are used to describe parallel-to-series topology, and the
nonlinear G matrix is the sum of the individual nonlinear G matrices. Nonlinear H
parameters are used to describe series-to-parallel topology, and the nonlinear H matrix is the
sum of the individual nonlinear H matrices. Nonlinear ABCD- or T-parameters are used to
describe a cascade topology, and the ABCD or T matrix is the product of the individual

nonlinear ABCD or T matrices, respectively.

A new equivalent circuit modeling technique based on X-parameter measurements is
proposed. Similar to the equivalent circuit based models discussed in the literature, the new
model is subdivided into extrinsic and intrinsic parts. The extrinsic part consists of linear
elements and is related to the physical layout of the transistor. After determining the values
of extrinsic elements, the X-parameters of the intrinsic part can be determined with the
proposed de-embedding technique. The new nonlinear network parameters were very helpful
to translate the measurement reference plan at the external and accessible ports of the device
to the inner reference plan at the device intrinsic boundary. The intrinsic part is modeled as a
modified pi network of nonlinear lumped element impedances of drain-to-source, gate-to-
source, drain-to-gate and gate-to-drain junctions. The topology of the transistor intrinsic part
is modified to describe the non-unilaterality. The extraction procedure and the
implementation of the model in CAD software are presented and are successfully validated.
The advantage of using this new modeling technique is that it reduces significantly the

number of required measurements by extracting the nonlinear impedances of the intrinsic



239

part of the transistor directly from X-parameter measurements. Another advantage is that the
model is easy, fast to construct and mimic the physical operation of the transistor. For this
purpose, after de-embedding the extrinsic elements, the intrinsic part, which is related to the
physical operation of the transistor, is obtained by a direct extraction of the intrinsic elements
from X-parameter measurements. In order to keep connection to the basic device physics, the
intrinsic part is represented by four nonlinear impedances describing the gate-source, gate-
drain, source-drain and drain-source junctions. In addition to these benefits, the model is
accurate in either small- and large-signal operation mode which is due to the use of X-
parameters to characterize the device and its capability to capture the nonlinear behavior

accurately, better than dc and S-parameters.

In the future, the model extracted in this thesis can be scaled to the remaining devices.
Scaling will allow simulating the other devices with different geometrical dimensions
manufactured in the same wafer. Moreover, re-gridding of nonlinear impedances of the
intrinsic part will certainly reduce the set of dependent parameters of the nonlinear intrinsic
elements. The regridded model will be extended to include thermal and memory effect
extraction results. Then, mathematical function fitting techniques, such as Artificial Neural
Networks (ANN), will be applied to the intrinsic part element parameters, which will

overcome the limitations of tables and interpolation schemes used in the proposed model.
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