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MINGHAO KOH ABSTRACT

ABSTRACT

This thesis presents research in developing and validating scaling in
terms of geometry and frequency for Behavioural models in order to
extend their functionality. Geometric and frequency scalability, once thought
to be limited only to Physical and Compact models, greatly reduces the
number of measurements for model generation. Besides saving precious time
and effort, measurements do not need to be collected at high frequency or

power levels, reducing the cost of purchasing measurement hardware.

Scaling in terms of geometry is achieved by combining accurate measurement
based non-linear look-up table models of a reference (smaller) transistor with
the appropriate passive embedding networks. Experimental results show that
the scalable model is successful in predicting the performance of devices up to
S times larger in gate periphery on two separate Gallium Nitride wafers, one
measured at 5 GHz and another at 9 GHz. This approach provides a robust
utilization of Behavioural models by providing performance predictions at

power levels beyond the limitations of high frequency measurement systems.

The geometric scalable Behavioural model was also used in a CAD
environment to help create a prototype single cell MMIC amplifier for operation
at 5 GHz. Although the targeted performance was not achieved due to
mismatch, the non-linear Behavioural model is still able to predict the

performance of the actual fabricated circuit.

The work in this thesis also introduces the first formulation and approach that

enables Behavioural models to be frequency scalable. The experimental results

I
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on HFETs from 2 different Gallium Nitride wafers measured from 2 GHz to 8
GHz (2 octaves), support theoretical analysis that frequency domain
Behavioural models defined in the admittance domain have frequency scalable
coefficients. Load-pull results show that the model can accurately predict non-
linear behaviour at frequencies that were not used during the model extraction

process.
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CHAPTER 1
INTRODUCTION

he invention of the transistor by John Bardeen, Walter Brattain and
T William Shockley in 1947 revolutionised the world of electronics by
replacing bulky vacuum tubes and mechanical relays [1]. Over the years,
development and advancement in semiconductor growth and processing has
led to the development of Monolithic Microwave Integrated Circuits (MMICs)
capable of operating at microwave frequencies. These circuits perform
functions such as mixing, switching or power amplification that are vital to

any modern day radio frequency (RF) communication system.

In this day and age, it is hard to imagine a world without satellites, base
stations and mobile phones as they have been become ubiquitous and crucial
to our daily lives. Consumers have now come to expect ever increasing data
and download speeds at a lower cost [2]. All this places a burden on designers
to produce MMICs that meet the tight specifications of bandwidth, power and
linearity set by the market's growing demands. Accurate models for use within
Computer Aided Design (CAD) software are key to the successful design of

these circuits [3].

However, it remains a challenge to use large-signal measurement hardware to
generate models for non-linear simulations. There exist trade-offs between
model accuracy and the time it takes for model generation [4]. Recently, with
the introduction of the Polyharmonic Distortion Model [3], [S]-[6] (a type of

Behavioural model) along with non-linear vector analysers (NVNAs) such as
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the PNA-X, a possible solution to this conundrum is emerging. Nevertheless,
those Behavioural models extracted directly from such measurements have
been criticised as being unable to scale and perform poorly under stimulus

where measurements have not been performed [7]-[9].

Therefore, the work in this thesis seeks to investigate the scalability of such
Behavioural models in order to improve their functionality. This chapter starts
off with a discussion on microwave circuit design and transistor
characterisation, followed by an overview of the various types of transistor
models, the thesis objectives and finally with a summary of the upcoming

chapters.

1.1 RF / Microwave Circuit Design

Circuit design is a challenging process with many stages. As RF circuits
become more complex, the need for CAD programs arises in order to allow
complex simulations to be performed. One of the first electronic circuit
simulator is SPICE (Simulation Program with Integrated Circuit Emphasis),
developed by Laurence Nagel at the University of California, Berkeley [10].
Over the years, CAD programs have been improved upon and for RF circuits,
the two major software tools commonly used for simulations are Keysight's
Advanced Design System (ADS) [11] and National Instrument's Microwave

Office [12].

A typical design flow is presented in Fig. 1-1. Firstly, target specifications for
the design are defined. For example, in the case of a power amplifier (PA), this
includes input and output return loss, gain, output power, efficiency and

linearity across a specified bandwidth of operation. Before any design can



MINGHAO KOH CHAPTER 1: INTRODUCTION

take place within the CAD environment, the circuit elements need to be

characterised and accurate models produced.

v

Layout Design

v

Design Rule
Check

!

Layout versus
Schematic Check

Design
Specmcatlons

Generate Models

Schematlc Circuit

Tran5|stor
Characterisation —

ﬁlii

Design
Simulation J Tapeout

Figure 1-1: Design flow for Monolithic Microwave Integrated Circuits.

More effort and emphasis is placed on modelling the active device (such as the
transistor) due to its non-linear behaviour. These transistors are often
subjected to rigorous testing such as pulsed DCIVs, multi bias S-parameters
and source and load-pull measurements in order to fully characterize its

performance.

For a given semiconductor process, the models and associated layouts of
circuit elements are made available within Process Design Kits (PDK) supplied
by the foundry. It is imperative that these models produce precise results as

inaccurate simulations lead to poor designs and increased design time [3].

At the schematic level, circuit design typically involves synthesizing matching
circuits and optimizing component values to meet design specifications. This is
followed by conversion into a layout (physical design). Design rule checks

(DRC) are made to ensure that process rules are not violated and a

3
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comparison of the layout with the schematic (LVS) ensures that both are in

agreement prior to submission to a foundry for fabrication.

1.2 Transistor Characterisation

Measurements normally performed on a transistor can be either DC, small or
large signal RF measurements. DC measurements of the transistor produces
the current-voltage relationships and can be done under pulsed or continuous
excitations [13]. Continuous DC measurements are widely used to
characterise small periphery transistors since only a small amount of current
flows when capturing the voltage and current characteristics. For large
transistors, pulsed DC measurements are preferred since a significant amount
of self-heating occurs, that can pose a risk of possible destruction or damage

to the device under test.

Small-signal RF measurements (S-parameters) can be performed with Vector
Network Analysers (VNAs) and these measurements give the differential
performance of a transistor under linear conditions where the superposition
principle holds. It is the most common way to provide a linear description of
its equivalent circuit behaviour, hence its frequency response. Just like with
DC measurements, pulsed S-parameters are performed to extract isothermal
model parameters though it has a drawback of having a drastic reduction in

measurement dynamic range [13].

Large-signal RF measurements are performed on a device where the
superpositioning theorem is no longer supported [14]. This typically involves
measuring the voltage and current at frequencies other than the stimulus

frequency and often when the device is driven into compression.
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1.3 Large Signal Modelling

The aim of any modelling technique is to provide a mathematical description
in order to accurately predict the performance of a device under real stimulus.
Large signal models can be subdivided into 3 main types: Physical, Compact,
and Behavioural. A relative comparison between the 3 model types is

illustrated in Fig. 1-2 and extracted based on data in [7].

Convergence

Extrapolation
Accuracy

Operating
Range
== Physical

== Compact

Behavioural

Easy Modelling

hysical Insight
Process ¥ g

Usability for
Circuit Design

Figure 1-2: Relative comparison between Physical, Compact and Behavioural models [7].

1.3.1 Physical Models

Physical models use equations to describe the physics of the device technology
such as topography and the material properties of the transistor [15]-[16]. In
Physical modelling, the nonlinear partial differential equation that describes
charge distribution, transport, continuity in the transistor structure are solved
using finite difference [17] or finite element [18] methods. As shown in Fig. 1-
2, although it can be used over a large operating range, simulations using
Physical models are memory intensive and time consuming, making it less

5
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suited for circuit design [13]. These are commonly used in process design

instead.

1.3.2 Compact Models

Compact models are defined in terms of I-Q as a function of V and are
typically extracted from pulsed IV and pulsed S-parameter measurements with
validation from load-pull data [7]. Generally, Compact models are equivalent
circuit representations of the transistor and are commonly used in the CAD
simulators since they do not suffer from the computational overhead of
Physical models [13]. Their advantages include being able to work in all
simulation modes (including transient analysis, harmonic balance and
complex envelope) and can capture complex phenomena such as electro-
thermal and trapping effects. However, compared to Behavioural models, most
Compact models are technology dependent and involve a longer and more

difficult extraction process [19]-[20].

The two main FET Compact models are the Curtice [21] and Angelov [22]
models. In 1980, W.R. Curtice developed a circuit model for GaAs MESFETs
which accurately describes the drain current control characteristics, transit-
time effects, gate capacitance and circuit parasitics. The Angelov model,
suitable for HEMTs and MESFETSs, is capable of describing the current-voltage
characteristics and its derivatives which include the transconductance peak,
gate-source and gate drain capacitances. Both Curtice and Angelov models
have been extended in the literature for better performance [23]-[24]. Other
examples of Compact models for FETs include the Materka [25] and Statz

model [26].
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For HBTs, Compact models such as the VBIC [27], MEXTRAM [28] and HICUM
[29] were initially developed for silicon and SiGe devices. On the other hand,
the UCSD [30], Agilent [31] and Ferdinand Braun Institut (FBH) [32] HBT
models were created specifically for III-V materials. Nevertheless, all HBT
Compact models can all be traced back to the model first developed by

Gummel and Poon [33].

Besides implementation using analytical equations [21]-[33], Compact models
can also be implemented using look-up tables (LUT) [4], [34]-[36]. LUT models
consists of a large number of measurements which are referenced to
independent variables such as bias, frequency and input drive. A popular
example is the Root Model [34], developed initially for the GaAs HFETs. Due to
its nature, LUT model accuracy depends on the density of measurements and
the interpolation capabilities of the simulator. Therefore, this approach will be
hampered by the need for a large number of data points, leading to increased

measurement time, file size and possible interpolation of noise [4].

1.3.3 Behavioural Models

Behavioural models are considered "black-boxes" since no a priori knowledge
of the internal circuitry is necessary for modelling purposes. These models
relate the responses of the DUT to some stimuli based on mathematical
functions [3], [37]-[42]. They were developed to address the shortcomings of
Compact models (shown in Fig. 1-2), namely a lengthy and more difficult

extraction process and being technology dependent.

Among the three model classifications, Behavioural models can be generated

in the least amount of time, making it especially useful when it comes to

7
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characterizing new technologies or processes for PA design. In addition,
extraction of the model is relatively easy compared to Physical or Compact
models and grants an alternative for MMIC designers to extract their own

models instead of depending on those provided by the foundry.

Behavioural models provide complete protection of IP and the model can be
passed on to third parties without any fear of leaking sensitive data. They are
also often more accurate than Compact models within its characterization
range and offer better convergence in the simulator [20]. Furthermore,
Behavioural models provide a higher level of abstraction and can be generated

for packaged parts or from an integrated circuit as a whole.

The main implementations of Behavioural models used in the industry are the
Keysight X-parameters [S5]-[6] and the Cardiff Model [39]-[40].Other examples
of Behavioural models include the Volterra Input Output Map (VIOMAP) [41]-
[42], Hot S-parameters [43]-[44], S-functions [45] and the Padé Approximation

Based Behavioral Model [46].

Nevertheless, unlike Compact models, Behavioural models are considered to
be unable to scale and perform poorly outside the range of measurements
from which they were extracted [7]-[9]. In other words, Behavioural models are

considered to be less functional compared to Compact models.

1.4 Thesis Objectives

The central issue in modelling an RF power transistor has always been
scaling. Detailed modelling are often carried out on a smaller nominal device

and different to the ones being used [4], [14].
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A commonly held believe in the microwave community is that Behavioural
models are not scalable [7]-[9]. Although they are quick and easy to generate,
if multiple dimensions such as transistor geometry size, bias, power level,
frequency of operation and temperature are required, the number of device
measurements that will need to be performed will increase exponentially. This
places a huge burden on measurement time and hardware availability.
Therefore, efforts must be made to improve the functionality of Behavioural

models.

X-Parameters have been proven to be geometrically scalable [47]-[48]. But so
far, no work has been done to prove geometric scaling using the Cardiff Model.
No publications have been made regarding frequency scalable Behavioural

models (either with the X-Parameter or Cardiff Model formulation).

Therefore, the objectives of the work in this PhD are:

1. Prove that geometric scaling is possible using the Cardiff Model. This means
that the model must be able to scale with the transistor's size (total gate

periphery = number of gate fingers multiplied by unit gate width).

2. Develop and verify the modelling framework for implementing geometric
scalable Behavioural models. An analysis of the model's capabilities and

limitations will also be performed.

3. Utilize geometric scalable model as a design tool for MMIC design within the

circuit simulator. A MMIC prototype will be fabricated and tested.

4. Prove that the model coefficients are frequency scalable using both X-
Parameters and the Cardiff Model formulations which opens up the possibility

of frequency scaling using Behavioural models.
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S. Develop, verify and perform an analysis on the modelling framework for

frequency scalable Behavioural models.

1.5 Chapter Synopsis

Here the summary of each upcoming chapter will be presented.

Chapter 2 provides a comprehensive literature review on the development of
Behavioural modelling concept which has evolved and extended from S-
parameters to X-parameters and the Cardiff Model. The formulation,
extraction process and discussion of each Behavioural model is presented.
This chapter also contains a review of previous work performed on obtaining
scalable Behavioural models as a guide to producing novel work and extending

the body of knowledge.

Chapter 3 devotes its content to the modelling process in obtaining geometric
scalable Behavioural Models, achieved by integrating scalable measurement
data look-up table models of a reference device within appropriate passive
layout networks. Model validations were performed on 2 different Gallium
Nitride (GaN) wafers up to 5 times larger in gate periphery. The model is also
shown to be robust as it is able to scale beyond the measurement system's
power capability. In addition, limitations of the model and steps to overcome

them are also presented.

Chapter 4 focuses on the application of the geometric scalable Behavioural
model for MMIC design. The model will be used in the design of a prototype
single cell amplifier, optimized for operation at 5 GHz with matching circuits at
the input and output. The design process and usage of the model within the
circuit simulator will be presented along with modelled and measurement

results.
10
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Chapter 5 shows the first ever formulation and approach for Behavioural
models to be frequency scalable. By referencing the intrinsic transistor in the
admittance domain, experimental results on 2 separate GaN HFETs, measured
from 2 - 8 GHz, show that Behavioural models can have frequency scalable
model coefficients. Experimental results also show that they can successfully
predict results at frequencies that were not used during the measurement

based model extraction process.

Validations have been performed with both the X-Parameter and Cardiff Model
formulations using engineered voltage stimuli and the Fast Fourier Transform
(FFT) extraction concept. With the model structure verified, the model
extraction was then performed using the Least Mean Square (LMS) approach
to gain the ability of covering the entire measured load-pull area while

avoiding dependence on a structured data format.

Finally, Chapter 6 presents the conclusions of this PhD work and possible

future work to extend the capabilities of the model.

11
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CHAPTER 2
LITERATURE REVIEW

odels which are accurate and easy to derive are important to many
M areas of the industry especially in integrated circuit design. With
accurate models, first pass design success can be targeted, reducing the
manpower and cost of multiple prototypes. For established technologies,
accurate models are available for passive and active components. However, for
new emerging technologies such as GaN, models are not readily accessible [1]
and most device manufacturers can only provide customers with basic SPICE

type model parameters with limited accuracy.

Behavioural models mentioned in Section 1.3.3 can be extracted rapidly from
carefully selected measurements. There is no need for a priori knowledge of
the internal device composition and is based on a set of mathematical fitting
functions. While different Behavioural models may vary in terms of complexity
and computational burden, convergence on a solution is orders of magnitude

faster when compared to Physical or Compact models [2].

Since the work in this thesis will focus on generating scalable Behavioural
models, this chapter will first focus on the development of the Behavioural
modelling concept which has evolved and extended from S-parameters, which
are considered linear Behavioural models, to non-linear Behavioural models
such as the VIOMAP, Hot S-parameters and the Polyharmonic Distortion

model, the basis for X-parameters and the Cardiff Model.
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Then the discussion will shift towards exploring the work previously performed
on Behavioural models in an attempt to make them scalable. This gives an
overview of previous research into this area and provides a roadmap for

extending the body of knowledge.

2.1 S-parameters

S-parameters [3]-[4] were introduced because measurements to obtain Z, Y, H
or ABCD parameters require that the ports be terminated in either a short or
open circuits. Such terminations are difficult to achieve at RF frequencies and

would also result in potential oscillations in active circuits.

The S-parameter concept uses travelling waves which do not vary in
magnitude at points along a transmission line, unlike terminal voltages and
currents [S]. With these advantages, S-parameters becomes the standard
model of any linear circuit design due to its ability to describe the behaviour of

linear systems accurately.

2.1.1 S-parameters Formulation and Extraction

The concept of travelling waves has been introduced along with S-parameters

and are defined as:

V, + Z;1; , Vi Zil

2 /Re(Z,) ‘T 2 /ReZ) -

a; =

where a is the incident and b is the reflected wave as shown in Fig. 2-1.
Subscript i indicates the port index and Re(Z) is the real part of the complex

impedance Z.
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Figure 2-1: Travelling waves of a 2 port device.

For the 2-port system in Fig. 2-1, there are four S-parameters which are the
ratio of the reflected travelling wave, b; to the incident wave, a;. These four S-
parameters are the input match (Sii), gain / loss (S21), isolation (Si2) and
output match (S22) and can be defined by:

b1l _ [S11 512] aq
bz] S S [az] (2-2)

S-parameters are not limited to only 2-port systems but can be extended to
include any number of ports and harmonic as represented by equation (2-3)
with i and j being the port and harmonic index respectively.

bij1 _ [Sij Sif][%;j

[bij] - [Sij Sij] [aij] 2-9)
Over the years, network analyzers have evolved from being only able to
perform scalar measurements such as the 8757D to today's state of the art
PNA-X vector network analyzers [6] capable of measuring multiport S-

parameters and large signal X-parameters. Nevertheless, a typical network

analyser is made up of four sections [7] which are:
a) source for stimulus

b) signal separation device
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c) receivers for detection and downconversion

d) processor and display for calculating and reviewing the results

Signal sources in a network analyser are typically open-loop voltage control
oscillators (VCOs) or synthesized sweepers which provide better performance

for measuring narrowband devices.

The signal separation block or "test-set" is typically made up of directional
couplers. The functions performed by this block are to measure a portion of
the incident signal for reference and to separate the incident and reflected

signals.

Vector network analysers use a tuned receiver in order to obtain information
about the magnitude and phase of the signal. A tuned receiver uses a local
oscillator (LO) to downconvert an RF signal to an intermediate frequency (IF)
signal. The information from the IF signal is then extracted via an analogue-to-

digital converter (ADC) and digital signal processing (DSP) block.

Finally, the display and processor block allow the user to view the data in

various formats such as linear and logarithmic graphs or on a Smith chart.

Based on [7], the setup for measuring S-parameters for a 2-port device is
shown in Fig. 2-2. To obtain the four S-parameters, the network analyser will
perform both a forward and reverse measurement. In each case, one of the
ports will be injected with a small signal from a 50 ohm source while
terminating the other with a reference impedance (typically 50 ohms),

ensuring no reflection from the load.
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Figure 2-2: Forward and reverse measurement setup for S-parameters [7].

Using the setup in Fig 2-2, the following S-parameters can be obtained. For

forward measurements:

_ b _ by
Sll - a_ 521 - 2-4
1la,=0 1lg,=0 (2-4)
For reverse measurements:
5, =2 s, =2
12 — 22 —
azl, —o azl, —q (2-5)
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2.1.2 S-parameters Discussion

S-parameters form a complete Behavioural model of the DUT operating under
linear conditions, providing a very accurate representation of the circuit [8]. In
addition, its measurements are repeatable and independent of the
measurement system. S-parameters can also be easily cascaded and imported
into CAD programs such as ADS and Microwave Office. All these advantages

have made it the industry standard for any linear circuit design [9].

However, under large-signal operation, active devices tend to generate
harmonics, AM-to-AM or AM-to-PM distortion and spectral regrowth. These
characteristics cannot be captured by S-parameters since it is formulated with
the assumption that the stimulus is a small signal with the system behaving

in a linear fashion.

Attempts have been made by researchers to apply "Large signal" S-parameters
to the design of RF amplifiers at the UHF band [10]-[11]. However, these were
of limited success especially in Class C operation where the non-linearity is
severe. The results concluded that the S-parameters are a function of its
operating conditions. Hence, it is valid only at the drive and bias in which

measurements were performed.

Therefore, steps have been taken by the modelling community to further
develop Behavioural models in order to accurately describe the performance of

non-linear systems by going beyond S-parameters.

2.2 VIOMAP

VIOMAP stands for Volterra Input Output Map and is an extension of S-

parameters for weakly nonlinear RF and microwave devices [13]. It is based on
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the Volterra theory pioneered by Italian mathematician Vito Volterra and
applied to systems engineering by Norbert Wiener [12]. The Volterra theory
uses kernels which are basically the nonlinear transfer functions to describe

nonlinear phenomena such as feedback and memory effects.

Previous work has shown that VIOMAPs are able to predict the behaviour of
cascaded non-linear two ports [13], predict the load impedance curves on the
Smith Chart [14] and enhance the linearity of digital communication channels

[15].

2.2.1 VIOMAP Formulation and Extraction

The concept of VIOMAP as an extension from linear S-parameters can be
explained using Fig. 2-3 which shows the equivalence between a physical two
port device and its system representation [13]. Incident waves become input

signals and reflected waves become output signals.

b+ ar b2

aq b2 aq ll: ll: b1
[ DUT [ @ H
(& (& = —)
Figure 2-3: A two port device and its system equivalence [13]

S-parameters of the DUT can be expressed as

by (1) =S;;(Day; (1) + S;,(Da(1) b (3)=0 (2-6)
b (1) = S51(Day (1) + S32(Day(1) b(3) =0 (2-7)

For simplification purposes, all frequencies will be expressed relative to

frequency fo, with fo = 1 and 3fo = 3.
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The VIOMAP kernel Hy, j; i, i, (f1, f2 - fn) describes the contribution of the n-th

degree of nonlinearity of system H, combining the frequencies fi at input
terminal ix into the frequency component fi+f>2+...f, of the output signal at the
output terminal j. The VIOMAP containing third order non-linearity is
generated based on the Volterra theory [12] and is shown in equations (2-8)
and (2-9).
by (1) = Hy11(Da, (1) + Hy12(Day (1)
+ 3H3,1111(1;1, —1Da;(1)a;(Day(—1)

+ 3H3 1112 (1,1, -Da;(Da;(1)a,(—1)

+ 6H31112(1,—1,1)a;(1)a;(—1)a, (1)

(2-8)
+ 6H31122(1,1,—1)a;(1)a,(1)a,(—1)
+ 3H31122(—1,1,1)a;(—1)a,(1)a, (1)
+ 3H3 122,(1,1,—1)a,(1)a,(1)a,(—1)
b1(3) = H31111(1,1,1)a;(1)a; (1)a, (1)
+ 3H31112(1,1,1)a;(1)a; (1)a, (1)
(2-9)

+ 3H31122(1,1,1)a; (1)a,(1)a, (1)
+ H3 1222 (1,1,Daz(1)a,(1)a,(1)

In the case of a purely linear device, the third-order kernels are zero, such that

b;(1) = Hy 1, (Da; (1) + Hy 15(1)ay(1) by (3) =0 (2-10)

Comparing (2-10) with (2-6) and (2-7), it is clear that for a linear device, the

first-order VIOMAP kernel Hi j(f) is the S-parameters S;(f).
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To determine the VIOMAP of a two port device, the DUT has to be excited with
a set of states similar to the situation where it will be used. The setup in Fig.
2-4 measures the incident waves ai(t), az(t) and the reflected waves bi(t), ba(t)

at the DUT based on a modified HP70820A Microwave Transition Analyser.

10 MHz
Reference
619 619
Microwave
Sources @
f
Microwave
K7 Amps :7
/_
Attenuators

Signal
Processing

-~

\ =

I
\VAVAVAV/

as(t) | i _(az(t)

— — HP7004A Display
2x HP70820A

ba(t) ba(t) (modified)

— e

Figure 2-4: The block diagram of the measurement setup for fundamental load-pull and

VIOMAP determination [13].

This modification is necessary to synchronize two MTAs with each other to
obtain a four channel phase coherent measurement. Two sources are
combined to excite the DUT at two different frequencies simultaneously at
both port 1 and port 2. The excitation at port 2 emulates the effect of the
device being terminated with a mismatch causing reflection of the incident

power.
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2.2.2 VIOMAP Discussion

Although the VIOMAP solution is indeed promising, identifying VIOMAP
kernels is a difficult process, making it impractical for design. Being a series
approximation, Volterra theory is only suited to model weak nonlinear devices
[16]. Using the orthogonal polynomial approach as its alternative requires an
overly complicated computation instead. In order to accurately describe hard
nonlinear behaviour, the modelling community has been actively seeking out
other methods which ultimately led to the "Describing Function" framework

and the Polyharmonic Distortion modelling approach [17].

2.3 Hot S-parameters

Just like S-parameters, Hot S-parameters can characterize how a device under
test (DUT) behaves by describing the relationship between B> and A, travelling
voltage waves. However, under large signal input excitation, the DUT (normally
a transistor) will start to behave in a non-linear fashion and classical S-
parameters which is based on the superposition principle, no longer holds
true. Hot S-parameters differs from S-parameters by being valid even at large

input drive levels [18].

2.3.1 Hot S-parameter Formulation and Extraction

In 1978, Mazumder et al. [19] proposed the simultaneous application of two
signals of the same frequency to accurately determine large signal Sz and Sa».
Since then, many research attempts have been made to extend S-parameters
into the large signal domain [18]-[26]. The research done in [26] summarizes

how Hot S-parameters can be applied to solve two major power amplifier
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design problems: investigate stability and predict distortions under hot

operating conditions.

2.3.1.1 Hot S-parameters for Stability Analysis

Using Hot S-parameters to investigate stability is discussed in [20]-[22]. The
key is performing the measurements when the DUT is under actual operating
conditions by applying a large signal tone to port 1. While this signal is being
injected, a small probe tone is added to either to port 1 (during the forward

measurement) or port 2 (during the reverse measurement).

Fig. 2-5 and 2-6 illustrates the incident A waves and reflected B waves during
the forward and reverse measurements respectively. The large signal carrier is
at frequency f. while f; is the frequency at which Hot S-parameters are

measured.

Spectrum a4

A

f Eoa =)
=8,

Spectrum by

Spectrum b,

| S I N S

fs fc'fs fc fc+f5 fS fC_fS fC fC+fS

Figure 2-5: Stability Hot S-parameter forward measurement A and B spectra [26].
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Spectrum a, Spectrum a
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=05,

Spectrum b, Spectrum b,

TT[T t t 11

fs fofs fo fotfs fe fofs fo fotfs

Figure 2-6: Stability Hot S-parameter reverse measurement A and B spectra [26].

The Hot S-parameters are defined as ratios between B waves and A waves,
identical to Classical S-parameters, shown in equation (2-11). Stability
analysis can now be performed using either the Rollet's or Edwards theory on
stability in [27]-[28].

by (fs)] _ [hOtSn h0t512] [%(fs)]
b, (fs) hotS;y  hotSy,1lay(fs)

Note from Fig. 2-5and 2-6 that mixing products are present but can be

(2-11)

neglected as stated in [21] due to fs being much lower than f.. The assumption
is that the interaction between the tones at fs is much stronger compared to
the interaction between all other tones near the fundamental and harmonics

of f., thus keeping the stability analysis accurate.

The setup for stability measurements of Hot S-parameters is based on load-
pull architecture and shown in Fig. 2-7 [21]. Hot S-parameters measurements
are obtained with a large signal tone at frequency f. and a small probe tone fs

applied to either the input or output port via a switch. Two different VNAs are
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used for measurements of f. and f; respectively to solve the dynamic range

issues due to the power level difference between f. and fs.

CW Source fe
Isolator

CW Source fg

\_L Amplifier

fs

0 O

Step «— . —
attenuator Forward Switch Reverse
al a2 Reflectometer
— — Focus Tuner
—1 ] «— DUT -— B
Directional b1 b2
Coupler | 1
Low Pass I -
Filter [~ ~C ~C ~C Attenuator
~ ™~ [~ 7~ [ A | | At | | A | | At |
v ! ! !
0 b0 b3 a3 a0 b0 b3 a3
Measurement at fs (VNA 1) Measurement at f. (VNA 2)

Figure 2-7: Stability Hot S-parameter Measurement Setup [21].

2.3.1.2 Hot S-parameters for Distortion Analysis

The application of Hot S-parameters to predict distortions is examined in
[18],[23]-[26]. To predict distortions of the DUT, the incident A-waves and
reflected B-waves are described by equation (2-12), where the Hot S-
parameters are a function of both the amplitude and the frequency of the large

signal ai(fc).

b1(fc)] _ [hOtSn h0t512] [%(fc)]
b, (fe) hotS;;  hotSy;1la,(f;)

Although very similar to equation (2-11), the above equation is different since

(2-12)

it is nonlinear in the incident wave ai(f). Therefore, the Hot S-parameter of
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this equation can accurately describe the non-linear transmission

characteristics of a DUT and is known as Simple Hot S-parameters.

The work in [18] and [23] explains that inaccurate results may be obtained for
describing the Hot S., and Hot Si» with equation (2-12) because it lacks the
conjugate as(f;) tone. An extension of Hot S-parameters can be described in
equation (2-13).
b1(fc)] _ [h0t511 h0t512] [‘h(fc)] n [le] ej2<p(a1(fc))c0nj ((a (e )))
b,(f.) hotS,; hotS,,]la,(f.) Ty, 2Ve
(2-13)
Delving further into the work done in [18], it is shown that the conjugate
terms helps improve the accuracy of the Simple Hot S-parameters by

accounting for the dependency on the phase of As.

Simple
“Hot S22~

== [Vleasured

Extended
“Hot S227 = Modelled

Figure 2-8: Comparison between measured B2P-! (at highest A1 amplitude) and modelled B2P-!

with Classic S22, Simple Hot S22 and Extended Hot S22 equations [18].

Fig. 2-8 shows the orange and yellow "smileys" which are the measured and
modelled results of the B, waves respectively after phase normalization has
occurred, hence becoming B;>P-1. The complex phasor P has the phase equal to
the phase of A;.
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B, = S51(|41]). Ay + 224, (2-14)

Classical Sz as defined in equation (2-14) is not capable of describing the
relationship between the A; and B2 when it is a clearly a function of A;. This is
expected since Classical S-parameters, defined in Section 2.1, is not valid

during the non-linear operation of a transistor.

By = 531(1411). Ay + S52(141]). A, (2-15)

Simple Hot S-parameters (defined in equation (2-15)) makes Sz; a function of
the amplitude of A;. However, at a large drive level, the squeezing effect does

not occur for the model and implies that the phase of A;P-! is important.

By = S31(|A1]). Ay + So2(JA1D). Ay + Tz (JA1 ). P2. conj(4,)

(2-16)
Therefore, a different coefficient is needed for the real and imaginary part of
AsP-1. In fact, AoP-1 and its conjugate is required to model the data accurately,
leading to the extended version of Hot S-parameters, as defined by equation

(2-16).

An example of a setup to obtain results for distortion characteristics is shown
in Fig. 2-9. It is based on the work in [18], where a Large Signal Network
Analyser (LSNA) is attached to 2 synthesizers, one for each port. Synthesizer 1
generates the large signal input, A:, ensuring that all measurements are
performed under "hot" conditions. Synthesizer 2 generates a set of A; that are

independent from A;.
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Large Signal Network Analyzer

Synthesizer 2

Synthesizer 1 DUT @
) (==

© u><n@82 "

A1 B1

Figure 2-9: Distortion Hot S-parameters Measurement Setup [18].

Using a tuner is also possible though a synthesizer allows active load-pull
through emulation of load impedances. Using a LSNA as opposed to a simple
network analyser allows the measurements of all the travelling waves (A1, Ao,
B: and Bg). These quantities can then be used to calculate the Hot S-

parameters by using either equation (2-12) or (2-13).

2.3.2 Hot S-parameter Discussion

The Hot S-parameter concept was developed in an attempt extend the
capabilities of S-parameters by making Behavioural models capture non-linear
characteristics. Its application focused on two main areas which are stability
and distortion analysis. Thus, measurement setup will vary accordingly

depending on its application.

For stability analysis, note that the B waves in Fig. 2-5 and 2-6 contain tones
at the sum (fc+fs) and difference frequency (fc-fs). In fact, according to [21],
there are more tones such as at (L.fc+fs) and (L.f--fs) with L being any positive
integer due to the mixing between the probe tone f; and the fundamental and

harmonics of the carrier, f..
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A problem with this approach occurs when probe frequency fs is not
significantly lower than carrier frequency f.. For example, if fi = f./2, the
difference of (fc-fs) will result in a mixing product appearing at f;, making the
stability analysis as defined in [27]-[28] invalid. Any conclusions about

stability must be taken with precaution when this condition occurs.

In terms of distortion analysis, previous work by Verspect et al. [18] also
showed that though Simple Hot S-parameters can capture some of the non-
linearity associated with the varying amplitude in drive, the conjugate terms
(Extended Hot S-parameters) must be included for greater accuracy in

describing the distortion seen in experimental data.

These concepts described in this research work became the precursor to the
Polyharmonic Distortion Model [29]-[32] also introduced by Verspect et al. and
forms the basis for the X-parameters and the Cardiff Model formulations.
Thus, the introduction of Hot S-parameters is a key step in the development of

Behavioural models.

2.4 Polyharmonic Distortion Model

The Polyharmonic Distortion (PHD) framework [29]-[32] presents a black-box,
frequency domain Behavioural model, generalized from the work first
presented in [24] and summarized in [32]. The theory is derived from a
multiharmonic linearization around a periodic steady state determined by a
large single input tone. Being a "black-box" model means that no a priori

knowledge of the circuit is needed for modelling purposes.

In [29], the PHD model was identified from automated measurements on a

wide-band microwave IC amplifier using a NVNA [33]. The work in [30] further
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improved the design approach and presents an improved algorithm for

identifying the Behavioural model discussed in [29].

2.4.1 Polyharmonic Distortion Formulation

For a general frequency domain black-box modelling technique, there exist
mathematical functions (denoted by F, known as describing functions) that
correlate the input spectral components Agn with the output spectral

components, Bpm as shown with the following equation.

Bym = Fym (A1, A1z, ) Az1, Aga, . Agn) (2-17)

where q and p range from one to the number of ports whereas m and n range

from zero to the highest harmonic index.

Amplitude Amplitude
A1H PAZK
T T » Freq T T » Freq
Amplitude h q Amplitude

BZk

T T T;Freq = T T T:Freq

Figure 2-10: Concept of describing functions [32].

Fig. 2-10 illustrates the concept of describing functions. The PHD model is an
approximation of the spectral map given by equation (2-17) and exploits 2
mathematical properties of the functions Fpm(.) which are time-invariance and

nonanalyticity [35].
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In a time invariant system, an arbitrary delay to the A waves causes the same
time delay in the B waves. A time delay equivalent to applying a phase shift in

the frequency domain and can be described by equation (2-18).

V@:Bpmefme — Fpm(AllejG;A1zej9, ...,A21€j9,A22€j9, ) (2-18)

In order to simplify the mathematics, it is important to use phase-normalized
quantities. A component P that has the phase equal to the phase of A;: is

shown in equation (2-19).
P = eJ?(A11) (2-19)

Substituting e® with P-! in (2-18) results in (2-20) which is easier to process

compared to equation (2-17).

Bpm = pm(|A11|,A12P_2,A13P_3 ---;A21P_1»A22P_2»A23P_3» )P

(2-20)
Generally, the assumption is that the system can be strongly nonlinear
towards a large signal drive but responds linearly to additional signal
components at harmonic frequencies. This is known as the harmonic
superposition principle and was first discovered during the measurements on
a resistive FET mixer circuit [36]. It postulates that the overall deviation in the
output spectrum is the superposition of all individual deviations and has been

experimentally verified in [37].

Fig. 2-11 illustrates the harmonic superposition principle. When a large Ai; is
pumped into the DUT, it produces the output spectrum in B,. This is indicated
by the black arrows. Keeping A:: the same and adding a small A», it causes a

deviation at the 2»d harmonic for the output spectrum B: (represented by blue
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arrows). The same applies for the third and fourth harmonic, represented by

the red and green arrows respectively.

Figure 2-11: The harmonic superposition principle [32].

This principle holds true with power amplifiers of several classes and for
applications where the functional block is inserted into impedance
environments mismatched from 50 ohms at the fundamental and the
harmonics [31]-[32]. Linearization of (2-20) versus all components except the

Ai; will result in
Bpm = pm(lAlll)P+m

£ Gpgmn (412 DPHRe(4gP™)
an (2-21)

+ Z Hpqmn (A1 DP " Im(AgnP™™)
qn

where

Kpm(lAllD = Fpm(lAlll, 0 0) (2—22)
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Gy (IAs]) = o™

pa: aRe(Aan_n)IAlﬂﬁwD (2-23)
E

H A = Ll

pamn (112D OIm(AgnP™™) |4111,0,...0 (2-24)

The function Fpn(.) is nonanalytic because the real and imaginary components
of the input argument can be treated as separate entities. By substituting
these real and imaginary components in (2-21) with

AgnP™" + conj(Ag,P7™™)
> (2-25)

Re(A,P") =

A P —conj(A,,P™"
Im(Aan_") _Jaqn .]( qn )

2j (2-26)
the following equation can be derived.
Bpm = pm(lAlll)P+m
AP+ conj(A,nP™™)
+ z qu,mn(|A11|)P+m X ( - 5 -
qn

AP —conj(Ag,P™™)
qn qn
#3077 x >
qn
(2-27)
Rearranging the terms in (2-27) will lead to the PHD model equation shown in

(2-28).

Bym = z Spqmn(1A11DPT™ ™Ay, + Z Tyqmn (1411 )P conj(Agn)
qn o

(2-28)

where
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Kpm(14111)

_ ZpmUAnl)
SPl,ml(IAlll) - |A11| (2_29)
Tp1m1(l411) =0 (2-30)

qu,mn(|A11 D + ijq,mn(lAll D
2 (2-31)

v{q,n} # {1:1}:Spq,mn(|A11|) =

qu,mn(lAn I) - ijq,mn(IAll D
2 (2-32)

vig,n} # (1,1} Tyqmn(l1411]) =

Subscript p and m denote the port and harmonic associated with B whereas q
and n are the port and harmonic for component A. Equation (2-28) now relates
input and output spectral components with different frequencies. For example,
it relates how A2, the second harmonic on the incident wave can contribute to

a change in Ba», the second harmonic at port 2.

2.5 X-Parameters

X-parameters are a trademark of Keysight Technologies and was formulated
by restructuring the original PHD formulation into a commercially viable form
[38]. A superset of S-parameters, X-parameters can be applied to both linear
and non-linear simulations which include the generation of harmonic and

intermodulation products [34].

X-parameters are currently the most widely used Behavioural modelling
approach in the industry due to its backing by Keysight. X-parameters have
been extended to model hard nonlinear behaviour and long term memory
effects [39]-[41]. Models have also been developed for packaged GaN

transistors [42]-[43] and GSM amplifier modules [44].

Envelope system simulations have now seen the use of X-parameters [45]-[46]

and its use has also been demonstrated for modelling RF high power devices
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(250W LDMOS) [47], power probes [48] and polar modulated power amplifiers
[49]. The work in [49] shows that X-parameters can even be applied to systems

which have a baseband port besides a RF and DC port.

Over the years, different variations of X-Parameters have been developed.
Examples include S-functions [50] and the Padé Approximation Model [51],
developed by NMDG and University College Dublin, respectively. Since the
formulations of these models are similar to X-Parameters, this section shall

only focus on the discussion of X-Parameters.

2.5.1 X-Parameters Formulation and Extraction

By referring back to equation (2-28), note that when q and n are equal to 1,

P14y, = P conj(Ay1) = |Aq] (2-33)

Therefore since only the sum of Spimi(A11) and Tpimi(Ai1) is of importance,
Tp1,m1(A11) can be set to zero as defined in eqn. (2-30). With Tp1,mi1(A11) = O, the
X-parameter formulation with its 3 model coefficients, Xr, Xs and Xr can be

simplified from eqn. (2-28), resulting in eqn. (2-34).

Bym = XFpm(lAlll)P+m

£ Xspgmn (A2 DPF " A
an (2-34)

£ Xrpg mn (A1 DPT™ M c0Rj (Ag)

qn
If equation (2-34) is restricted to a simple case of Bz; depending only on Ay

and A, it is reduced to
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By1 = Xp21(1411D) A1 + X522,11(|A11|)A21 + XT22’11(|A11|)P2c0nj(A21)

(2-39)
Extracting the model coefficients Xr21, Xs22,11, Xr22,11 for a given value of Ai; is

illustrated in Fig. 2-12.

Im

A 4

Re C
Re

Input Ay OQutput By,

Figure 2-12: X-parameter extraction procedure [31].

A:1 amplitude is applied and kept constant throughout the measurement.
Firstly, to extract Xr21 no other incident wave is applied besides A1
(represented by the red triangle). Then two independent measurements of Az
with phase O° and 90°¢ are applied (represented by the blue and green triangles
respectively). These two measurements enable the extraction of Xsio11 and

Xr22,11. In other words, measurements include:

1) Responses of the DUT at each port and harmonic frequency to the large

signal without perturbation.
2) Responses when a large signal is added with a small signal perturbation.

3) Responses when a large signal is added with small signal perturbation that

is at the same frequency but a different phase compared to 2).

Although 3 measurements is the minimum number needed for the model

extraction, more measurements are made in combination with a linear
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regression technique as redundancy reduces residual model errors and allows

noise errors to be obtained.

|
g‘ Bias Supply 2
10 dB Il [ 1 [ 1
L i (=1 =l
Source 2 | |
Small signal CH1 CH3
{
(: ) 2 50 LSNA
N
Tickler Signal Switch CH2 CH4
D == DUT
Broadband € Port 1 Port 2
Source 1 Wilkinson Combiner )
Large Signal |  Bias Supply 1

Figure 2-13: X-parameter coefficient extraction measurement setup [31].

The measurement setup based on [31] is shown in Fig. 2-13. The LSNA
measures all the relevant Amnx and Bmi components with m representing the
port and k the harmonic response. Source 1 is used for generation of the Ai;
component (a large input tone). Source 2 combined with a switch is used for
the generation of small signal harmonic components, known as tickler signals.
The switch allows the tickler tones to be applied either the input or output

port.

2.5.2 Measurements of Load Dependent X-Parameters

As most high power transistors and amplifiers have an optimum impedance
that is far from 50 ohms, X-parameters should be extracted over a large area
of the Smith chart and not restricted to 50 ohms as in [29]-[31]. Therefore,
reference [52] introduces NNVA measurements coupled with load-pull to

obtain X-parameters over a wide impedance range covering the entire Smith
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chart. In [53], a MESFET is measured under arbitrary load conditions and
used to predict non-linear behaviour such as harmonics, intermodulation

products and ACPR.

GPIB

Bias-Tee

PNA-X

NVNA
Firmware
| S—
|I Juss

Maury Maury
Tuner Tuner

Figure 2-14: Load dependent X-parameter measurement setup [52].

Since X-parameters have a fixed formulation involving 3 coefficients which are
Xr, Xs and Xr, the model validity is limited to a small area on the Smith Chart.
This is because its formulation does not account for dependence on A, by
assuming it is small compared to A; [38]. The system setup for measurements
of load-dependent X-parameters is depicted in Fig. 2-14, based on the work in

[52].

The PNA-X acting as the receiver is loaded with the Maury software which
runs the user interface and the NVNA firmware which is used for calibration
purposes. Bias sweeps are made possible through the use of a GBIP controlled
external DC supply. Load-pull is accomplished using the tuners and at each
load, the X-parameters can be extracted and stored in a file. This file can be

directly imported into ADS for simulation purposes.
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2.5.3 X-Parameters Discussion

In terms of equation complexity, X-parameters are limited to three parameters
Xr, Xs, and Xr. Having a rigid formulaic structure makes it inflexible when
presented with increasing degrees of nonlinearity. A limited number of terms
also results in the formulation being load dependent as it can only model a
very limited space on the Smith Chart. This in turn will cause the model file

size to increase dramatically as it must now be a function of load.

With current trends moving towards measurements with fundamental and
harmonic loads, and coupled with having to measure over bias as well as
frequency, the model file size can increase to several gigabytes. This places a
huge burden on data storage, sharing and processing of the models. Therefore,
formulations such as the Cardiff Model reduces the file size due to the fact
that it does not have to be load-dependent. The equations for the Cardiff

Behavioural Model will be shown in Section 2.6.

2.6 Cardiff DWLU Model

The Cardiff Model began as a Direct Waveform Lookup (DWLU) model which
allows direct utilization of large signal data into the PA design process [54].
This "truth table look-up model" imports non-linear measurement data into a
CAD simulator. It then was further developed based on the Polyharmonic
Distortion model concept resulting in an equation based model with

coefficients that can be extracted from measurement data [55]-[64].

2.6.1 Cardiff DWLU Model Formulation and Extraction

As the name suggests, the Cardiff DWLU takes large signal waveform

measurements and uses it directly for CAD design. The model is defined in the
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frequency domain based on Fig. 2-15 its implementation has been verified

using a 100 W LDMOS device [54].

l1(w) l2(w)
—_— «—

Cardiff DWLU b
Vin(w) Model Vout(w) LOAD

Figure 2-15: Definition of Cardiff DWLU Model [47].

The current response at each port for a particular load impedance, Zi,ad can be

defined as:
m
h(@) = Ay 8@)+ ) A VE-8@—2mn-f) oo
n=1
m
L(@) = By-6(@) + ) By-Viy-6(w—21-n-f;) -
n=1

where Viyv is the input stimulus, n is the order of harmonics, fo is the

fundamental frequency, and Ay and Bo are the DC components.

The coefficients A, and B, are functions of Vin, Zicada and bias which are Vpe n

and Vpc our and can be expressed as:

_ Li(nfo)

n — I?]’lv (Tlfo) = Fl(“/INli IlOAD’ VDC IN» VDC OUT) (2-38)

_ L(nfo)

n — I?,(Tlfo) = FZ(“/INL I—iOAD' VDC IN» VDC OUT) (2_39)

These coefficients will be calculated based on measurement data and saved

into a data table. For a particular stimulus voltage, load and bias, the CAD
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simulator will be able to look up or interpolate the corresponding A, and Bn

and compute the resulting port currents.

Note that the model uses voltage and current (V&I) waves instead of scattered
(A&B) waves because the implementation in ADS uses a frequency domain
device (FDD) block which computes current and voltage components in the
frequency domain [54]. Coefficients A, and B, which are I,(nfo)/ Vi are looked
up instead of I,(nfo) in order to scale I, with the nt power of fundamental input
voltage. This makes the coefficients independent of the reference phase of the
input stimulus and smoothens the truth table, enabling a more robust

interpolation function.

Low Pass
Isolator Filter
|—|<_ X

Synthesized
MTA Sweeper j —I
Pads I_ i X3 X2
Switch A Switch C
/ Phase

Drive amplifier

! Shifters
J Switch B
Switch D
HH——jour —— 1 |y
Bias Tee Coupler

Figure 2-16: Time domain based RF waveform measurement system [65].

The measurement setup for extracting the DWLU model is shown in Fig. 2-16,
based on the RF time domain measurement system in [65]. The MTA measures
the voltage and current waveforms using couplers that are attached to the

DUT.
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Since the MTA is a 2 channel instrument, the input and output voltage and
current waveforms are obtained and phase synchronised using switches A and
B. The waveforms are then used to calculate the A and B coefficients described
by equations (2-38) and (2-39). Switch C allows the synthesized sweeper to
provide the stimulus at either the input or output whereas Switch D switches

between fundamental only or fundamental and harmonic active load-pull.

2.6.2 Cardiff DWLU Discussion

The DWLU approach was developed to enable the direct import of current and
voltage waveform measurements into a CAD environment. Large signal
waveform data can be compiled into a lookup table without lengthy processing
and generates a faithful reproduction of the device non-linear behaviour as
long as the simulation is carried out within the measurement space of the

data.

However, this approach does have several weaknesses [56]-[57]. Simulations
extrapolated outside the measurements space will result in inaccurate results.
In addition, obtaining a large set of measurement data is crucial for good
accuracy, making it a time consuming process. Simulation speed is also slow
and hampered due to the large amount of data that has to be loaded into the

simulator.

In order to overcome these limitations, the Cardiff Model has evolved into a
polynomial based Behavioural model with model coefficients that can be

directly extracted from the measured data.
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2.7 Cardiff Behavioural Model

The Cardiff Behavioural Model approach was first developed by Qi et. al. [55]-
[S7]. It is based on the Polyharmonic Distortion formulation but with several
exceptions. In the original PHD formulation seen in [29]-[30] and in equation
(2-28), the S and T parameters are dependent only on the magnitude of A;, the
input travelling wave. It is assumed that A; is the only large signal tone and
that Az is small compared to A;. This makes the model valid only around

points of model extraction (usually SO ohms).

Such an assumption would be valid for system components but a large
variation in A can be seen in load-pull data especially for high power devices
with optimums far from 50 ohms [56]. The Cardiff Model includes the
dependence on the A, travelling wave, enabling extrapolation at points away

from where the model is extracted.

Research on the Cardiff Model formulation has expanded from a fundamental

only expression [55]-[58] to equations for harmonic contributions [59]-[64].

2.7.1 Cardiff Behavioural Model Formulation and Extraction
(Fundamental only)

A typical 2 port network with travelling waves can be related by the following

equations using describing functions.

b, = f(ay,a,) b, = g(a,a,) (2-40)

General describing functions only define system behaviour on the conceptual
level. In order to integrate the describing functions into a CAD simulator, it
must be approximated with nth order polynomials. For the sake of brevity, the

polynomial is limited to the 3rd order as shown in equation (2-41)-(2-42).
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by = Q1001 + P10z + P1101G; + -+ P35 + Po3a; (2-41)

b, = 019a, + 0910, + 011a1a;, + -+ + 03005 + Oy3a3 (2-42)

Through regrouping and expansion [57], equations (2-41)-(2-42) can be
expressed as:

b, = S;1ay + Ty1a;Q% + S;,a, + Ty,a5P? (2-43)

b, = Sy10aq + Ty1a;Q% + Sypa, + Tyyas P? (2-44)

With a,* being the conjugate of a,. Q and P are the phase vectors ei®@2 and e-

jo@l) respectively. The coefficients S and T are defined as shown below:

S11 = @10+ 3g030|a1|2 + ‘P12|a2|2 T, = §012|az|2 (2-495)
S12 = Qo1 + 3@0slaz|* + @ala, |? Ti, = @a1la;|? (2-46)
S31 = 610 + 3030lay|* + 01z]ay|? Tp1 = 612]a,|? (2-47)
Sz1 = 601 + 3603laz|? + 6,41a,|? Ty, = 054]a,|? (2-48)

Note that equations (2-43)-(2-44) are similar to the original PHD equations (2-
28) except that it is a function of both a; and az. T1: and T»: also does not exist
in the original PHD formulation and results from [55] show that these
coefficients are close to zero when a, is very small. But as a; increases, To:

starts to increase and its dependency on a can no longer be ignored.

Woodington et al. extended the research on the Cardiff Model by highlighting
that each S and T coefficient has a unique phase operator [58] and equations

(2-43)-(2-44) can be reformulated as shown:

P Q
bi1 = Si1lay|. P + T12|a2|P.5+512|a2|.Q + T11|a1|Q'F (2-49)
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P Q
by1 = Sz1laqll. P + T22|a2|P-6+522|a2|-Q + TZlIalIQ'ﬁ (2-50)

The equations above mean that by performing measurements of load-pull
locus with a constant |a;| and |az| while sweeping the relative phase 6 (P/Q
or Q/P), each S and T coefficient can be extracted independently based on

equations (2-51) to (2-54).

1 1 1 P

Sulag| = n b1F Tiilay| = Zz bl@ (2-51)
1 1 1 Q

Siz2la| =£Z b15 Tiz]a,] =Ez b1ﬁ (2-52)
1 1 1 P

521|a1| =£Z bZF TZlIall =Ezb2@ (2_53)
1 1 1 Q

Sa2la,]| = bza Tyzla,| =Zzb2ﬁ (2-54)

where n is the number of measured phase steps from O to 2m. The
measurements setup for measuring the relevant load-pull loci for the model is

shown in Fig. 2-17.

ay offset
50 ohm 50 ohm

,f:J

Directional Coupler Z

DUT

Figure 2-17: Architecture for generating required load-pull loci by integrating active source with

passive load-pull system [58].
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It is a hybrid combination of an active and passive load-pull system that
allows the user to centre the measurements at an optimum impedance other
than 50 ohms. The signal generator for a, is held at a constant power level

while varying its phase from O to 2.

Note that equations describing the b waves in (2-49)-(2-50) are limited up to
the 3rd order. In order to consider higher order of mixing, consider the polar

form of indexing for the describing function,

Q
bp,h = P1hgp,h <|a1,1|' |a2,1|r (P_11>> (2-55)

where p and h represent the port and harmonic respectively and P; =

a1 az1 Q1.
(phase of a;) and Q; = a—(phase of as1). The phase vector —is a

a1l lazq1] Py

periodic function and therefore the by nis also periodic.

Equation (2-55) allows phase effects to be considered independently of
magnitudes and can be expanded, allowing all orders of phase non-linearity to
be described by a set of coefficients as shown in equation (2-56) with N being

the mixing order complexity [58].

n=(N+1)/2 n

b,n =P R &

ph — 11 p,h,n|a1,1|r a2,1|' P (2-56)
n=—(N=-1)/2 1

Note that this formulation is the same as the X-parameter equation in (2-34) if
it is truncated to only 3 coefficients. For example, for a b, wave depending
only on ai,; and ax: like equation (2-35), the Rz1,0, Ro,1,1 and Ro 1.1 coefficients
are similar to Xr, Xs and Xr. As expected, if N = 3, equation (2-56) becomes

eqn. (2-49)-(2-50).
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The results of measurements on a 0.5 W HBT device shows a comparison
between different orders of mixing complexity. When N =1, this is similar to
the Simple Hot S-parameters described in Section 2.3.1.2. The results also
indicate that 3rd order of mixing (N=3) is insufficient to model by accurately

when the as is large. An order of 5 or 7 provides a more accurate prediction of

b, and also load-pull contours [60].
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Figure 2-18: Comparison of Bz,1 measured on 0.5 W HBT extracted with different orders of

complexity (a) N =1 (b) N=3 (c) N=5 (d) N =7 [60].

These results are shown in Fig. 2-18(a)-(d). Note that the coefficients Rpnnin

(2-56) are be obtained using Fourier Transform on the b waves due to its a
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periodic response. An example is shown in Fig. 2-19, extracted from

measurements on a 10x75 um GaAs HEMT [60].

20

40—

mag{dB)

-6 —

B0

=100 T T T T
0 5 10
coefhcient number (n)

'
4]

Figure 2-19: Coefficient spectrum for Rpnn measured on a 10x75 ym GaAs HEMT [60].

This form of analysis allows the user to determine the maximum order needed
to model the output response. The results here show that increasing the order,
N above 7 is unnecessary as all the higher terms are lower than the noise floor
of -50 dB. This means that a low order of model complexity is needed for an

accurate model.

2.7.2 Cardiff Behavioural Model Formulation and Extraction
(Input and Output Harmonics)

The Cardiff Model was extended to account for harmonic load-pull at the
output [59]-[60] and input [62]-[64]. The framework is based on the mixing

theory whereby to account for 2nd harmonic contributions at port 2 when there

. . . Q2 .
exists the az> stimuli, a new phase vector — is present.
1
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. . Q2
To extract these coefficients in a measurement, the new phase vector P2 would
1

be rotated from 0° to 360°. The coefficients will produce periodic changes with

respect to % and can be expressed by:
1

0 r
Rp,h,n = 2 {Gp,h,nﬂ‘qal,ll' |a2,1 |' |a2,2 |) <P_§> } (2-57)

T

n=(N+1)/2

Q:\" (22
b =P Y Y Gpnmr(ablanil oD () () }
1

n=—(N-1)/2 r
(2-58)
Substituting the coefficients from (2-57) into (2-56) results in equation (2-58).
Note the coefficients Gpnnr are still only a function of magnitude of the stimuli

and independent of the phases. The phase difference between the two signals

at the output are accounted for by the cross product terms (those related to

Q1Q2and Q1/Q2).
Isolator
Q
]
ESG O
[]
Spinesice ©
[]

Amplifier Triplexer |—

DUT

‘}%

Directional
Coupler

Bias Tee

Figure 2-20: Active harmonic load-pull waveform measurement system [66].

54



MINGHAO KOH CHAPTER 2: LITERATURE REVIEW

Fig. 2-20 illustrates the measurement system in Cardiff University used to
obtain the data [66]. A synthesized sweeper acts as the input source whereas
active load-pull is employed at the output using phase coherent electronic
signal generators (ESGs) and amplifiers. The Microwave Transition Analyser
(MTA) measures the waveforms via directional couplers attached to the DUT.

In order to extract the coefficients, the following steps are performed:

1. The second harmonic phase vector is rotated from Oc to 360° with a fixed

fundamental phase vector.

2. Step 1 is repeated for a different fundamental phase rotated from Oc to 360¢°.

3. Steps 1 and 2 is repeated for varying values of fundamental and second

harmonic stimuli at port 2 (|az,:1| and |azz2]).

The importance of cross product terms is demonstrated in results from [S9].
These measurements on a 10x75 um GaAs HEMT device at 9 GHz are shown

in Fig. 2-21(a)-(b) to 2-22(a)-(b).
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Effect of fundarental
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65—

B0 -
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Figure 2-21: Results of measurements on 10x75um GaAs HEMT (a) Extracted coefficient space

without cross product terms (b) Measured and modelled b2,1 [59].

In Fig. 2-21(b) the modelled by, is represented by the coefficient space in Fig.
2-21(a). The size of the coefficients in Fig. 2-21(a) and 2-22(a) represent the
magnitude of the coefficients. In Fig. 2-21(a), M1 is the Rz 1,0 (most dominant

term) while M2 is the Ry1,1 (second largest term).

The modelled bz results in Fig. 2-21(b) are not accurate since it does not
account for mixing between the second harmonic signal at the output, as> and
fundamental signal at the input, as:, causing the average error of the

extraction to be 1.8%.

To capture the output mixing behaviour, coefficients with cross product terms
are produced as shown Fig. 2-22(a). The extraction error now reduces to 0.25
% and the resulting b, wave is presented in Fig. 2-22(b). This model is now
able to accurately track changes in the 2»d harmonic perturbation around the

fundamental phase of ba ;.
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Figure 2-22: Results of measurements on 10x75um GaAs HEMT (a) Extracted coefficient space

with cross product terms (b) Measured and modelled bz,1 [S9].

The equation in (2-58) can also be expanded to account for perturbation in the

input second harmonic stimulus [62]-[64] and becomes:

n=(N+1)/2 p n Q T
bon =P > > Gpnnr(lanal laral o) (52) (522
n=—(N-1)/2 1 L1 L1
(2-59)

This formulation is now able to account for changes of source impedance at
the 2nd harmonic frequency. The mixing model is able to accurately capture

the responses due to 2rd harmonic injection at the input and when used in a
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CAD environment, is able to increase the efficiency of the Class B amplifier

from 73.35 to 78.75% [63].

2.7.3 Cardiff Behavioural Model Discussion

The Cardiff Model has evolved from a DWLU model into a polynomial based
Behavioural model and has been improved upon in previous research [54]-
[64]. The Cardiff Model formulation valid for fundamental only load-pull was
developed in [S5], [56] and [58]. It is based on the Polyharmonic Distortion
Model but extended to include terms to account for large As in the stimulus
[55]. The work in [58] concludes that the coefficient terms are independent of
the phase of the stimulus and can be extracted by varying the phase of the

source.

Unlike X-parameters, the Cardiff Model coefficient terms are not limited to
only 3 (Xr, Xs and Xr). As described by equation (2-56), the order, N and by
extension the number of coefficients can be increased for better model
accuracy [58]. The maximum order and number of terms is dictated by
analysing the Fourier Transform of the b waves. Note that having 2 coefficients

(order, N = 1) will result in Hot S-parameters.

The Cardiff Model is then improved upon, based on the mixing model
formulation and capable of capturing the responses due to the fundamental
and harmonic load-pull at the output [59]-[60] and input [62]-[64]. The
formulation now contains cross products terms which are vital to accurately
track changes due to 2nd harmonic perturbation for all phases of the output

fundamental signal.
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2.8 Scaling of Behavioural Models

Unlike Compact models, Behavioural models have always been regarded as
unable to scale with respect to geometry and frequency [67]. Instead, much
work has been conducted on scaling Compact models for various devices [68]-
[75]. Scalable Compact models were developed for InP DHBT [68], High Power

LDMOS [69], GaN HEMTs [70], HBTs [71]-[73] and mm-Wave FETs [74].

A major breakthrough was achieved by Leckey [75] in 2011 by proving that X-
Parameters can scale with transistor gate width and number of fingers by

extracting the X-Parameter model at the intrinsic plane.

Model scaling can be achieved by borrowing from techniques previously used
in Compact models where the intrinsic transistor is known to scale linearly
with the size of the total gate width (unit gate width X number of fingers) and
prior determination of extrinsic component values allows the user to de-embed

to the intrinsic plane [74].

The verification in [75] was carried out by scaling a 0.15 uym pHEMT device
from 10x90 um down to 4x50 um. It must be pointed out that the verification
was done solely in the simulator and not from experimentally measured

values.

The research on scaling of Behavioural models was extended further in [76] by
proving via simulation based extractions and experimental measurements that
X-Parameters are scalable. The explicit scaling relationship for X-Parameters

as a function of geometry are also presented for the first time.
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As described in Section 2.5, X-Parameters can be defined as

F
Bpi = X7 (1411, Azy) P

S -
T z Xlg,lz;q,m(lAll |1A2,1)Pk MAqm
o (2-60)

S *
+ Z Xzf(),lz;q,m(lAll I; AZ,l)Pk-FmAq’m
qm

with p and q representing the ports while k and m are the harmonics of the
system. At the intrinsic device, scaling of the voltage and current in the time

domain can be illustrated by Fig. 2-23and described using equation (2-61).

WSC

FO=r®)  VFEO=%O r=0r e

where p represents the port and the superscript "sc" denotes the larger device.
r also known as the scaling factor, is the ratio between of the total gate width

of the larger device, Wsc to the total gate width of the smaller device, W.

V JZ (A, x + Byi) I —1 (A B, k)
pk — opk .k pk = pk — Dpk
VZo (2-62)
Vor =Vor Loy =1l (2-63)

The relationship between the spectral components of the voltage and current
in the frequency domain and the travelling waves is shown in (2-62). Equation
(2-63) describes the voltage and current spectra where scaling has been

applied.
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Figure 2-23: Scaling relationship for voltage and current at the intrinsic plane [76].

Using (2-63), the travelling waves of the larger, scaled device can be defined by

(2-64)-(2-67).

_ Vp,,k + ZOI{,’k _ Vo + ZorLy i

!

Pk 22, 2./Z, (2-64)

V};,k - ZOIl,),k _ Vp,k - Zorlp,k

B!, = =
Pk 27, 27, (2-65)
, 1+7r 1+7r
b= (7 s+ (7)o 20
. 1—r 1+7r
Boi = ( 2 )AP”‘ " ( 2 )B”"‘ (2-67)

Solving (2-60) with (2-66) and (2-67) simultaneously will result in the new
Bsc(Asc) relationship from which the X-Parameters of the scaled device can be
extracted. In [76], experimental validation with a scaling factor, r = 2 was
conducted using 4x60 um and 4x30 um GaAs MESFETs. The X-Parameter
coefficients Xr, Xs and Xr of the reference device and the scaled device are

shown to be in good agreement and successfully scale with geometry.
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2.9 Summary

This chapter provides an overview of Behavioural models, from S-parameters
(considered as a linear Behavioural model) to non-linear models such as the
Polyharmonic Distortion Model. The formulation and extraction of the model
coefficients for the different Behavioural models have been presented and

discussed.

Scaling in Behavioural models has also been presented. From the literature
review, there has been very little work done on scaling of Behavioural models
since it is considered by many as being a inflexible measurement based model
and scaling properties is thought to be poor [67]. So far, geometric scaling has
only been proven for X-Parameters. Furthermore, the work in [75] only
involves verification through simulations. In [76], scaling was experimentally

verified only at a scaling factor of 2.

This opens up a huge opportunity for research by trying to apply the Cardiff
Model (a generalized Behavioural model formulation) to geometric scaling.
Scaling to various gate sizes can also be experimentally conducted to see the

limitations of the model.

From the literature, no attempts have been made on frequency scaling using
Behavioural models. Therefore, research into this area is novel and can be

conducted using both the X-Parameter and Cardiff Model formulations.
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CHAPTER 3
GEOMETRIC SCALABLE
BEHAVIOURAL MODELS

arameter scaling has already been investigated and applied to X-
P parameters. Leckey [1] showed using simulation techniques, that like
S-parameters, if X-parameters are defined at the intrinsic device plane, they
can be successfully scaled with respect to transistor gate periphery. Root et
al. [2] extended this work and introduced formal mathematical scaling rules.
In this chapter, we apply this concept for the first time to a more general
Behavioural model formulation (Cardiff Model) [3]-[8]. A complete
measurement/modelling procedure for generating the geometric scalable
device models required for MMIC design has been developed and validated.
This has been achieved by integrating scalable measurement data look-up

table models of a reference device within appropriate passive layout networks.

This process is divided into 4 main steps namely, determining the intrinsic
plane of the reference transistor, obtaining the large signal measurement data
for conversion into Behavioural models, performing scaling at the intrinsic
reference plane and embedding with the passive circuit of the scaled device.
The following chapter will explain these steps in detail and present the results

of the scalable model.

Limitations of the geometric scalable model are also presented and possible
solutions are also discussed. Model development was done on 2 different GaN
wafers, proving that this method is robust and not limited by a specific

foundry process. In both cases, a smaller reference device is able to accurately
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predict the performance of devices up to 5 times larger in gate periphery. In
addition, the model is shown to be able to extend beyond the power limitations

of the measurement system.

3.1 Model formulation

3.1.1 Introduction

A general small signal circuit representation of a transistor is shown in Fig. 3-
1 with its extrinsic (passive) and intrinsic (active) components. The extrinsic
components are sometimes referred to as the parasitic elements of the

transistor.

c
i
1
L
Inpuj
|
== | Cgs ¢
Cgsp | gmVgs
| Rgs
Rs Intrinsic
Transistor
Ls

Figure 3-1: Transistor model with extrinsic and intrinsic (enclosed in box) components.

The intrinsic portion of the transistor is able to scale with geometry (gate width
and number of fingers) following equation (3-1) where the voltage at ports will
remain the same but the current scales with s, the ratio of gate size of the
larger device W' to the reference smaller device, W.r[2]. The scaling rules can
be applied to the voltage and current spectra as shown in (3-2). Subscripts p
and h represent the port and harmonic respectively. The resulting A and B
waves can be calculated from equation (3-3). Fig. 3-2 helps put equation (3-1)

into perspective.
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Figure 3-2: Scaling representation of voltage and current with gate geometry.

’

w , ,
= V,(t) =V, (t L,(t) = s, (t
S W,or () =1, (8) p(t) = sI,(t) (3-1)
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, Vp,h + Zoslp’h B = Vp,h - Zoslp,h

ph = 2 \/Z_o ph — 2 \/Z_o (3-3)

3.1.2 Modelling process flow

After determining the parasitic components of the reference transistor,
extrinsic large signal, engineered RF waveform measurements are performed
on a reference device. The bias points and modes of operation can be selected
to target required MMIC performance specifications. The Behavioural model
parameters are then extracted from the extrinsic measurements of the

reference device and stored in a data look-up table.

During simulation, the response of this reference Behavioural model is de-
embedded to the intrinsic plane using a passive de-embedding network, scaled
and embedded in the required passive network to simulate the extrinsic scaled
device behaviour. This can be done using a circuit simulator such as ADS.

The modelling process flow is presented in Fig. 3-3.
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Figure 3-3: Modelling process of geometric scalable transistor Behavioural model.

The parasitic passive networks required can be determined from S-parameter
measurements by performing traditional cold FET extraction procedures [9]-
[11], characterizing passive test-structures or performing EM simulations [12].
In order to correctly separate the extrinsic from intrinsic component values, a

wafer with several widths and number of fingers is needed.

3.1.3 List of devices for experimental validation

Table 3-1 shows a list of GaN devices used for the experimental
characterisation and validation, with varying gate widths and number of
fingers from a 0.25 um modelling mask fabricated using WIN Semiconductors’
NP25-00 Process (Wafer ID: WNOO1A). The reference device, which will be
utilized in this work to extract the scalable model is the 2x80 um transistor
(highlighted in yellow). Fig. 3-4(a)-(i) show the photos of the devices. The probe

pitch is 150 um.
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NOF / Width 80 pym 100 ym 200 pm
2 2x80 um 2x100 um 2x200 um
4 4x80 um 4x100 um 4x200 um
8 8x80 um 8x100 um 8x200 um

Table 3-1: Wafer with varying gate periphery

Figure 3-4: Photos of the transistors used in this work with varying widths and number of
fingers (a) 2x80 pm (b) 2x100 um (c) 2x200 pm (d) 4x80 um (e) 4x100 um (f) 4x200 um (g) 8x80

um (h) 8x100 pym (i) 8x200 um.
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3.2 Passive Circuit Determination

3.2.1 Introduction

Since scaling rules only apply at the intrinsic plane, this must first be
established for this device structure. Unit cells of either a Y matrix (parallel pi)
or a Z matrix (series T) form the building blocks to establish the complex
circuit containing both the intrinsic and extrinsic elements. A general
representation of a FET is basically made up of 3 unit cells, an outer Y matrix,

a Z matrix and an inner Y matrix [9]. This is shown in Fig. 3-5.

Ygdp
—
| S
Gate) lZ_g| ,Yidl i Drain
—_J —_J —_—d
[] Ygs Ygm | Yd
Inner []
Ygsp Y Matrix Ydsp
Z Matri
atrix f] zs
Outer
Y Matrix

Source

Figure 3-5: Equivalent circuit model for a FET transistor.

The outer Y-matrix is used to model the parasitic capacitances associated with
the transistor layout such as pad capacitances and coupling capacitances. The
Z-matrix is used to model the parasitic resistances such as the source, drain
and gate resistances (from ungated regions of the active layer, contact
resistance and layout metallization). It also includes the gate, drain and
source inductances of the transistor layout. The inner Y matrix (an active Y-
matrix) is a lump element representation of the non-linear distributive RC
transmission line formed by the depletion region under the gate electrode and

the conducting active channel.
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By restricting the configurations to either a parallel pi for the Y-parameter or a
series T for the Z-parameter, the frequency behaviour of the individual circuit
components can be extracted independently and directly from measured S-

parameter data. For example, for the passive Y matrix unit cell in Fig. 3-5,

Ygsp =Y11 T Y12 Ygap = ~Y1iz  Yasp = Y2z + V12 (3-4)
The circuit is passive so y21= yi2. However, in the active Y matrix in Fig. 3-5

where y21 # y12, the four admittance circuit components can be obtained by:

Ygs = Y11 T V12 Yga = —V12 (3-5)

Ygm = Y22 T Y12 Yas = Y21 — Y12 (3-6)
In a Z matrix (series T) configuration, the 3 individual circuit components can

be directly extracted from the measured data by:

Zg =211 — 212 Zs = Z12 Zq = Z22 — Z12 (3-7)

In modelling FET structures, only passive Z-matrix topologies are considered

where Z>1 = Z12. An active Z-matrix is needed only when modelling BJT [9].

From Fig. 3-5, it is clear that we need to be able to properly separate the
various matrix elements. This can be done by performing measurements at
special bias conditions to eliminate the effects of some of the matrix elements.
For example, forward biasing the gate with zero drain bias so that the active Y-
matrix can be eliminated. The systematic extraction process will be mentioned
in the following sections and is based on techniques introduced by Tasker and

Hughes [9] and Dambrine et al. [10].

In this work, S-parameter measurements were performed using a Rohde and
Schwarz ZVA67 network analyser and controlled using the Keysight's VEE

program using commands send via the VXI interface that has been developed
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during this work. The screenshot of the VEE program is shown in Fig. 3-6(a)-

(b).
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Figure 3-6: Screenshot of VEE program developed in this PhD for automated S-parameter
measurements (a) lst Partial screenshot of VEE program controlling ZVA67 (b) Front panel

design for runtime.

The program allows the user to set a desired drain bias current. A software
iteration loop that changes the gate bias voltage until the desired current is

achieved.

A C# program has also been written during this PhD project that performs the
de-embedding / embedding on the S-parameters to obtain the intrinsic
transistor values. Fig. 3-7(a)-(b) shows the screenshot of the aforementioned
C# program. This program is also able to perform the same process on large

signal MDIF data.
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Figure 3-7: Screenshot of C# program written to perform de-embedding / embedding (a) Using

S-parameters (b) Using MDIF large-signal measurement data.

3.2.2 Y-Parasitic Determination

Measurements of the Y-parasitics are done on the devices shown in Fig. 3-4(a)-
(i) at deep pinch-off and O V Vds. The equivalent FET structure when

measured at this operating condition is shown in Fig. 3- 8.

80



MINGHAO KOH CHAPTER 3: GEOMETRIC SCALABLE BEHAVIOURAL MODELS

Gate Drain

No active
[] FET structure []

Ygsp (biased off) Ydsp

Source

Figure 3-8: Equivalent FET structure for Y-parasitics determination

The Y-parasitics, which basically consists of the pad capacitances, are difficult
to determine directly from measurements on the actual FET structure because
they are in parallel with the transistor capacitances. Measuring with the
device biased in pinch-off produces ambiguous results because of fringing
capacitances. The best method of addressing this issue is by using

measurements on FET structures with various widths.

imag{yyspy}

Ygsp = Y11 T Y12 Cgsp = w < (3-8)
_ _ imag{ysap}

Ygap = — Y12 Cgap = W (3-9)
imag{yasp}

Yasp = Y22 T Y12 Casp = w £ (3-10)

The extraction process for these pad capacitances is given in equation (3-8) to
(3-10). The extraction results for the 2x80 pm transistor are shown in Fig. 3-9
showing typical behaviour where there is absence of significant variation in

frequency.
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Figure 3-9: Outer Y shell capacitances as a function of frequency for the 2x80 um device.

Taking the average of these plots, the results over width and number of fingers
for the pad capacitances are plotted in Fig. 3-10. Do note that these results
include capacitances of the active layer. Therefore, by curve-fitting the results,

we can separate the constant intercept (pad capacitance) from the slope (due

to active layer) as shown in Fig. 3-10.
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Figure 3-10: Outer Y shell capacitances for the 9 different devices (a) Cgsp (b) Cgdp (c) Cdsp.

3.2.3 Z-parasitic Determination

The Z-parasitic, which basically consists of the layout inductances and
resistances, combined with the transistor parasitic resistances, can be
measured by forward biasing the FET (at O V Vds). In these measurements,
they consist of a combination of shells and in order to get the values of the
inner unit shell, for example the Parasitic Z matrix, we must first strip the

outer unit shell, which in this case are the Parasitic Y matrix.
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Figure 3-11: Process flow for determining Z-parasitics

This is achieved by just doing matrix subtraction. The value of FET resistances
can be very small if a sufficiently high forward bias current is used and the

gate length is small compared to source drain spacing.

imag{z }
Zg = Z11 — Z12 r, = real{z,} lg = W g (3-11)
imag{z,}
Zs = 74, r, = real{z.} lg = ——— (3-12)
w
imag{z,}
Zq = Z22 — Z12 ra = real{zy} lg = o (3-13)

If we remove the effect of the outer parasitic Y shell, using the stripping
technique shown in Fig. 3-11, then the measurement of the passive forward
biased FET is assumed to be the Z parasitic alone. Measurements on the

84



MINGHAO KOH CHAPTER 3: GEOMETRIC SCALABLE BEHAVIOURAL MODELS

passive forward bias FET transistor structures indicate that it can be modelled
using series RL circuits components in the Z matrix. The extraction formulas
are shown in equations (3-11) to (3-13). The results for the 2x80 pm device is
shown in Fig. 3-12(a)-(b) which indicates the absence of variation with
frequency, an important criteria for turning these values into an equivalent

circuit model.
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Figure 3-12: Extracted Z-parasitic values (a) resistances (b) inductances as a function of
frequency for the 2x80 pm device.

It is important to note that R, and L, are a strong function of gate current. A
very high gate current is needed to satisfy the condition where the forward

biased Z matrix is small compared to the Z parasitics. However, too high of a
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forward gate current can degrade the transistor. Therefore, 3 values of gate

current, SOmA/mm,

results for the 2x80 um device with varying gate current is shown in Table 3-2.

CHAPTER 3: GEOMETRIC SCALABLE BEHAVIOURAL MODELS

100mA/mm and 150 mA/mm are selected and the

Ig Rg Lg Rd Ld Rs Ls
(mA/mm) | (Q-mm) (pH) (Q-mm) (pH) (Q-mm) (pH)
50 1.60 66.96 1.56 84.70 0.73 -4.02
100 1.10 83.59 1.56 83.63 0.74 -3.36
150 0.93 87.87 1.56 83.24 0.75 -3.29

Table 3-2: Values of Z-parasitics with varying gate current for 2x80 device.

2.0 r 120
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/
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80
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[Resistance = 0.5965 (Ohm-mm)] B Gate inductance |20
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Gate Resistance (Ohm-mm)

Inverse of Current (1/mA)

Figure 3-13: Extracted gate resistance and inductance as a function of inverse gate current for
2x80 um device.

These values can be curve-fitted to the inverse of gate current as shown in Fig.
3-13, which negates the need for performing measurements at too high a gate
current. The values for Ls is only an estimate and might be negative due to

channel impedance.
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3.2.4 Y-intrinsic Determination

The intrinsic FET circuit model consists of four components, y,s (gate source
input admittance), ysa (gate drain feedback admittance), yqs (drain source
output admittance) and y. (transconductance admittance). These four
components can be extracted from S-parameters after first converting to Y-

parameters (and stripped).

Ygdp
| o |
e
Gate Z9 e Drain
[] [] Convert
Ygsp v Smeas
g dsp to
Ymeas
Parasitic
Z Matrix Zs
Parasitic
Y Matrix
Source
Strip Y-Parasitics
[Y1] = [Ymeas] - [Ypar]
Gate 29 e Drain
Convert
Y1toZ1
Ydsp
Parasitic
Z Matrix Zs
Source
Strip Z-Parasitics
[Z2] = [Z1] - [Zpar]
Convert
22 to
Yintrinsic

Figure 3-14: Process flow for determining Y-intrinsic values.
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Confining the analysis to the first order circuit topologies, this constrains each

element to a single real and imaginary component. Typically, ys and y.a are

modelled as a series RG circuit whereas yqs is modelled as a parallel GC

circuit. The transconductance is modelled as a voltage controlled current

generator with a time (phase) delay. The elements are extracted as follows:

1
Ygs = V11 + Y12 Tgs = real <_>

Ygda = —YV12

Yas = Y22 T Y12 Yas

Ygm = Y21 — Y12

Imo = mag(ygm)

(=] Cad

Capacianos Cgs [pFimm)

Ygs

)
Toqg = real| —
94 ygd

= real(yqs)

-1
Cgs =
imag (yi)a) (3-14)
gs
-1
ng =
imag (;Td).w (3-15)
_imag(yas)
s =T

— —jwt
Im = Imo-€ gm

1
Tgm = —phase (ygm). =

Gate Capacitance

i}
Frecuamney ({Hx)

i}

CEenbsitirsta Cyd (pFlmm)

(3-16)

(3-17)

(3-18)
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Charging Resistances
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Figure 3-15: Extracted Y-intrinsic values as a function of frequency for 2x80 um device (a) gate
capacitances (b) charging resistances (c) conductance & drain-source capacitance (d)

transconductance & delay.
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The extracted values of the intrinsic components are basically independent of
frequency as shown in Fig. 3-15, indicating the appropriate parasitic values
have been extracted. The method mentioned allows for the parasitics to be

extracted in a systematic manner.

3.2.5 Small signal model evaluation

All the devices in Table 3-1 were measured at the same drain current, Id = 50
mA/mm. Theoretically, they should all have the same intrinsic transistor

values.

31
F

c7

C=Cgdp fF
———_— e ————
R
R6
R=(Rgd/width] Ohm

c10
C=(Cgdwidth) pF

Term L R C i Rz = R L 1T
e 3 R3 T T gl(zcds’width) pr R4 2 e
' L=LgpH  R-Rgwidth Ohm | CECOSwidth)phr— - R=Rd/width Ohm L=Ld pH L 7250 ohm
R= v R= =

= Z=50 Ohm o

° SRC2
G=(Gm*width)mS
T=tau psec
R2=(1000/Gds/width) Ohm

R7
R=Rgs/width Ohm

=~ C9
C=Cdsp fF

~ C8 R
C=Cgsp fF R5
R=Rs/width Ohm

L

; II:SLS pH

Figure 3-16: ADS circuit used for simulation of extracted component values.

To test whether we have de-embedded to the intrinsic plane accurately, the
same intrinsic component values are used for all the devices but with different
extrinsic values. The simulation is performed in ADS as shown in Fig. 3-16
and compared with measured S-parameter data. Table 3-3 includes all the
parasitic and intrinsic values extracted from the cold FET measurement

process.
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Device | Cgsp | Cgdp | Cdsp Lg Ld Ls Rg(Q- | Rd (- | Rs (Q-
/Value | (fF) (fF) (fF) (pH) | (pH) | (pH) | mm) | mm) mm)

2x80 33 6 21 106.5 | 91.5 | 0.05 | 0.15 0.45 | 0.0100
2x100 33 6 21 107.0 | 92.0 | 0.05 | 0.45 0.60 | 0.0125
2x200 33 6 21 109.5 | 94.5 | 0.05 | 1.90 1.30 | 0.0250
4x80 47 12 29 101.5 | 81.5 | 0.10 | 0.35 0.45 | 0.0400
4x100 47 12 29 102.0 | 82.0 | 0.10 | 0.50 0.60 | 0.0500
4x200 47 12 29 104.5 | 84.5 | 0.10 | 2.20 1.30 | 0.1000
8x80 107 38 32 100.0 | 80.0 | 0.20 | 0.90 0.45 | 0.1600
8x100 | 107 38 32 100.5 | 80.5 | 0.20 | 1.25 0.60 | 0.2000
8x200 | 107 38 32 103.0 | 83.0 | 0.20 | 3.20 1.30 | 0.4000

Table 3-3: Values of parasitics components for ADS simulation.

This process is essentially the same as the process flow shown in Fig. 3-3 but
with small signal data. The reason this step is performed is to ensure that we
have obtained the correct parasitic values as well as to show that the flow in
Fig. 3-3 works at small signal power levels. These parasitic values are needed
for de-embedding the large-signal data for the scalable Behavioural Model and

crucial to the modelling process.

Cgs Rgs Cgd Cds Gm Tau Gds
(pF/mm) (Q-mm) (pF/mm) (pF/mm) | (mS/mm) (psec) (mS/mm)
1.3 0.8 0.045 0.36 205 2.5 5.7

Table 3-4: Values of Y-intrinsic components for ADS simulation.

Table 3-4 are the values for the intrinsic components at Id = 50 mA/mm. The

results of this simulation and comparison with measured data are shown in

Fig. 3-17(a)-(i).
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Figure 3-17: Measured versus modelled results of S-parameters from 1 - 20 GHz obtained at
Id=50 mA/mm. (a) 2x80 um device (b) 2x100 um device (c) 2x200 um device (d) 4x80 pm device
(e) 4x100 um device (f) 4x200 pm device (g) 8x80 pm device (h) 8x100 ym device (i) 8x200 ym

device

At this juncture, measurements for all the devices were repeated but with a
different drain current, Id = 150mA/mm. In theory, only the intrinsic portion
should change and the same values for the extrinsic components are
maintained. Please refer to Appendix A.1 for the full results, which acts as

another validation that the parasitics were extracted correctly.

1000

— 2x80 Device
----- 4x80 Device
== 4x100 Device|~
= = 4x200 Device

Normalized Output Current (mA)

Voltage (V)

Figure 3-18: DCIV results for 4 different device sizes (gate periphery).

Before attempting to develop a scalable model, an important indicator of

scalability is also to look at the DCIV curves for the several devices where
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scaling will be applied. As expected, the DCIV start to shrink as we move up in
device size due to self-heating. If the DCIV shrinks beyond a certain limit,
equation (3-1) will not hold and therefore the model will not be able to scale
accurately. From the DCIV results in Fig. 3-18, the output drain current

scales within reasonable values when moving to a device up to 5 times larger.

3.3 Large Signal Model Extraction

The second step in the modelling process as described in Fig. 3-3 is to perform
large signal measurements on the reference device for conversion into the
behavioral model. This section will explain in detail the steps and practical

considerations that were taken into account.

3.3.1 Large Signal Measurement Setup

Output amplifi rs
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Figure 3-19: Active load-pull setup for large signal measurements (a) Side photo of setup in

Cardiff University (b) Front photo of setup in Cardiff University (c) Diagram depicting

measurement setup.

Measurements were performed at a fundamental frequency of 5 GHz using the

high frequency measurement system with an active load-pull architecture

shown in Fig. 3-19(a)-(c). The system uses a Rhode and Schwarz ZVA67 Vector

Network Analyser with a 67 GHz bandwidth as a receiver and configured to

perform non-linear time domain waveform measurements.
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The ZVA67 instrument is a commercially available instrument that contains
four high frequency sources, with independent control over magnitude, phase
and frequency of each source, thus making it ideal for use in high frequency
active load-pull systems [5]-[8]. The waveforms measured by the ZVA67 are
fully phase synchronised by using an external phase reference using a phase

reference calibration described in [13].

As shown in Fig. 3-19, the measurement system uses external couplers that
are placed close to the DUT to reduce the loss that can be introduced by using
long RF cables, increasing the dynamic range of the measurements.
Circulators are used to ensure that the output waves from the DUT maintain a
constant impedance environment for the system amplifiers and also prevent

damage.

Note that load-pull systems can either be passive or active. The reflection
coefficient presented to the DUT at a given load, I't is the ratio between
reflected wave, a; and the forward travelling wave, b,. Passive load termination
is implemented by using a slide-screw tuner which consists of a 50 ohm
slabline with 2 parallel plates, a centre conductor and a metallic probe [15]. As
the probe is lowered onto the slabline, part of the signal is reflected towards
the DUT and the magnitude of reflection increases. By moving the probe, the

impedance presented to the DUT can be varied.

With active load-pull, instead of using passive tuners to reflect the signal back
to the DUT, the signal can be adjusted in magnitude and phase and fed back
(closed-loop active load-pull) [14]-[15] or a new signal can be injected at the
output of the device to synthesize an impedance (open-loop active load-pull)
[16]-[17]. The contrast between closed-loop and active-loop load-pull is

depicted in Fig 3-20(a)-(b).
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Figure 3-20: Active load-pull implementation (a) Closed-loop setup (b) Open-loop setup [15].

Closed-loop active load-pull does not require a separate signal source for
injection but due to its close-loop nature, oscillations may occur during
measurements whereas open-loop active load-pull is easier to implement and
safe from oscillations. However, an open-loop active load-pull setup will
require additional signal sources and larger amplifiers. The measurement
system used in this work can be classified as an open-loop active load-pull

system.

The initial calibration and set up time for passive load-pull is long but once it
is completed, the user would only have to wait for the fast mechanical action
of the tuner. On the other hand, active load-pull systems iterate towards the
desired load and depending on the algorithm, this can be much slower in
comparison to passive load-pull. Nevertheless, its advantage is that it does not
suffer from the detrimental effect of system losses and can target loads at the
edge of the Smith Chart [18]. Active load-pull also ensures that the 2nd
harmonic can be set to a short circuit whereas this condition may not be

achievable with passive load-pull tuner.
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In this work, the 2x80 um reference device was biased in a Class B mode of
operation, at a drain voltage of 28 V. To achieve optimal Class B behaviour,
second harmonic short circuits at the intrinsic device reference plane, are

presented at both the input and output.

Fundamental load-pull measurements were performed at 5 GHz to encompass
both the optimum P.u: and Drain efficiency locations (covering at least a 3 dB
load-pull space from the optimum), and repeated at different input power
levels to provide a range of incident fundamental normalized wave at port 1,

(|A11]) values.

Knowing the parasitic component values grants us the advantage of predicting
the location of the optimum point and the load-pull space with which to
measure for the larger devices from the smaller reference device. The grid is
ensured to cover at least the 3 dB Pou: space from the optimum. The load-pull
grids for the 2x80 pm, 4x100 pm and 4x200 um device are shown in Fig. 3-

21(a)-(c).

() (b) (©

Figure 3-21: Load-pull measurement grids for (a) 2x80 pum (b) 4x100 pm (c) 4x200 ym device.

The 4x100 um and 4x200 um device measurements will act as the validation
for the scalable model and it is important to note that they are not used in the

modelling process. For example, the modelled results for the 4x100 um device
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will not be based on measurements from the device itself but from the scaled

prediction from the 2x80 um reference device.

3.3.2 Extraction of Model Coefficients

The parameters of the large signal model were extracted to populate data
tables; data look-up as a function of |Aii|. The Cardiff Model [3]-[8] uses a
generalized Behavioural model formulation that is based on the Polyharmonic
Distortion principles described in [19]-[21]. With only fundamental load-pull

for a fixed DC condition, the measured B waves can be described as:
Az,
B =Ph. (U ,la , U ’_’)
pn =PI f (V10 |ara] vae P, (3-19)
where P1 = £ZA11= A1,1/ | A1,1|. With the work of Qi et al. [3]-[4] and Woodington
et al. [5]-[6], the indexing of Ay can now be in the polar form as describe by

equation (3-20).

_ ph Ql
By =Pi.f (vl,o» |A1,1|» V2,0 |A2’1|'P_) (3-20)
1
where Q1 = £A21 = Az1/|A2;:1|. At this point, load-pull indexing terms have

become |As,;:1| and Q:/P;.

Since the phase vector Q:/P; is a periodic function, the measured behaviour
Bp,n must also be periodic with reference to this variable. Hence, the Fourier
series concept can be applied with respect to phase vector Q:/P: to eliminate

the phase vector indexing and replace it with
n=+r

B,, = P! 2 K G "
ph — f1- p.hn P, (3-21)

n=-r
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where Kpnm= g(Vi,0,|A1,1],V2,0,|A21|). This approach has been experimentally
verified in [5]-[6]. The coefficients Kynm and its complexity (number of
coefficients), r can be determined by performing a least-squares fit to a
measured data set or by Fourier transforming an appropriately structured
measurement sequence. Replacing By n with K, min the data tables eliminates

the phase vector indexing.

Tasker et al. achieved further compression of the data tables by including the
variation of the coefficients Ky nm as a function of |As:| [8]. We can model this

behaviour using simple polynomial functions to eliminate the |As | indexing.

m=q

2m+|n|
Kp,h,n = Z Mp,h,m.Tl'AZ,ll (3-22)

m=0
where Mphmn= f(vi,0,|A1,1],v2,0). By having the coefficients in this form, the
Behavioural model formulation has eliminated the dependence on load and
can interpolate in both polar coordinates |Az:1| and Q:/P:. Substituting eqn.

(3-22) into (3-21) results in

n=+r m=q

n
_ h 2m+|n| Ql
Byn = Pr. Z z M ,h,m,n|A2,1| <p_1) (3-23)

n=-r m=0
Based on previous work by Simon Woodington and James Bell [5]-[7], the
coefficients increase in complexity in the form of a mixing model. In order to
determine the number of terms needed to accurately represent the
measurement data, the data is extracted with 3, 6 or 9 coefficients as shown

in Table 3-5.

The first 3 coefficients (Mpn,0,-1,Mpn,0,0 and Mpno,1), in the model are equivalent

to the X-parameters (Xr, Xr and Xs). Just using these alone will give a
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Behavioural model that is only able to map a small space in the load-pull grid.
Therefore, to cover a large impedance space the X-parameters must be load
dependent [22] whereas the generalized Behavioural model equation (Cardiff
Model) is able to map the entire load-pull space [8]. This is the fundamental

difference between X-parameters and the Cardiff Model.

Number
Equation for extraction
of Coeff.
B
3 L}Lh =My po-1|A21] (Ql) + My o0+ Mpnoi|Azi] (&)
P1 1 Pl
[ 0, \
B ! M, po, 2|A21| ( ) + Mp 0, 1|A21|< ) + Mp 0,0
6 Bt P
! l+Mph01|A21|< )+Mph02|A21| ( ) + My p10|A24] J
” 02 Ot
Mp,h,O,—ZlAZ,llz (P—l) + Mp,h,O,—1|A2,1| (P_l) + Mp n0,0
1 1
Byn Q 01\’ Q)
9 leh = +Mp,h,0,1|A2,1| (—1) + Mp,h,0,2|A2,1|2 (—1) + Mp,h,l,—1|A2,1|3 <—11) (
+Mph10|A21| +Mph11|A21| ( )+Mph20|A21| )

Table 3-5: Cardiff Model equation with 3, 6 and 9 coefficient terms.

The normalized mean square error (NMSE) provides a good representation of

model accuracy [23] and can be calculated using eqn. (3-24).

Zn I bmeas (n) - bmodel (n) | 2
anbmeas (n) |2 (3-24)

The NMSE for B,; and Bj: extracted based on the coefficients in Table 3-5 is

NMSE(dB) = 10log,

shown in Fig. 3-22. From the results, it is obvious that the NMSE reduces
when using more coefficients. Nevertheless, the NMSE in By extraction is

better than -40 dB when using the 6 term Cardiff Model and the improvement

102




MINGHAO KOH CHAPTER 3: GEOMETRIC SCALABLE BEHAVIOURAL MODELS

when using a 9 term model is very small. The NMSE in Ba»is larger due to the

smaller values of 2nd harmonic signals.

-307 2= B21 x-Param (3 coeff)
—8- B21 Cardiff Model (6 coeff)
—&— B21 Cardiff Model (9 coeff)
)
°
L
D)
=
=z
-55
-60 T T T T T T T ]
6 8 10 12 14 16 18 20 22
Incident Input Power (dBm) (a)
0 —
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Figure 3-22: NMSE for B waves extracted with X-parameters, Cardiff 6 term and 9 term model

(a) B21 (b) B2z

Therefore, since the measurement data contains only fundamental B, waves
with fixed 2nd harmonic loads, a Behavioural model with 6 coefficients is

sufficient to accurately represent it. This is consistent with previous work that
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conclude that a low model complexity is sufficient to model fundamental load-

pull [5],[24].

Having a model that is too complex will cause it to fold back on itself. In other
words, instead of having a model whose power rolls off as we back-off the
input power, it may converge to a value which gets larger, a physically
impossible characteristic for the transistor. Furthermore, having too many
terms (model coefficients) will cause over-fitting and the model will be

"memorizing" the value of the terms and fitting to noise values in the data [25].

As mentioned in the introduction, in previous work by David Root, geometric
model scaling has been established for the X-parameters, which has 3 terms
Xr, Xs and Xr [2]. In this work, we extend it to the 6 term Cardiff Model (shown

in equation 3-25).

By

( 2 (01 2 Q1 - )
! My ho,-2 |A2,1| (P_1> + M ,h,O,—1|A2,1| (P_1> + M, 50,0
= ph

0

042
P1) + Mp,h,0,2|A2,1|2 (P_i) + Mp,h,1,0|A2,1|2J

l+Mp,h,0,1|A2,1| (

(3-295)
The X-Parameter and the Cardiff 6 term model coefficients as a function of
phase is shown in Fig. 3-23 where the size of the dots represents of the
magnitude of the coefficients. As can be seen in Fig. 3-23, the dominant terms
are the Mpn,00, Mpho,1 and Mpno.-1 which are essentially the X-parameters. X-
parameters coefficients (in red) are a subset of the Cardiff Model (additional
terms are in black). Note that Mpn00and Mphn,1,0 have the same phase location.

The coefficient M h,1,0 adds a squared dependency on the magnitude of Az ;.
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Figure 3-23: Coefficients used in the model extraction as a function of phase.

In this work, only the fundamental is swept with a fixed 2nd harmonic, hence
the usage of terms in the fundamental space only (along the blue line). If we
would include the model with 2nd harmonic variation, coefficients along the

green line would appear [7] in Fig. 3-23.

Fig. 3-24(a)-(d) shows a comparison of the B, values when computed with first
3 terms of the Cardiff Model (the X-parameter equivalent model) versus the 6
terms of the Cardiff Model. From these results, it is clear that extracting with
the 6 term Cardiff model produces a better model and is sufficient to map any
variation in Bzi. Keep in mind that X-parameters are able to model the points

over the entire load space accurately but only if made to be load dependent.

Coefficients for Bjs are also extracted and included in the model but since we
do not control the 3rd harmonic in the measurements (left at 50 ohms), the
scaled model will not be able to predict the 3rd harmonic accurately. It should
be noted that this is because while the system impedance remains constant,
the intrinsic impedance it presents to the unit cell will vary as the device

geometry is scaled. The 3rd harmonic cannot be controlled due to a lack of
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sources in the present measurement system. In the future, by integrating

more sources into the system, this limitation can be overcome.

Imag (V.0hm ")

3 Coefficients

Imag (V.Ohm“/’)
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6 Coefficients
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Figure 3-24: Measured versus modelled B waves extracted from large signal measurements of

2x80 um reference device (a) B21 with X-parameter 3 term model (b) B2z with X-parameter 3

term model (c) B21 with Cardiff 6 term model (d) B22 with Cardiff 6 term model

This is the reason a Class B measurement was chosen to ensure that the odd

harmonics typically generated, are not large enough to sufficiently alter the

scalability of the model. Furthermore, we would like to demonstrate the ability

of the model to predict results with high drain efficiencies.
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As shown in Fig. 3-25, the Cardiff 6 term model is capable of reproducing the

measured load-pull data for the 2x80 um reference device accurately.
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Figure 3-25: Measured versus modelled Pout and Drain Efficiency contours for the 2x80 um
reference device (generated using Cardiff 6 term model). (a) Pout contours (b) Drain Efficiency

contours.

3.3.3 Mathematical Validation of Scaling in Model Coefficients

Model coefficients can be proven to scale mathematically with geometry by
performing extraction with a fixed reference impedance Zo (usually S0 ohms)
or with a scaled reference impedance [2]. The equations for A' and B' waves of
the larger device extracted from a fixed reference impedance are already stated

in equation (3-3).

Now if we scale the reference impedance by the scaling factor, s (the ratio of
the larger device to the smaller reference) the resulting A' and B' waves are

calculated based on equation (3-27)-(3-28).

s (3-26)
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Vo, + Zy1, Von +Zol
A = p,h Op,h=\/§< p,h Op,h>= \/EAp,h

p,h = 2\/2—(,) 2\/Z_0 (3-27)
Von — Zol) Vo —Zol
By, = 2 Zolon ﬁ( o~ Lo ) — V5B,
' 2,/ Zy 2./Z, (3-28)

Fig. 3-26 shows how the scaling rules apply to the scaled waves in the scaled
reference impedance based on the original model coefficients of the reference
device. Examples of the explicit scaling rules for the 6 model terms are in

equation (3-29)-(3-34).

Reference Model
A 4 Coefficients
A' s
B=Mp_h'm_n(A)
‘ B Reference
B'< /5B Impedance = Z,

Reference Impedance = Zy/s

Figure 3-26: Cardiff model scaling using scaled reference impedance method

’(p’hOO)(\/_lAnl Vsda1) = s. M(phOO)(lA“l A21) (3-29)

1(p,h,0,1 ,h,0,1
M0 (V1A V5 A2 ) = M (1Al A20)

(3-30)
, ,h ,_ ’h, ,_
M (p 0 1)(\/E|A11|;\/EA21) = Mg: ° 1)(|A11|’A21) (3-31)
1
1(p,h,1,0 1,0
M (p )(\/§|A11|;\/§A21) - E'Mg )(IAlll'A21) (3-32)
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del coefficients (at the output port, at the fundamental, p=2,

a fixed reference impedance and at a scaled reference

impedance with s = 2.5 is shown in Fig. 3-27.
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Figure 3-27: Comparison of model coefficients (at p = 2, h = 1) extracted at fixed reference

impedance of 50 ohms and scaled reference impedance by s = 2.5 (a) Magnitude of coefficients

(b) Phase of coefficients
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Do note that the range of incident input power is also scaled by the
appropriate factor so that they can be compared directly. The input incident
power, Pincident is directly related to |Aii| as shown in equation (3-35). The

Behavioural model is extracted as a function of the magnitude of Ai;.

L

2Re(Z,)

x 1000> 535

Pincigent (dBm) = 10log 19 <

From the results, it is clear that both methods can be used for model
extraction (as there is no difference in the values) and so the fixed reference
method is used in this work. This exercise also proves that mathematically,
the model coefficients are geometrically scalable since they follow explicit

scaling rules.

3.3.4 Practical Considerations in Model Extraction

Measurements of the reference device will be used to extract coefficients for
the scalable model. Theoretically, the model should be extracted from intrinsic
measurement data. However, according to the Polyharmonic Distortion
principles, model coefficients are to be extracted at a fixed A1: and bias. By de-
embedding the measurements to the intrinsic plane, for a particular drive, the
A:1 and bias conditions will vary slightly and violate this condition set for

model extraction.

Therefore, to solve this issue, the model extraction will be performed at the
extrinsic plane. During its usage within a circuit simulator, the de-embedding
network of the reference (smaller) device will be attached around model block.
The model will then be scaled and reattached with the embedding network of

the larger, scaled device. This is opposed to having an intrinsic model of the
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reference device which is scaled and applied with an embedding circuit. The

two separate methods are illustrated in Fig. 3-28(a)-(b).

Measurement Simulation

Embedding Circuit (Scaled Device)

Scaling Circuit

De-embedding Circuit (Reference Device)

Direct conversion to
Extrinsic Model

=

(@)
|
Measurement | Simulation

|
|
| Embedding Circuit (Scaled Device)
|
| Scaling Circuit

De-embed to intrinsic :

plane & convert into |

Intrinsic Model | l
|
|
:> | Inrinsic Model

|
| — -
|
|
|
|
|
|
|
|
! (b)

Figure 3-28: Process flow to obtain Behavioural model from reference device measurements (a)

Extrinsic model (b) Intrinsic model

Note that extrinsic measurements will fall on a grid whereas intrinsic
measurements do not, making it a problem especially for table based models
[26]. By having the circuit simulator handle the de-embedding, this practical
method provides another advantage by avoiding re-gridding of the data on the

intrinsic space.
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3.4 Experimental Model Validation

This section will show results of a model extracted from the 2x80 um reference
device and scaled to 2.5 times and 5 times larger (4x100 pm device and 4x200

um device) to validate the scalable model.

3.4.1 Small signal validation

It is always good practice to check the results with small signal data before
moving on the large signal data to ensure that we are starting out on the right
track. It is known that at low power levels, the X-parameters as well as the
Cardiff model collapses into the S-parameters. The relationship is described in

equation (3-36)-(3-37).

S11 = M1,1,0,0/|A1,1| Sy1 = M2,1,0,0/|A1,1| (3-36)

S22 =M3101 S12 =M;101 (3-37)

Fig. 3-29(a)-(d) shows the S-parameters from 1 to 20 GHz obtained at Id = 5
mA/mm (Class B bias) for 3 different devices, 2x80 pm, 4x100 um and 4x200
um. The S-parameters at 5 GHz obtained from large signal data at the lowest
measured drive level is also plotted on the same diagrams. As seen from the
results, the theory holds true and at small drive levels is essentially the S-

parameters.
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Measured 2x80 um O Measured 4x100 yum ©  Measured 4x200 ym O  Large signal 4x100 ym W

Modeled 2x80 ym XX Modeled 4x100 pm ><  Modeled 4x200 gm X Large signal 4x200 ym M

ey

6 543210123 45 6

(© (d)

Figure 3-29: S-parameter results from 1 - 20 GHz with large signal S-parameter at 5 GHz for

2x80 um, 4x100 um and 4x200 um devices. (a) S11 (b) S22 (c) S21 (d) Si2

3.4.2 Large Signal Simulation Setup in ADS

In order to validate the scalable model, a simulation is setup in ADS as
explained by the block diagram in Fig. 3-30. It consists of an FDD block,
which reads the model coefficients from a DAC and applies them to equation
(3-25). This block is actually embedded in another outer block, which runs the

simulation from the external (larger device) world.
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For example, in order to simulate the results of a device, which is 2.5 times
larger (s = 2.5), the external environment will operate the load-pull at the
conditions of the larger device. The resulting Aex: waves fed into the device will

first be converted to A' using the parasitics of the scaled device.

Embedding block (Scaled Device)

Scaling block

De-embedding block
(Reference Device)
A1,ext A1l A1 ,int A2,int AZ' AZ,ext
FDD
Extrinsic
Model

B1,ext B1' B1,im B2,int BZ' BZ,ext
. >

Figure 3-30: Block diagram depicting simulation setup in ADS that runs the scalable model.

Then the A' wave will be scaled down by 2.5, resulting in the Ay wave. The Aint
wave is then analysed by the FDD block enclosed in a de-embedding circuit of
the reference 2x80 um transistor. As explained in Section 3.3.4, the FDD reads
a model file which has been extracted at the extrinsic plane so it must be
enclosed in a de-embedding circuit. This is to ensure scaling takes place at the
intrinsic plane where equation (3-1) is valid. Once the Bin: waves are calculated
from the model coefficients, it will be scaled up accordingly before being
embedded to finally result in Bex. The same process goes on for both ports.

The modelled results can then be compared with measurements.

Fig. 3-31(a)-(d) shows the actual circuit in ADS that runs the simulation. Note
that Fig. 3-31(b) contains the "negative" values of circuit components to
perform the de-embedding whereas Fig 3-31(d) uses the "positive" component
values to enforce embedding. The values of these circuit elements were

obtained in Section 3.2 using cold FET extractions. The scaling is achieved
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using ABCD block as shown in Fig. 3-31(c). The FDD block produces voltages

and currents as its output which are translated into the A and B waves.
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Figure 3-31: ADS simulation diagram that utilizes scalable model (a) FDD block (b) De-

embedding block (c) Scaling block (d) Embedding block with load-pull circuit

Taking advantage of the fact that voltage remains the same and current scales

with device gate size, the following equation can be applied:

AR
I ¢ Dl|L (3-38)
AR
I 0 scalelll, (3-39)

With scale being the ratio between the scaled device and the reference device

as defined in equation (3-1).

As a validation that the scaling block in Fig. 3-31(c) is functioning properly, a
screenshot of the simulation is shown in Fig. 3-32. lin_scaled and Iout_scaled
(shown in Fig. 3-31(c)) are both 2.5 times larger than lin_int and Iout_int
respectively whereas the voltages at the input and output ports remains the

same.
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Voltage remain the same Current is 2.5 times larger
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Figure 3-32: ADS simulation results to validate scaling block

3.4.3 Scaling by a factor of 2.5

As mentioned earlier, the reference device is the 2x80 um FET. The model
coefficients are extracted from the reference device and will be used to
simulate the performance of a 4x100 um device (2.5 times larger) using the

circuit shown in Fig. 3-31(a)-(d).

Firstly, in order to validate that the Behavioural model is scalable, the model
coefficients must also be able to scale. The magnitude and phase for the
coefficients of B2: and Bz are shown in Fig. 3-33(a)-(d). From the results, both

the fundamental and 2nd harmonic model coefficients are in agreement.

Note that higher order coefficients such as the M2 are smaller in
magnitude, especially at lower input power levels, causing a mismatch in
phase but the B wave results are dominated by the main terms such as M2 1,00

and Ma 10,1 (Shown in Fig. 3-23) which match up very well.
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Figure 3-33: Measured versus modelled Cardiff Model coefficients for 4x100 um device as a
function of drive level, Pincident. (a) Magnitude of Fundamental terms (b) Phase of Fundamental

terms (c) Magnitude of 2nd harmonic terms (d) Phase of 2nd harmonic terms
Another cause of mismatch could be due to device-to-device variation within
the wafer. Note that these observations are consistent with the results

published in [2] for X-parameters. These model coefficients are used to

generate the B waves from the input A waves.
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Figure 3-34: Measured versus modelled B waves for 4x100 um device (a) B21 (b) B2z

Fig. 3-34(a)-(b) shows the B.: and Bz, waves generated from the simulation

versus the measured results. Note the shape is due to the way the load-pull
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simulation is setup where the imaginary load nested and swept within a swept

range of real loads. These results are also in close agreement.

Now, from the B waves, we are able to calculate values, which are more of
interest to a circuit designer such as P, and Drain Efficiency. Fig. 3-35(a)-(b)
show the Po.: and Drain Efficiency contours at a Pincident 0of 22.27 dBm. At this

drive level, the device is close to 3 dB into compression.

Measured contours -in 0.5 dB
steps from maximum of 33.03
dBm.

Modeled contours - in 0.5 dB
steps from maximum of 32.92
dBm.

(@)
Measured contours - in 5 %
steps from maximum of 74.07 %.
Modeled contours - in 5 % steps
from maximum of 73.98 %.

(b)

Figure 3-35: Measured versus modelled Pout and Drain Efficiency contours for the 4x100 um

device at a Pincident of 22.27 dBm. (a) Pout contours (b) Drain Efficiency contours.
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The measured and modelled contours are plotted with different but very close
optimum values to show that the actual shape of the contour does not get
distorted and that scaling occurs accurately. It is also to shows that the

predicted load, which gives the maximum result is precise.
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Figure 3-36: Measured versus modelled Pout and Drain Efficiency from power sweep at optimum

load I' = 0.539 + j0.342 for the 4x100 um device (a) Pout and Drain Efficiency (b) Gain and PAE

Performing a power sweep at the optimum load of ' = 0.539 + j0.342 that

provides the best trade-off between P,.: and Drain Efficiency, the results are
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shown in Fig. 3-36(a). At this optimum load, the error in terms of Pou: is within

0.22 dBm and Drain efficiency is 1.06 %.

The validation is performed in ADS so that both the measured and modelled
can be swept with similar incident input power as defined in equation (3-35) to
provide a proper comparison. Do note that actual input power into the device
takes into account the reflected B waves on port 1 as defined in equation (3-
40). This model is also able to predict actual input power accurately since the
maximum error between measured and modelled Gain and PAE shown in Fig.

3-36(b) is 0.39 dB and 1.04 % respectively.

41" — B’
P;,(dBm) = 10log 1 — 1000 (3-40)

The waveforms that result from the power sweep are also plotted in Fig. 3-
37(a)-(b). It is "scalable" because the Behavioural model is generated from
measurements of the smaller 2x80 um reference device and are scaled to a
4x100 um device. The good correlation validates the scaling abilities of the

Behavioural model.
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Figure 3-37: Measured versus modelled waveforms from power sweep at optimum load T =

0.539 + j0.342 for the 4x100 um device (a) Output voltage (b) Output current
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3.4.4 Scaling by a factor of 5

The next step is to test the scalable model at different scaling factors, s. The
larger device chosen for a scaling of s = 5 is the 4x200 um device. Fig. 3-38(a)-
(d) presents the comparison of the measured versus modelled coefficients for

the 4x200 um device at the fundamental and 2nd harmonic.

Once again, the modelled coefficients match up well with the measured except
those of higher order at lower input power levels because these values are very
small (less than -40 dB). They start to match up better at higher input power

when they become more dominant.
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Figure 3-38: Measured versus modelled Cardiff Model coefficients for 4x200 um device as a
function of drive level, Pincident. (a) Magnitude of Fundamental terms (b) Phase of Fundamental

terms (c) Magnitude of 2nd harmonic terms (d) Phase of 2nd harmonic terms

The B waves generated using the model coefficients are in Fig. 3-39(a)-(b). Note
that as we move to a larger scaling factor, the error of the scaling gets larger
since we are always assuming the same intrinsic condition for the transistors.
However, from the results, scaling to a factor of 5 still produces acceptable

results.
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Figure 3-39: Measured versus modelled B waves for 4x200 um device (a) B21 (b) B2z

The Pou: and Drain Efficiency contours are plotted in Fig. 3-40(a)-(b) at a
Pincident of 26.44 dBm. From the load-pull results, the model is able to
accurately predict the maximum values and optimum load location for the

larger measured device.
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— Modeled Pout (dBm)
7

Measured contours - in 0.5 dB
steps from maximum of 35.84
dBm.

Modeled contours - in 0.5 dB
steps from maximum of 36.01
dBm.
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Figure 3-40: Measured versus modelled Pout and Drain Efficiency contours for the 4x200 um

device at a Pincident 0of 26.44 dBm. (a) Pout contours (b) Drain Efficiency contours.

The optimum load (for trade-off between Pow: and Drain Efficiency) is I' = 0.251
+ j0.343 produces the power sweep results in Fig. 3-41(a)-(b) and the
corresponding waveforms in Fig. 3-42(a)-(d). The maximum error for Py and
Drain Efficiency in the power sweep is 0.41 dB and 1.30 % respectively. The
difference between measured and modelled Gain and PAE is 0.34 dB and 1.48

% respectively.
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Figure 3-41: Measured versus modelled Pout and Drain Efficiency from power sweep at optimum

load I' = 0.251 + j0.343 for the 4x200 um device (a) Pout and Drain Efficiency (b) Gain and PAE.

Note the modelled waveforms results in Fig. 3-42(a)-(b) are slightly different
than the measured due to the impedance of the third harmonic component
which is not controlled during measurements. Despite this, the modelled

waveforms align very well.
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Figure 3-42: Measured versus modelled waveforms from power sweep at optimum load T =

0.251 + jO.343 for the 4x200 um device (a) Output voltage (b) Output current
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Simulations utilizing the model for a scaling factor of 2 (using a 4x80 um
device) and 4 (using a 8x80 um device) were also performed and the results are
plotted in Appendix A.2 and A.3. The results once again confirm that the

Cardiff Behavioural model is scalable.

3.5 Overcoming the Limitations of Model Scaling

3.5.1 Introduction

It is obvious that we cannot scale indefinitely, as the model will start to
breakdown. As mentioned earlier, a good indication would be to look at the
DCIVs and small signal data before attempting to scale the large signal
behaviour. If we were use a scaling factor of 10 times on the 8x200 um device,

the DCIVs are plotted in Fig. 3-43 and S-parameters in Fig. 3-44(a)-(d).

1000+

800

600

400

Normalized Output Current (mA)

200

Voltage (V)
Figure 3-43: DCIV results for the 2x80 um and 8x200 um devices.

From the results in Fig. 3-43 and 3-44, it is clear that scaling will fail at a
factor of 10. Notice that the modelled S;; for the 8x200 um device does not
align with the measured results. This indicates that the transconductance, gm

is different to what is expected.
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Figure 3-44: S-parameter results with large signal S-parameter at 5 GHz for 2x80 um and 8x200
um devices. (a) Si1 (b) S22 (c) S21 (d) Si2

Fig. 3-45(a)-(d) show the 3D plots for errors as a function of normalized input
incident power, Pincident and scaling factor, s. As expected, increasing the
scaling factor will cause the accuracy of the scalable model to drop. One point
to note is in Fig. 3-45 (a) and (b) where the error in Bz; and Pou: seem to be
smaller at higher drive levels. This is consistent with our observation in Fig. 3-
33(a)-(b) and Fig. 3-38(a)-(b) where the model coefficients for B.; are more

accurate at higher drive levels.
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Figure 3-45: 3D plots of errors of measured versus modelled results as a function of normalized
input incident power and scaling factor (a) NMSE for Magnitude of B21 (b) Mean error for Pout (c)

Mean error for drain current (d) Mean error for Drain Efficiency.

This could be due to the dynamic range of the power calibration of the ZVA67
receiver since the calibration was done assuming a high power level in a region
is where designers are most interested in. Performing measurements over
various drive levels, the accuracy of the power calibration reduces when the

measured signal becomes small.

Nevertheless, the errors are still within acceptable values. For example, the
mean error in Py and Drain Efficiency of the 3 dB load-pull space is 0.34
dBm and 1.13% respectively throughout the power sweep for a scaling factor
of 2.5. Assuming a scaling factor of 5, the mean error in P, and Drain
Efficiency of the 3 dB load-pull space is less than 0.47 dBm and 2.28%

respectively throughout the power sweep.

3.5.2 Temperature modelling

One factor that often causes the model to fail are thermal issues. The larger
the device, the hotter it will operate. A dominant effect of self-heating is a

reduction of drain current and occurs due to decreased electron mobility [26].
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Therefore, in order to truly claim that the intrinsic conditions of the larger
device are the same as the scaled smaller reference version, temperature must

be taken into account.

Measuring the DCIVs of the reference 2x80 um device at various chuck
temperatures, we are able to determine from the results in Fig. 3-46 that the
DCIV of 2x80 um device measured at a chuck temperature of 70°C matches up
with that of the 8x200 um device operating at 25°C. These measurements were
performed on the Cascade Probe Station using the ERS Aircool system. This
thermal control system is able to set the chuck temperature from -55°C to

+200°C.
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Figure 3-46: DCIV results for the 8x200 pym device and 2x80 pm device at various temperatures

Fig. 3-47(a)-(b) are the power sweeps of Pout and Drain Efficiency at various
temperatures. As expected, increasing the chuck temperature results in
reduced Pt and Drain Efficiency. When the chuck temperature is raised 70°C,

the model is able to predict the measurements for a scaling factor of 10.
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Figure 3-47: Power sweep results as a function of input power at optimum load I" = -0.126 +

j0.452 with different temperatures (a) Pout (b) Drain Efficiency.

In other words, the scalability of the models can be improved by taking into

account the junction temperature of the device which is beyond the scope of

this work. The model used in this research only uses ambient temperature of

the chuck as a look-up parameter. Further work is needed to include the

effects of junction temperature into the model coefficients and avoid being

another look-up parameter.
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3.5.3 Modelling with different reference device

A method to address the limitations of scaling is not to scale beyond the limits
as indicated by the DCIVs and S-parameter data. Fig. 3-48(a)-(b) and 3-49
show the results of using the 4x200 ym transistor as the reference device for

model extraction (scaling factor of 2).
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Figure 3-48: Measured versus modelled Pout and Drain Efficiency contours for the 8x200 um

device at a Pincident 0of 32.18 dBm. (a) Pout contours (b) Drain Efficiency contours.

The results of the model extracted from the 2x80 um device measured at 70°C

are also included. From the results, it proves that any device can be used as
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the reference device for the model. To obtain accurate results, the scaling
factor cannot be too large unless temperature effects are taken into account in

the model.
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Figure 3-49: Measured versus modelled Pout and Drain Efficiency from power sweep at optimum

load ' = -0.126 + j0.452 for the 8x200 um device.

3.6 Robustness of Scalable Model

This section attempts to show that the method used for implementing the
scalable model is robust and can be applied to measurements performed at

different bias points, wafers or frequencies.

3.6.1 Scaling at different bias point (Class AB)

Measurements were performed on a 2x100 um reference device and used to
model a 2x200 um device at Class AB bias (Id = 250mA/mm). Fig. 3-50(a)-(b)
shows the load-pull results at a Pincident 0f 21.04 dBm whereas Fig. 3-51 shows

the power sweep results at the optimum load of T' = 0.425 + j0.310.

135



MINGHAO KOH CHAPTER 3: GEOMETRIC SCALABLE BEHAVIOURAL MODELS

0.8

\—0— Measured Pout (dBm)
— Modeled Pout (dBm)

0.6

Measured contours - in 0.5 dB

0.4 steps from maximum of 33.47
dBm.
NN ,
02 .’g&i\{\\{\\ Modeled contours - in 0.5 dB
EaSh steps from maximum of 33.49
dBm.

0.0

0.2+, T T T T ]
0.0 0.2 0.4 0.6 08 1.0

(@)
Measured contours -in 5 %
steps from maximum of 65.68
%.
Modeled contours - in 5 %
steps from maximum of 65.15
%.

(b)

Figure 3-50: Measured versus modelled Pout and Drain Efficiency contours for the 2x200 um
device at a Pincident of 21.04 dBm measured at Class AB bias. (a) Pout contours (b) Drain
Efficiency contours.

The maximum error for Pouw: and Drain Efficiency in the power sweep is within
0.17 dB and 1.81 % respectively. The model from the 2x100 um device

extracted here will be used for the design of the MMIC prototype in Chapter 4.
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Figure 3-51: Measured versus modelled Pout and Drain Efficiency from power sweep at optimum

load ' = 0.425 + jO.310 for the 2x200 um device at Class AB bias.

3.6.2 Scaling beyond measurement system power capability
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Figure 3-52: Photos of the transistors from WIN wafer ID: EN0O04013 (a) 2x125 pm (b) 10x125

um.

The results in this subsection are devices from another WIN Semiconductors
wafer (Wafer ID: ENO04013), fabricated using the NP25-00 process and at a
fundamental frequency of 9 GHz. The 2 devices characterised are the 2x125
um and the 10x125 pm. The photos of the devices are shown in Fig. 3-52(a)-

(b).
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Fig. 3-53(a)-(d) is a small signal verification to show that at low drive levels the
model matches up with S-parameters. This process has been described in

Section 3.2.1. Fig. 3-54(a)-(b) show the P, and Drain Efficiency contours at a

Pincident Of 32 .8 dBm.
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4 o
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Figure 3-53: S-parameter results with large signal S-parameter at 9 GHz for 2x125 ym and

10x125 um devices. (a) S11 (b) S22 (¢) S21 (d) Si2
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Figure 3-54: Measured versus modelled Pout and Drain Efficiency contours for the 10x125 um

device at a Pincident 0of 32.8 dBm. (a) Pout contours (b) Drain Efficiency contours.

Fig. 3-54(a)-(b) also shows the measured fundamental load points, which in
this case, have been limited in range due to the saturation of the load pull
amplifier [27]. The scaled model on the other hand, experiences no such
limitation and goes on to predict the behaviour of the 1.25 mm device beyond
the measurement capabilities of the system. The load-pull power required to
perform active load-pull, Pip can be calculated using equation (3-41) by taking

139



MINGHAO KOH CHAPTER 3: GEOMETRIC SCALABLE BEHAVIOURAL MODELS

into account the power delivered by the device, P4 and the target load-pull

reflection coefficient, I'Lp.

_ Pyllpl?
P — )2 (3-41)
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Figure 3-55: Measured versus modelled Pout and Drain Efficiency contours for the 10x125 um

device at a Pincident 0of 28.3 dBm. (a) Pout contours (b) Drain Efficiency contours.

To further demonstrate that the model corresponds well with the

measurement data, load-pull contours of output power and drain efficiency
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are shown in Fig. 3-55(a)-(b), for a case where the Pincident power is backed off

by to 28.3 dBm, allowing the full grid to be measured.
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Figure 3-56: Measured versus modelled Pout and Drain Efficiency from power sweep at optimum

load I" = -0.450 +j0.536 for 10x125 um device.

Fig. 3-56 compares a measured and modelled power sweep plot of Pou: and
Drain efficiency versus Pincident at the optimum point of T' = -0.450 + jO.536.
These results show that it is possible to accurately predict the performance of
the device at power levels beyond the limitations of the high frequency

measurement system.

3.7 Summary

The key contribution of this chapter is proving that geometric scaling is
possible using a generalized Behavioural model formulation. Having a model
that is able to scale geometrically greatly improves its functionality and
provides a viable MMIC design tool. A systematic procedure to generate the
geometric scalable Behavioural models has been proposed and validated. It
combines the accurate measurements of measurement based non-linear look-

up table transistor models with passive embedding networks.
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The process involves 4 main steps, which are, determining the intrinsic plane
of the transistor, obtaining the large signal measurement data for conversion
into Behavioural models, performing scaling at the intrinsic reference plane
and embedding with the passive circuit of the scaled device. Practical
considerations when generating the Behavioural model involves avoiding re-

gridding of the data by extracting the reference model at the extrinsic plane.

The scalable model is able to successfully predict the performance of devices
up to S times larger in gate periphery on 2 separate GaN wafers, one measured
at 5 GHz and another at 9 GHz. Furthermore, this process is robust as the
model is able to extrapolate beyond the power limitations of the measurement
system, providing the ability to design high power MMICs without having to

physically measure the large transistors at high power levels.

Work has also been done to show the limitations of the proposed approach
and ways to overcome them. Important indicators of scalability are the DCIVs
and S-parameters. Scalability of the model can be improved by including
thermal effects or by sticking to a realistic scaling factor. Note that during the
design process, this method can be applied to MMIC building blocks
containing several transistors (and not one individual transistor model) so that
the scaling factor can be reduced to a range which provides an acceptable

accuracy.

Having a scalable Behavioural model ultimately overcomes a major weakness
of Behavioural (measurement based) models by reducing the number of
devices to be characterized. This saves measurement time and reduces the

burden placed on the measurement system.
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CHAPTER 4
APPLICATION OF GEOMETRIC
SCALABLE MODEL IN MMIC
DESIGN

-parameter models have used in various publications for design
X purposes. These include designs for a 6W 2 GHz GaN power amplifier
[1], a 10W 1.3 GHz GaN power amplifier [2], a Doherty amplifier [3], frequency
doubler [4] and even oscillators [5]-[6]. So far, no design has been performed

using a geometric scalable Behavioural model.

In order to test the model that has been extracted, a prototype single cell
amplifier is matched with matching circuits at the input and output. In this
chapter, the design process and tools used for the circuit optimized for S GHz
will be presented along with modelled and measurement results. Although the
targeted output power and drain efficiency wasn't achieved due to mismatch,
the model is still able to predict the prototype's performance accurately when
the measured matching circuit S-parameters and appropriate bond wire

lengths are used.

4.1 Introduction

M/A-COM foundry's GaAs integrated passive design (IPD) process were used
to design the external matching circuits. These matching circuits were then
wire bonded to the 2x200 um GaN on SiC transistor from WIN Semiconductors

(Wafer ID: WNOO1A) which has been characterized in Chapter 3, to form the

147



MINGHAO KOH CHAPTER 4. APPLICATION OF GEOMETRIC SCALABLE
MoDEL IN MMIC DESIGN

prototype amplifier. A scalable model has been developed for this device based
on a smaller unit cell of 2x100 um (scaling factor of 2). This model has already
been verified to match the measured results of the 2x200 um device in Section

3.6.1.
4.2 Circuit design using CAD simulators

4.2.1 Finding optimum load

Using the data extracted from the measurements of the 2x100 um device at
Class AB bias (Id = 250 mA/mm), load-pull simulation is performed in ADS on

the scalable model to obtain the optimum load point.

From the results of the load-pull at 5 GHz in Fig. 4-1(a), the maximum Pout
achievable is 33.49 dBm whereas the maximum Drain Efficiency is 66.15%.
Therefore, the optimum load of I' = 0.425 + jO.310 is chosen as a target as
shown in Fig. 4-1(b). At this load, the P,y and Drain Efficiency is 33.28 dBm
and 63.07 % respectively. The output matching circuit will be designed to try

to obtain this load.

Max_Pout_model
33.49

Max_DrainEff_model
66.15

DEC_model
PC_model

ReFund (0.152 t0 0.832)
ReFund (0.152 to 0.830) ( a)
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63.07

— Gain_model[pwrivl]
16.09
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m38
ReFund=0.425
Load_model[::,::,pwriv,1]=0.526 / 36.107
ImFund=0.310000

impedance = Z0* (1.695 + 1.453)

PAE_model[pwrivl]
61.51

ReFund (0.145 to 0.845) (b)

Figure 4-1: Load-pull simulation results at 5 GHz using scalable model (a) Pout and Drain

Efficiency contours (b) Optimum load location

4.2.2 Output matching circuit

At the output, the matching circuit was designed to present the optimum load
to the device. Design and layout of the components are done in Microwave
Office AWR due to the availability of the licence for AXIEM to perform the

required EM simulations.

The component values were first selected and tuned with lumped elements.
Once their values have been selected, electromagnetic simulations for each
inductor, capacitor and via are performed to obtain their S-parameters.
Finally, the entire circuit is EM simulated with all the elements in place to

take into account any cross coupling or mutual inductance.

Fig. 4-2(a) shows the EM simulation setup for the output matching circuit. The
reflection coefficient looking into the matching circuit at the port 1 (which is
presented to the output of the amplifier) is shown in Fig. 4-2(b). The

comparison between simulation results where each component is individually
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EM simulated and when EM simulation is performed on the entire matching

circuit is shown.

Fig. 4-2(c) is the layout of the output matching circuit that will be converted
into a .gds file for tape out. Note that the simulation results were performed by
taking into account the addition of an 1850 um bond wire that will connect the
matching circuit to the transistor. From the results, the output circuit is able
to get close to the optimum target load of I' = 0.425 + jO.310 to obtain a high

Pout and Drain Efficiency while presenting a short circuit to the 2nd harmonic.

Port 2 EM
simulation

Port 1 EM
simulation

PA 5GHz_output_match

20GHz -%- GAM2_GP(1,4,3,50,0)
i 5GHz_output_with_full EM

- GAM2_GP(1,4,3,50,0)
5GHz_output_individual_EM

Re 0.447
Im 0.3516

i

5 GHz
Re 0.4272
Im 0.2792

Re -0.791
Im -0.4146

10 GHz
Re -0.7597
Im -0.4698

Swp Min
1GHz
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Figure 4-2: Output matching circuit design (a) EM setup of output circuit (b) Output Gamma

presented to the device (c) Layout of output matching circuit

4.2.3 Input matching circuit

The input circuit is designed to allow for maximum available gain, Gmax While
still maintaining stability (K factor > 1). This result will be shown in Section
4.2.4. Other considerations that are taken into account include having a

return loss of better than 10 dB.

Port 2 EM
simulation

Port 1 EM
simulation
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Figure 4-3: Input matching circuit design (a) EM setup of output circuit (b) Input Gamma

presented to the device (c) Layout of input matching circuit

Fig. 4-3(a) shows the EM simulation setup for the input matching circuit. The
reflection coefficient looking into the matching circuit at port 2 (which is
presented to the input of the amplifier) is shown in Fig. 4-3(b). Fig. 4-3(c) is

the layout of the input matching circuit that will be taped out.
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The small signal simulation setup is shown in Fig. 4-4 with external bond

wires taken into account.

SUBCKT
ID=S2
NET="EM_all_5GHz_input"

CAP

ID=C2
C=100 pF J

SUBCKT
ID=54
NET="2x200_vg_n2p2_vd_28_id_100mA"

g—] —=

SUBCKT
ID=S3
NET="EM_all_5GHz_output"

WIRET p=2
ID=IC1 ID=1C2 Z=50 Ohm
L=1850 um L=1850 um
Dia=25 um Dia=25 um
H=100 um H=100 um

Rho=1 Rho=1

MSUB=SUB

10
MSUB=SUB

Figure 4-4: Small signal simulation setup in AWR Microwave Office with external bond wires.

From the results of the simulation in Fig. 4-5(a)-(b), the return loss is < -10 dB

for the input and due to the output having to match for optimum Po.: and

Drain Efficiency, the return loss is -7.513 dB. The gain is 16.43 dB at 5 GHz,

close to the Gmax of 17.47 dB and the K-factor (stability factor) is > 1 in band

and also out of band. The 0.4 nH inductor and 100 pF capacitor at the DC

lines represent the bond wires and the external capacitor for the DC probes.

PA_5GHz s11_s22

= T =

-5
-&-DB(S(1,1)])
Matched_PA_5GHz_full_EM
-10 5-DB(S(2.2)])
5 GHz Matched_PA_5GHz_full_EM
\‘ -7.635 dB
-15
5GHz
-15.62 dB
-20
1 6 11 16 20
Frequency (GHz)
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PA_5GHz_stability
4 20
3 16
-4-DB(IS(2,1))) (R)
Matched_PA_5GHz_full_EM
2 12 KO L)
Matched_PA_5GHz_full_EM
1 8 -6~ DB(GMax()) (R)
Matched_PA_5GHz_full_EM
0 4
-1 0
1 6 11 16 20
Frequency (GHz)

(b)
Figure 4-5: Targeted results for small signal (a) S11 and S22 (b) S21 and Stability

Now that the small signal results are satisfactory, the matching circuit and
bond wire S-parameters are used in ADS together with the scalable model to
simulate the expected power sweep results. The implementation is shown in

Fig. 4-6(a)-(c).

Note in Fig. 4-6(a) that the FDD reads the extrinsic Cardiff model file of a
smaller reference device (2x100 pm). It is then de-embedded to the intrinsic
plane using parasitic circuit elements of the 2x100 ym device. Please refer to

Section 3.2.5 for these values.

At the intrinsic plane, the voltages remain the same whereas the current is
scaled by a factor of 2 via the ABCD component. These results then are
embedded with the parasitics for a 2x200 um device (shown in Fig. 4-6(b)).
Finally, the larger device is presented with the external matching circuit and

bond wires as depicted in Fig. 4-6(c).
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Figure 4-6: ADS simulation for large signal results utilizing scalable Behavioural Model (a) FDD
block with de-embedding circuit (b) Scaling block with embedding circuit (c) Transistor with

input and output matching circuits.

155



MINGHAO KOH CHAPTER 4. APPLICATION OF GEOMETRIC SCALABLE
MoDEL IN MMIC DESIGN

To keep the simulation consistent with AWR, the bond wires are implemented
using .s2p files generated from AWR. The ADS circuit implementation shown

here has been discussed in detail in Section 3.4.2.

34 970
32- o
0] ¥ 60
_ 5 28 50 O
39 26 - 87
S5 2 —40
EIS B L :Rla
£ 8§ 227 30 '33
8= 201 r 88%
m 1 [ a ©
a 184 = % 20 @
16- g
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14- ,/'/ \41 g
12 — 11— —-0
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DBMpin_model
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plot_vs(DBMpout_model, DBMpin_model)=33.269 plot_vs(Gain_model, DBMpin_model)=12.627
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plot_vs(DrainEff_model, DBMpin_model)=62.476 plot_vs(PAE_model, DBMpin_model)=59.064

Figure 4-7: Targeted large signal simulation results of 5 GHz prototype with input and output

matching circuits

Fig. 4-7 shows the results of a power sweep into 50 ohms when the matching
circuit is attached to the model. These results agree closely with the load-pull

data from Fig. 4-1 (b).

4.2.5 Actual fabricated circuit

Fig. 4-8(a)-(b) are the photographs of the fabricated input and output
matching circuits whereas Fig. 4-8(c) shows the entire prototype with bond

wires to the active device (2x200 pm GaN on SiC device).
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()

Figure 4-8: Photo of fabricated circuit (a) Input matching circuit (b) Output matching circuit (c)

Entire prototype with external bond wires.

From Fig. 4-8(c) it can be seen that the matching circuits also contain probe
pads that are connected via bond wires to a 100 pF external capacitor where it

can be accommodate DC probes.
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4.3 Measured and modelled results

During the design process, large inductance values were needed to match the
circuit. The size of the inductor makes it unable to physically fit unto the die
area. Therefore, long bond wires were introduced for the extra inductance that
is needed. However, this poses a challenge as it would require manual tuning

to get the exact inductance values.

Nevertheless, this entire point of the exercise is to show that the models can
accurately predict the behaviour of the circuit. So by measuring the actual
response of the matching circuit and replacing them into the simulation, the

model should be able to show the appropriate outcome as well.

4.3.1 Small signal results

4.3.1.1 Individual Input and Output Matching Circuits

Firstly, the response of each matching circuit is compared with the EM
simulations. The results in this section correspond to measurements
performed on the input matching circuit shown in Fig. 4-8(a) and the output
matching circuit in Fig. 4-8(b). These small signal results of the individual
matching circuits (without bond wires) are shown in Fig. 4-9(a)-(b) for the

input and Fig. 4-10(a)-(b) for the output.
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Figure 4-9: Comparison of small signal results for input matching circuit between measured

and EM models (a) S11 (b) S22

From the results, there is a slight shift in the frequency response of the
measured results (shown in pink) with the EM simulations (in blue). The
matching circuit results were sensitive to the capacitors in the circuits.
Therefore, by performing the EM simulation again with the capacitors retuned,
the S-parameters (in red) are obtained. These small signal results now match

up well with the measured ones.
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Figure 4-10: Comparison of small signal results for output matching circuit between measured

and EM models (a) S11 (b) S22

4.3.1.2 Prototype with Matching Circuits

The results in this section correspond to measurements performed on the
prototype with bond wires attached to input and output matching circuits as
illustrated in Fig. 4-8(c). The bond wires that were physically used were much

shorter than the intended length.

To calculate the bond wire inductance in the fully matched prototype, the

measured small signal results of the entire circuit is compared with the
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retuned EM results of the individual matching circuits but now with a variable

bond wire inductance.
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Figure 4-11: Comparison of small signal results of fully matched prototype between measured

and EM models (a) S11 and S22 (b) S21 and Si2

With a bond wire of roughly 300 um at both the input and output of the

matching circuits, the modelled small signal results are in close agreement

with the measured ones as shown in Fig. 4-11(a)-(b).
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4.3.2 Large signal results

Due to physical constraints, a long bond wire of 1850 um was not able to be
placed at input and output of the active device. However, the goal of the
modelling work is to show that the scalable model is able to predict the large
signal results regardless of whether the matching circuits are able to present

the optimum impedance to the device.
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Figure 4-12: Comparison of large signal results of fully matched prototype between measured

and scalable model (a) Pout and Drain Efficiency (b) Gain and PAE
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Performing the large signal simulations but now with the actual measured
response of the input and output matching circuits as well as bond wires of
about 300 um, the large signal performance is shown in Fig. 4-12(a)-(b). This
involves replacing the EM simulations of the matching circuits in Fig. 4-6(c)

with the actual measured S-parameters as illustrated in Fig. 4-13.

]

- K-
I'l'Ir"" ""’/"";Nrra ' f_smiign_parmisiel e _bomedm B0 aier

300 um Bond wire 13 &

8

e e e e e e e S T

Measured s2p of i

matching circuits Ll

Figure 4-13: ADS simulation for large signal results utilizing scalable Behavioural Model with

measured s2p of matching circuits and 300 um bond wires.

The simulations were performed at the same Pincident drive as the measured
results in order to put them under the same stimulus conditions. The
measured versus modelled Pou: and Drain Efficiency are within 0.43 dBm and
2.03% respectively. The results for Gain and PAE are within 0.33 dB and
2.12%. Therefore, the scalable model is able to predict the results of the
prototype when simulating with the actual matching circuits that were

fabricated.

4.4 Summary

A prototype for 5 GHz operation has been designed using the scalable model
extracted from measurements. Although the intended performance was not

achieved due to issues encountered during module assembly, the scalable
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non-linear model was still able to correctly predict the measured performance
of the prototype when the actual measured S-parameters of the matching

circuits were used during CAD.

The issues encountered in this design were due to the use of external
matching circuits and module assembly (instead of having all the matching
circuits on a single MMIC die). This firstly places a frequency limitation in the
design specifications and secondly, makes the performance difficult to achieve

without spending time to tune the bond wire lengths.

Nevertheless, the key point in this chapter is the demonstration that the
scalable non-linear Behavioural model can be used to guide design and also

predict the performance of the actual fabricated circuit.

By demonstrating the application of scalable models in design of MMICs,
possibilities are now open to the use of scalable Behavioural models in the
same manner as Compact models. Compact models are generally measured at
a nominal cell size and then scaled to various other sizes, thus saving

measurement time and effort.
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CHAPTER B
FREQUENCY SCALABLE
BEHAVIOURAL MODELS

his chapter introduces the first formulation and approach that aims to
T define how measurement based non-linear Behavioural look-up
transistor models can be frequency scalable. In the previous chapter, the
method for establishing geometric scalable models has been proposed and
validated. This was achieved by integrating scalable intrinsic measurement

data models of a reference device within passive layout networks.

In this chapter, the work is taken a step further by now referencing the
intrinsic transistor in the admittance domain. Experimental results on 2
separate GaN HFETs, both measured from 2 - 8 GHz, support theoretical
analysis that frequency domain Behavioural models defined in the admittance

domain can have frequency scalable model coefficients.

By having model coefficients in the form that is frequency scalable,
experimental results confirm that they can successfully, within an acceptable
range consistent with measurement uncertainty, predict results at frequencies
that are not used during the measurement based model extraction process.
Therefore, this approach can save measurement time and make the models
more robust as they now can be used in MMIC design for broadband

applications.
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5.1 Model Formulation

5.1.1 Introduction

For a fixed DC operating point, parasitic elements can be de-embedded from
transistor S-parameters (small-signal) measurements and converted into an
intrinsic admittance representation [1]-[2]. At frequencies ranging from inverse
thermal and trap emission time constants (kHz range) to cutoff (typically many
tens of GHz), the intrinsic admittance matrix can be represented by the sum of
a real conductance matrix with frequency independent elements and an

imaginary susceptance matrix with elements depending linearly on frequency.

In other words, the contributions from resistive and reactive elements can be
separated by taking into account the real and imaginary parts of the intrinsic
Y-parameters and the data at one frequency can be used to predict the results
over a wide range of frequencies. This has been shown experimentally in
Section 3.2.4. However, under large signal excitations, the contributions
produced by a non-linear component of 2 or more ports to the complex port
current spectra, cannot generally be separated into its real and imaginary

parts.

Separating the contributions from two-port FET current and charge sources
directly from large-signal measurements was first examined in [3]. It was
shown that separating the I and Q contributions required multiple engineered
trajectories going through each specific point in the Vg-Vas space. Engineering
the excitations at multiple frequencies to approximately achieve the multiple

trajectories is an arduous and time consuming process.

In [4], the even and odd symmetry of the Fourier transform of the equation

describing the current and charge sources can be exploited to extract a one-
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port device's non-linear constitutive relations directly from large-signal
measurements. The work in [5] extended the method presented in [4] to two
ports by constraining the output impedance presented to the device. As in the
previous case, the excitation is constrained in order to apply this concept. In
this case, the Vi and V; excitations are forced to be 180 degrees out of phase

to establish the even-odd symmetry.

Both of these approaches are based on considering that the intrinsic transistor
behaviour can be modelled in the time domain using the state function
approach shown in (5-1), where p represents the transistor port (the gate or

drain terminals) as shown in Fig. 5-1.

In equation (5-1), the two-dimensional current source and charge source state

functions, 1; )and Qp are time invariant, a typical assumption in most

Compact models in which I;cg) and Qp are computed using analytical

expressions [6]-[7]. The coefficients of these analytical expressions are
determined using a combination of DCIV and bias dependent S-parameter
measurements. More advanced approaches have involved I-V and Q-V data
look-up concepts [8]-[9].

l(t) I2(t)
—

QS(V1(),V2(t)) Q°(Va(t),V2(t)
Va(t) T T Va(t)

18(V4(t),Va(t) IP(Va(t),V2(t)

At the Intrinsic Transistor Plane

Figure 5-1: Model of intrinsic transistor with current and charge sources.

Assuming small perturbations about a large signal operating point, given by

the DC bias state, reference load admittance and fundamental drive level,
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theoretical analysis shows that time domain equation (5-1) can be
reformulated in the frequency domain giving (5-2) where p and g represent

port indices and k and [ represent the harmonic of the signal at frequency .

d
() = L (K0, V2(0) + (Vi (0, 13(0) 5-1)

k
Yp(llc:,)ll |V1,1| +

q=N
_— K =K
I ok = P ' (S) -l (T) * l
’ ' z VowatVaiPr + YoqVa Pt (5-2)
q=1
=1
L(q,D#(1,1) |
(m) _ ~(m) . (m) 5.3
ka:ql - ka,ql +]kwcpk,ql ( )

Ip;@o) = Pk, {Gggi,)ll +jkaC1§Z?11} |V1,1|k

—~.Q
Il

N
K

) 4 i o) 0
+ 2 (G5 + ko Clr} Vo P 5
q=1
=1
(@D=(11)

(T) : (T) * p+l
+ {ka’ql +]kwonk'ql} Vi Pt

The research in this chapter shall set out to prove that all the large-signal
admittance Behavioural model coefficients Yp(,'ggl , “Y-parameters”, have the

form G + joC as shown in (5-3), hence when extracted at one frequency, they

should be usable at another.
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Substituting equation (5-3) into (5-2) results in equation (5-4). Notice the
similiarity of (5-2) with the formulation for X-parameters (based on the
Polyharmonic Distortion principles) [10]-[11], except that it is now described in
the admittance domain. From the X-parameter formulation, note that for F (m

=0), S(m=1)and T (m = -1).

5.1.2 Parameter extraction from fundamental "voltage-pull”

This section investigates the validity of equation (5-4). This is best done using
a direct extraction approach exploiting engineered voltage stimuli. The
required engineered input and output stimulus is described by (5-5) and (5-6)

respectively.

Vi(t) =Vip + |v1,1|cos(a)t) (5-9)

Vz (t) = VZ,O + |v2’1|COS(O)t + ¢)

=V, + |v21|(cos(Pp)cos(wt) — sin(¢p)sin(wt)) (5-6)

Consider that ];cg and Qpin equation (5-1) can be represented by a polynomial

of mixing products V/"(t)V}(t). The order of the terms is given by m+n.

AR AGRAG)
= Gp V1 (1) + Gp Vo (8) + Gp11V12 () + Gp12V1 (O)V, (1)
+ GpoaVF (1) + Gpraa Vi () + Gpa12VE (V2 (1) )
+ Gp122Vi (OVE () + Gp222V23 ) + -
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Q =6 (V1 (), V, (t))

Cp11

= Cp1V1(8) + Cpa Vo (0) + VE(t) + Cpi2V1 (D)V2 (1)

(5-8)

szz Cp111

2

VE(t) + V() + Cp112V12 (BOV,(t)

szzz

3

aqQ vy (t) av,(t) (t)
d_tl)=cp1#+cp2% p11V1() -

2() 1(t)
ot

+ Cp122V1 OVF () + ==V () +-

+ Cp12V1(8) —— + Cp12V2 (D)

+ CpaaVa () 2()+cpmv1 ) ;t()

1( )+cpmv1 © Z(t)

5( A EORTNMAGEAT 2( )

WO
dt

(5-9)

+ Cp1122V1 (D) V()

+ Cp122

+ Cp222 Vi (t)——

5.1.2.1 Linear Operation

If equation (5-1) is linearized to the first order (m+n=1, i.e. m=1 and n=0 or
m=0 and n=1) about a Large Signal Operating Point, which in this case is

defined by the DC bias state (V1,0, V2,0).

L) = Ly (V1,0; Vz,o) + Gpl(Vl,O! Vz,o) (|v1,1|cos(wt))
+ Gy (V10 Vo) (|v2,1|cos(wt + d)))

0 (|vy1|cos(wt)
— Cp1(Va,0, V2y0) ( 3 ) (5-10)

0 (|vz1|cos(wt + ¢)
= Cp2 (V1,0 V20) ( o )

which can be further reduced to equation (5-11).
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L,(t) =1, (V1,0r Vz,o) + Gpl(vl,Or V2,0)|U1,1|C05(<Ut)
+ Gp2 (VLO, V2,0)|v2,1|cos(wt + ¢)
+ wCyy (Va0 Vo) |V |sin(wt) (5-11)

+ (,L)sz (Vl,O’ VZ,O) |172’1 |Sln((l)t + d))

By considering the Fourier components of these terms for conversion to the

frequency domain,

At DC;
17;0 - V1'0V2'0 - VZ,O ;;\0 - Ip'o (Vl,Ol VZ,O) = constant (5_12)

At fundamental frequency;

Vi1 = |vi4] (5-13)
V21 (Q) = |va1|(cos(p) — jsin(¢)) = |vz1|e™® = |v,4]. @ (5-14)

L (@) = Gp1(Vi0 V20)|v1a| +jwCp1(Vio, Vao) Vel
+ Gp2 (V1,0r V2,0)|v2,1|(C05(¢) _jSin(¢))

(5-15)
+ wCp2 (V1,0 V20)|v2,1|(sin(¢) + jcos(9))
I;(‘P) = Gp1(V1,0» V2,0)|771,1| +ijp1(V1,Or V2,0)|v1,1|
+ {sz (V1,0; Vz,o) |172,1 | (C05(¢))
+ O)sz (V1,0r Vz,o) |v2,1 | (Sln(¢))} (5-16)

+ j{sz (V1,0; Vz,o) |172,1 | (—sin(qb))
+ (‘)sz (V1,0r Vz,o) |v2,1 | (005((15))}

In equation (5-16), the G and C terms cannot be separated. Rearranging the

terms will result in equation (5-19).
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I;(‘P) = Gp1(V1,0» V2,0)|771,1| +ijp1(V1,Or V2,0)|v1,1|
+ Gpa(Va0, Va0) | V21| (cos(@) — jsin(¢))

(5-17)
+ jwCy, (V1,0r Vz,o) |U2,1|(COS(¢) —jsin(¢))
I;,:(Qb) = Gp1(V1,0; V2,0)|U1,1| +ijp1(V1,o;V2,o)|V1,1|
+{Gp2(V1,0, Va0) |21 (5-18)
+ jwCy, (V1,0r Vz,o) |U2,1 |}(C05(¢) — jSin(¢))
1;71 Q) = {Gpl(Vl,O! Vz,o) +]'(UCp1(V1,0; Vz,o)}lv1,1|
+ {sz (V1,0» Vz,o) + jwCy, (V1,0» Vz,o)}|v2,1 | Q (5-19)
I;,\1 Q) = {Yp1,11}|771,1| + {Yp1,21}|772,1|- Q (5-20)

Now the G and C variables can be separated and obtained. From (5-20), a
minimum of 2 measurements with different values of Q (the phase of V;) are

required to determine the four fundamental Y-parameters, ypi,q1.

Note that the functions V,;(Q) and I;,,\l (Q) are periodic functions of Q. Hence is
if Q is swept from O to 2m, these functions can be Fourier transformed with
respect to Q(0,1). For V/1,\1 the coefficients determined would be(|v1_1|,0), for

7,1(Q) they would be (0,|vy;]) , and for [,;(Q) they would

be()’p1,11|171,1 :}’p1,21|772,1|)-

Since the coefficients are of the form G + jwC, it implies that once they are
determined at one frequency, they can be used to predict behaviour at another

frequency.

I; . Y11,11(V1,0rV2,0) Y11,21(V1,0»V2,0) I71-,\1
(5-21)

12/,\1 B YZ1,11(V1,0rV2,0) YZ1,21(V1,0rV2,0) ‘7271
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[2] _ y11(@)  yi2(w) [zﬂ

Y21(0) Y2 (w) (5-22)
Yys(w) = y11(w) + y12(w) (5-23)
Yja(w) = —y1z(w) (5-24)
Yym(@) = y21 (@) — y12(w) (5-25)
Yas(w) = y22(w) + 12 (w) (5-26)

These linear Y-parameters link the small signal output current to input
voltages as shown in equation (5-21) and are traditionally written in the form
shown in (5-22). Using (5-23)-(5-26), these Y-parameters for a linear operation
(small drive level) can be transformed to determine the small-signal equivalent

circuit components as shown in Fig. 5-2.

l(t) I2(t)
Ygd 2
—
 — <
| I |
Va(t) Ygs Ygm.V, Yds Va(t)

Figure 5-2: Equivalent circuit model of intrinsic transistor at small drive levels.

5.1.2.2 Non-Linear Operation

If equation (5-1) now linearized, up to third order (m+n=1 and m+n=3), about a
Large Signal Operating Point, in this case defined by the DC bias state and
input drive level, (Vl,Or V2,0,|v1'1|). Second order terms (m+n=2) are ignored

since they either mix up to the 2nd harmonic or down to DC and do not

produce terms at the fundamental. Output stimulus is given by (5-27).
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Vo(t) =V + |v2,1|cos(wt + @)

=V, + |v21|(cos(Pp)cos(wt) — sin(¢p)sin(wt)) (5-27)

So,
() = {Ip,O}
{Gpl (|v1'1|cos(a)t)) + Gy, (|v2'1|cos(a)t + ¢))

wCpy (|v1,1|sin(a)t))
+ wCy; (|v2,1|sin(wt + (p))}

+ {Gmn <(|v1,1|cos(wt))3>
+ Gp112 <(|v1,1|cos(wt))2 |v2,1|cos(wt + ¢)>

+
+

+ Gp122 <|V1,1|C05(wt) (|v2,1|cos(wt ¥ ¢))2)

+ Gpazz <(|v2'1|cos(a)t + ¢))3>}

3 5-28
! G, ((|v1,1|cos(wt)) ) (5-28)
— 9 Cp111 T

° <(|771,1|COS((1)15))2 |v21|cos(wt + ¢)>
ot
2
F—
Jt \

0 <(|v2'1|cos(a)t + ¢))3> l

)

+ Cp112

+ Cp122

+ Cp222

Expanding this results in,

175



MINGHAO KOH CHAPTER B: FREQUENCY SCALABLE BEHAVIOURAL MODELS

I, () = {Ipo}
n {Gm (|v1’1|cos(wt)) + Gpy (|v2'1|005(a)t + ¢))
+ wCyy (|v1'1|sin(a)t)) + wCy, (|v2'1|sin(wt + CP))}

3 1
+ {Gmn <|v1,1|3 (Z cos(wt) + Zcos(3a)t)>>

1 1
+ G112 <|v1,1|2|v2,1| <E cos(wt + ¢) + Zcos(wt —¢)

+ %605(30)1: + ¢)>)

2 (1 1
+ Gp122 <|v1,1||v2,1| <§ cos(wt) + Zcos(wt +2¢)

+ %cos(Bwt + qu)))

3 1
+ Gp222 <|v2,1|3 <Z cos(wt + ¢) + Zcos(?)a)t + 3¢))>)}
33, | .
+ pr111|v1,1| Z(sm(wt) + sm(Bwt))

2 1. 1.
+ prllZ |v1’1| |v2’1| ((E Sln((l)t + d)) + ZSln((l)t - ¢)

+ %sin(3a)t + d))))

2 (1 . 1
+ wCpi122 |v1,1||v2,1| <§ sin(wt) + Zsm(a)t + 2¢)

+ %sin(3a)t + 2(]5))

3 3
+ wCy22 |172,1|3 <Z sin(wt + ¢) + Zsin(Bwt + 3¢))>}
(5-29)

which can be further expanded to
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I,(t) = {Ip,O}

TS TR B Jcos(t — ¢)

+ @Crialvr| vz 7 sin(ot - »)}

+ {Gpl (|v1'1|cos(a)t)) + wCpy (|v1'1|sin(wt))}

+ {Gp111|v1,1|3 Zcos(wt) + wCp11q |v1,1|3 Zsin(a)t)}
+{Gyraalvrl[vaal 3 costwn)

+ 0G|l [vaal 3 sinCwn)]

+ {sz (|v2,1|cos(wt + c/))) + wCp, (|v2,1|sin(wt + q)))}
+ {Gpllz |v1,1|2|v2,1| %cos(wt + ¢)

+ Gz vaa [vas 3 sincot + )]

+ {szzz |v2,1|3 %cos(wt + ¢)

+ wCpyy2 |v2,1|3 %sin(wt + qb)}

+ {szz |v1,1||v2'1|2 %cos(wt +2¢)

1
+ wCpi27 |171’1||172,1|2 Zsin(wt + 2¢)}

(5-30)
Consider now the Fourier components of these terms.
At DC;
I71-,\0 = V1,oV;;\= Vz,OI;], = I (V1,0r Vz,o) = constant (5-31)
At fundamental frequency;
I7171 = |V1,1| (5-32)
V21(Q) = |vz1|(cos(@) — jsin(p)) = |vz1]e™® = [v24]-Q (5-33)
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21

_ 21 1
Ip,l(Q) = {Gp112|771,1| 2 +J(UCp112|771,1| Z} |U2,1|- Q

+ {Gpl +ja)Cp1}|v1,1|

23

23 .
+{Gp111|”1,1| Z+J“)Cp111|v1,1| Z}|”L1|

1 1
+ {szz |U2,1 |2 2 + jwcmzz |U2,1 |2 E} |v1,1|

) (5-34)
+ {sz + ]wcp2}|v2,1 | Q

1
+ {Gpnz |U1,1 |2 2 +j0)Cp112 |U1,1 |2} |772,1 | Q
23 23
+{Gp222|172,1| Z+]wcp222|172,1| Z}|U2,1|-Q

1 1 2
+ {Gplzz |171,1| Z + jwCpi22 |171,1| Z} |V2,1| .Q

I;:(Q) = Yp(1_,§)1|172,1|- Q™'+ Yp((1),)11|771,1| + Yp(i,)21|172,1|- Q

2 2 (5-35)
+ Yp(1,)21|v2.1| .Q?

If we assume that |v,,| is small, then this equation simplifies as follows;

I,1(Q) = Yp(i)11|v1'1| + Yzi(f,)21|v2,1|' Q+ YzJ(P21|v2,1|- gt (530

Note all the coefficients based on this mathematical analysis are predicted, in
a similar manor to the linear case, to have the form Y = G + jwC, hence can be

extrapolated as a function of frequency.

In this form, again, the process for separating the G and C variables can be

derived. A minimum of three measurements, for different values of Q, are

simply required to determine the six fundamental y-parameters, Yp(f')ll,

s (T
Yp(l_)21and Ypl,)Zl'
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Note that the functions V/zT1 (Q) and I;,,\l (Q) are periodic functions of Q. Hence is
if Q is swept from O to 2m, these functions can be Fourier transformed with

respect to Q ((—1,0,1)).

and for [,,(Q) they would be

(T (F)
(Yp121 |v2,1| Vo111

Note in this case we also have a third harmonic component.

31 33 .
L,(t) = {Gp111|v1,1| Zcos(Bwt) + pr111|v1,1| Zsm(Bwt)}
2 1
+ {Gpllz |v1’1| |v2’1| ZCOS(gwt + ¢)
2 3
+ prllZ |v1’1| |v2’1| ZSln(gwt + ¢)}
+ { p122|Vi1|v2, 1| C05(3(Dt +2¢) (5-37)
23
+ wCpyoz|v11]||v2, 1| —sin(3wt + 2(1))}
31
+ {szzz |vs, 1| —cos(3wt + 3¢)

3
+ wCy22 |172,1|3 Zsin(Ba)t + 3¢)}

1 1
Ip,3(Q) = {Gplll Z+j3wc 111 4} |v1 1|
21
+{Gp112|v11| +J30)Cp112|v11| }|v2,1|-Q
(5-38)

1 1 2,
+ {Gplzz |171,1| 7 +]3(UCp122|771,1| Z} |172,1| .Q

1
+ {Gp2222+]3wc 222 4} |1721|
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lp3(Q) = Yp(g,)11|171,1|3 t Yp(s},)21|”2,1|- Q+ Yp(s%,)21|”2,1|2- Q? (5-39)

3) 3 13
+ Yp321 |v2,1| .Q
Again, assuming that |v2_1| is small then this equation simplifies as follows;

F 3 S 5-40
L,3(Q) = Yp(3,)31|'71,1| + Yp(3,)21|v2,1|' Q 1549

Again, this mathematical analysis, predicts that this parameter also has the

form Y = G + jwC and so can again be used to extrapolate with frequency.

5.1.3 Modelling process flow

In order to investigate experimentally whether Behavioural models are actually
frequency scalable, the first step is similar to generating Geometric scalable
models. The intrinsic transistor plane must be determined from Cold FET

measurements because equation (5-1) is only valid at the intrinsic plane.

Separate intrinsic transistor Large Signal measurements
parameters from parasitics |:> from load-pull.
(Cold FET measurements) Convert measurements into
Geometric Scalable
Behavioral (B-A) model

4

Results can now be converted Use Agilent ADS to perform
into Admittance Behavioral (I-V) voltage “load-pull” at intrinsic
model with new model plane (ADS utilizes Behavioral
coefficients, “Y-parameters” model generated in previous step)

Figure 5-3: Modelling process of frequency scalable transistor Behavioural model.

Then large signal load-pull measurements over several drive levels are

performed on the transistor. Please see Section 3.3.1 for the description of the
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load-pull setup. These measurements are then again converted into the Cardiff
Behavioural model (which is geometrically scalable). Note that this model is in

the B-A domain, whereby it outputs the B waves based on the input A waves.

The reason it needs to be converted into this form is because it would be
practically impossible to perform voltage load-pull with the stimulus described
by equations (5-5), (5-6) and (5-27) using a real world measurement system.
The Network Analyser is able to maintain A waves going into a device at a
constant magnitude but maintaining a constant Vi (input voltage drive)

magnitude is very difficult since it was not designed to operate in that fashion.

However, in Keysight’s Advanced Design System (ADS), a simulation can be
easily setup with voltage sources in order to achieve this condition. The only
caveat is that the model must be measured over a large range of drive levels
and load impedances so that it can cover the desired input and output voltage

levels that will be simulated.

The results from the simulation of voltage load-pull, which utilizes the
Behavioural model generated from measurements in the B-A domain, can now
be utilized to directly extract the Admittance Behavioural model (I-V domain),
hence investigate its mathematical form. The simulation setup and extraction
of the model coefficients will be shown in detail in Section 5.3. The frequency
scalability of these new coefficients, which are large signal "Y-parameters", will

be investigated in Section 5.4.

5.1.4 List of devices for experimental validation

In this section, the results from 2 separate GaN wafers are analysed. The first
is a GaN on Si wafer with 0.5 um gate length. This shall be referred to

henceforth as the GaN on Si wafer. The other is a GaN on SiC wafer with a
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0.25 um gate length. This shall be called the GaN on SiC wafer and is the
same wafer as mentioned in Chapter 3 with ID: WNOO1A. The device chosen
on both wafers is the 2x200 pm device (2 finger by 200 um gate width). Both

devices have a probe pitch of 150 um.

(@) (b)

Figure 5-4: 2x200 um devices used for frequency modelling (a) GaN on Si (b) GaN on SiC

The reason 2 wafers were used is because these experiments were conducted
in conjunction with efforts by the sponsor company MACOM to use GaN on Si
transistors in their product line-up. Therefore, measurements were performed
on both GaN on Si and GaN on SiC transistors. Results will show that the
approach is robust and can be applied to both wafers regardless of its

substrate difference.
5.2 Passive Equivalent Circuit Model

5.2.1 Introduction

A regular model for the intrinsic transistor of a FET is not a true Y-shell with
only capacitances and admittances as shown in "Case A" of Fig. 5-5. There is a
gate-source resistance, Ry in series with the gate-source capacitance, Cegs.
With the presence of Ry, the assumption that the frequency scalable model is

an admittance model with only Y-parameters cannot be upheld.
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Figure 5-5: Regular intrinsic transistor small signal model (Case A) versus True Y-shell intrinsic

transistor small signal model (Case B)

However, it is possible over a limited bandwidth, that we can de-embed the Rgs
out of the intrinsic model with minimal effect to the S-parameters of the
model. Ry will be placed in series with the gate of the intrinsic transistor as
depicted in "Case B" of Fig. 5-5. The impact of this model modification will only

start to be seen at very high frequencies.

Therefore, it is important to note that the frequency scalable model approach
that is proposed has a bandwidth limitation. An insight into a possible valid
bandwidth can be achieved by referring back to the ability of the modified

topology to predict the S-parameters.

The methods for establishing either geometric or frequency scalable models
are always rooted to the small signal, S-parameters. Any fundamental
limitations of the models can be easily traced back to its failure to predict the
measured S-parameters. If at small signal the model fails to work, it would

definitely fail at large drive signals as well.
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5.2.2 Small signal model evaluation

The first step is to prove that de-embedding the Ry from the intrinsic

transistor will not cause the S-parameters predictions to change significantly

within our bandwidth of interest.

/ \ Measured _ ——

Modelled "Case A" ==

Modelled "Case B" \
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\
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Figure 5-6: S-parameters from 1 -20 GHz between measured, modelled "Case A" and modelled
"Case B" for the 2x200 um transistor on the GaN on Si wafer.

The S-parameter results on the GaN on Si wafer from 1 - 20 GHz with
measured, modelled with intrinsic transistor in "Case A" and modelled with
intrinsic transistor in "Case B" is shown in Fig. 5-6. According to the results,
there is only a minimal difference in the Si» with all the other parameters

remaining the same within our bandwidth of interest.
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Figure 5-7: S-parameters from 0.5 -40 GHz between measured, modelled "Case A" and modelled

"Case B'" for the 2x200 um transistor on the GaN on SiC wafer.

A repeat of this step on the GaN on SiC wafer also show the same results,
shown in Fig. 5-7. These observations concur with the assumption that the Ry
can be de-embedded from the intrinsic transistor model to produce a Y-shell
with only capacitances and admittances without affecting the small signal
parameters of the device. This can then, hopefully, be carried forward into the

large signal realm. This affectedly assumes that the Rgsis drive level invariant.

These simulated results were obtained from ADS wusing small-signal
component values obtained through Cold FET measurements as described in

Section 3.2.
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Figure 5-8: ADS circuit used for simulation of small signal "Case B" results

Fig. 5-8 shows the ADS circuit used to obtain the results for "Case B". The
component values for the transistor from the GaN on Si wafer is shown in

Table 5-1 whereas the component values for the GaN on SiC wafer is in Table

S-2.
Cgsp Cgdp Cdsp Lg Ld Ls Rg(Q- | Rd (Q- Rs (Q-
Device
(fF) (fF) (fF) (pH) (pH) | (pH) | mm) mm) mm)
2x200 19.5 14.3 19.5 50 50 1 1.48 1.48 0.01
Cgs Rgs Cgd Cds Gm Tau Gds
(PF/mm) | (@mm) | (pF/mm) | (pF/mm) | (mS/mm) | (psec) | (mS/mm)
1.9 1.27 0.04 0.25 112 6 1.93

Table 5-1: Values of small signal component for the 2x200 um device on the GaN on Si wafer

Cgsp Cgdp Cdsp Lg Ld Ls Rg(Q- | Rd (Q- Rs (Q-
Device
(fF) (fF) (fF) (pH) (pH) | (pH) | mm) mm) mm)
2x200 33 6 21 109.5 | 94.5 | 0.05 1.90 1.30 0.0250
Cgs Rgs Cgd Cds Gm Tau Gds
(PF/mm) | (@mm) | (pF/mm) | (pF/mm) | (mS/mm) | (psec) | (mS/mm)
1.72 1.2 0.04 0.36 270 2.5 7

Table 5-2: Values of small signal component for the 2x200 um device on the GaN on SiC wafer
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5.3 Large Signal Model Extraction

5.3.1 Introduction

In order investigate the ability to extract a frequency scalable model, measured
data of the devices must first be obtained via load-pull over a range of input
drive levels and frequencies. The active load-pull measurement setup has been

described in detail in Section 3.3.1.

Load-pull grid changes with
frequency due to Cds.

2 GHz grid
4 GHz grid

6 GHz grid

X X X X

8 GHz grid

Figure 5-9: Measured load-pull grid of transistor from 2 to 8 GHz

The 2x200 um GaN on Si transistor was chosen and measured at a bias of Id =
25 mA/mm. Measurements were performed from 2 GHz to 8 GHz in 2 GHz
steps. Fig. 5-9 shows the measured load-pull grid of the 2x200 um transistor,
which takes into account the Cgs of the device. Note that since the parasitic
component values and Cgs have already been determined, it is possible to
predict variation of the load-pull grid that needs to be measured as frequency
increases. This aims to ensure that when all the results over frequency are de-
embedded to the current generator plane, they form the same load-pull

measurement grid.
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The 2nd harmonic at the input and output of the device under test (DUT) were
shorted out. The reason this bandwidth was chosen in this first run was to
establish the theory and make measurements easier as calibration must be
more stringent as we move to X-band and beyond. Furthermore, using an
active load-pull setup means that to set the 2nd harmonic to a short circuit,
amplifiers working up to 16 GHz would be necessary in the measurement

setup.

Going to a higher frequency range puts more pressure on the equipment
availability. In addition, it is difficult and costly to obtain amplifiers that would
have high P.ut at X-band. Having too small a P, will cause the load-pull

system to saturate and not complete the measurements.

5.3.2 Simulation Setup in ADS

Once the measured data has been obtained from load-pull, it is then converted
into a Cardiff Model for utilization in ADS simulations. The large signal
measured intrinsic current response, I, is then probed by simulating "load-
pull" using voltage sources. The required input and output voltage stimulus is

given by (5-41) and (5-42) respectively.

Vi1 = |vii|e™? = v |Py (5-41)
V21(Q1) = Va1per t+ |AV2,1|e_j® =Vo1rer + |AV2,1|Q1 (5-42)
Ipa(Q)  =Kp+KQr +KrQi ™

= {YF,p|v1,1| +YspVo1rer + YT,pV2*,1 ref} (5-43)

+ {Yspldvaa |} Q1 + {Yrpldvaal} @7
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P, and Q: are the phases of Vi1 and AV;; respectively. In order to simplify the
extraction, P; is set to zero. The stimulusV,,:1(Q:1) and response I,1(Q:1), which
should be described by (5-43) (a fundamental load-pull simplification of the
general equation (5-2)), are predicted to be periodic functions of Q;. Hence, if
Q: is swept from O to 2r, the model coefficients can be determined by Fourier
transforming with respect to Q:. Note the similarity to X-parameters and their

extraction, except the formulation is now in the admittance domain.

Fig. 5-10 shows the circuit diagram in ADS that performs the voltage load-
pull. It utilizes voltage sources at both the gate and drain of the device and
simulates the response based on actual measured data provided by the FDD
block. This FDD block reads model coefficients extracted in the B-A domain
from measured data (at the extrinsic plane) using the Cardiff Behavioural
Model equations already described in Section 3.3.2. Note that the FDD is
placed inside a de-embedding block, which de-embeds the parasitic

components so that the simulation results are at the intrinsic plane.

In Fig. 5-10, the input and output voltage sources are set based on (5-41) and
(5-42) respectively. The variable magspin in Fig. 5-10 refers to |AV,1| whereas
the variable named phasespin is Q;. A V2 1reris present in equation (5-42) so
that the voltage load-pull is performed at the optimum location for the
transistor in terms of Pow or Drain Efficiency. Do note that there is a Cqs
component in the simulation, which takes into account the movement of the

optimum location based on frequency.
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Figure 5-10: ADS simulation circuit diagram that performs voltage load-pull to generate

frequency scalable model

All the results are then written into a .csv format and loaded into an Igor
programme written specifically during the course of the PhD to extract the

model coefficients. Fig. 5-11 shows an example of the .csv file generated from
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the ADS voltage load-pull whereas Fig. 5-12 is the screenshot for the front

panel of the Igor programme that runs the model extraction.

Constant V1.1

_—
phasespin | magspin vdrive  HEfreq

harmindex  Vin Vout 1_Probeli 1_Probe2.i
0 D.sl 32| 2006603 0 1.65012271 / 180.00000000 27.74961003 / 0.00000000 0.00001785 / 0.00000000 0.06767297 / 0.00000000
0 0.5 3.2 2.00E+09 1 3.20000000 / -3.20895307E-16 23.50000000 / -180.00000000 0.03677750 / 86.24021161 0.11246454 / -25.87231343
0 D.5I 3.2 I 2.00E+09 2 2.57564224E-18 / 48.00286546 2.58584598E-17 / -121.81533161 0.02246925 / 64.69866761 0.04273750 / -40.10566499
0 0.5 3.2 2.00E+09 3 1.02665161E-18 / 154.97948483  2.60593437E-18 / 98.13261845 0.00689642 / 25.43430433 0.01836230 / 168.67202263
0 asl 3.2 1 4.00E+09 0 1.65155915 / 180.00000000 27.74846011 / 0.00000000 0.00022679 / 0.00000000 0.06798375 / 0.00000000
0 0.5' 3.2 I 4.00E+03 1 3.20000000 / -1.58503873E-16 23.50000000 / -180.00000000 0.07342800 / 86.84839640 0.13455195 / -46.50732540
0 0.5 3.2 4.00E+09 2 3.95893639E-17 / 90.00976681 1.40759267€-17 / -172.62287950 0.04484539 / 100.80063417 0.04236800 / -19.27953841
0 asl 32 | 008408 3 5.15559637E-18 / 115.36575062  1.10315299E-17 / 96.58475877 0.00737794 / -35.30385795 0.02078344 / 120.97853833
0 D.sl 3.2 | 6.00E+09 0 1.65225950 / 180.00000000 27.75847659 / 0.00000000 0.00032865 / 0.00000000 0.06527660 / 0.00000000
0 0.5 3.2 6.00E+09 1 3.20000000 / -3.59825243E-15 23.50000000 / -180.00000000 0.10335658 / 85.82296828 0.16517904 / -62.41731948
0 D.5I 3.2 I 6.00E+09 2 2.77716811E-17/ 165.74691235  5.71424882E-18 / 140.12172344 0.06686244 / 51.97887595 0.04170909 / -82.62130905
0 D.sl 2 | 6005408 3 7.00047665E-18 / -52.41653542  1.28282769E-17 /-113.05569623  0.01139060 / -78.15100949 0.02871316 / 107.47527274
0 0.5 3.2 8.00E+09 0 1.65116299 / 180.00000000 27.75811852 / 0.00000000 0.00016916 / 0.00000000 0.06537337 / 0.00000000
0 0.5' 3.2 I 8.00E+09 1 3.20000000 / 1.59158859E-15 23.50000000 / -180.00000000 0.14493508 / 86.60406707 0.18530044 / -66.31004456
0 0.5 3.2 8.00E+09 2 1.60616073E-17 / 149.29169597  8.23238190E-18 / -136.38497057 0.07156048 / 60.04998831 0.04116780 / -86.84606265
0 osl 3.2 1 2.00E+09 3 3.92887337E-18/ 54.05555252  1.39195063E-17 / 152.25439521 0.00674523 / -32.86409325 0.02089200 / 110.95113615
[ |

Figure 5-11: CSV

file generated from voltage load-pull simulations in

fundamental input voltage.

ADS at a fixed

Note from Fig. 5-11 that Vdrive is the fundamental input voltage of the source,

V1,1 which is set to a constant value in the ADS simulation. This is because

from equation (5-4), model coefficients are always extracted as a function of

the magnitude of Vi ;.

Figure 5-12: Igor programme front panel that loads and performs calculations to

frequency independent model coefficients.

extract
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5.4 Experimental Model Validation 1st GaN wafer (Using 3
model coefficients)

The results presented in this section are based on simulations performed in
ADS using measurements on the GaN on Si transistor described in Section

5.2.2.

54.1 Admittance Domain Model Coefficients

The stimulus of voltage "load-pull" (sweeping Q: and stepping |AVz:]|) as
defined in equation (5-42) can be seen in Fig. 5-13 and is performed with
|AV2,1| from 0.5 V to 2 V in 0.5 V steps. The DC voltage is 28 V and V5,1 rer i
set to 24 V. The L,1(Q:) response to voltage "load-pull" at 4 GHz is shown in
Fig. 5-14(a). Performing a Fourier transform on each sweep (on each individual
ring), enables Kr, Ksand Krto be determined, as shown in Fig. 5-14(b). Fig. 5-
14(c) shows, as expected from (5-43), that Kris constant whereas Ks and Krare

linear functions of |AV51].

Increasing [AV2,1|

At

Sweeping Q1
4 j

ettt

Imaginary Vs ; (V)
o
|

-3 T \ T \ \ 1
=27 -26 -25 -24 -23 -22 -21
Real V, (V)

Figure 5-13: Port 2 Voltage stimulus on 2x200 pym GaN on Si transistor generating 3

coefficients.
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Figure 5-14: Voltage load-pull results performed on the 2x200 ym GaN on Si transistor at 4 GHz
(@) I2,1(Q1) results (b) Fourier Coefficients of Iz,; with |AV2,1| = 2V (c) Fourier Coefficients of Iz:

versus |AVz ]|
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This analysis demonstrates that the response of the transistor can be
described using equation (5-43) for fundamental voltage load-pull under the
small perturbation constraint. Using equation (5-43), the Yr, Ys and Y for 4
GHz can be extracted to provide a local model at that frequency. The I,:1(Q1)
prediction of the local model is also plotted in Fig 5-15(a), showing good

agreement for small perturbations.

The analysis at all measured frequencies from 2 to 8 GHz (in 2 GHz steps)
results in the same trend. The diagrams plotted in Fig. 5-15(a)-(c) are based on

results at 8 GHz confirming the observations seen at 4 GHz.
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Figure 5-15: Voltage load-pull results performed on the 2x200 uym GaN on Si transistor at 8 GHz
(@) I2,1(Q1) results (b) Fourier Coefficients of Iz; with |AV2:| = 2V (c) Fourier Coefficients of Io:

versus |AVa21]

5.4.2 Model Coefficients Over Frequency

Ranging from a small Vi level, where the device is operating in the linear
region, to a large Vi:, where the device is operating into at least 3 dB

compression.
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Figure 5-16: Voltage drive levels for simulations in ADS using measurements on the 2x200 ym

GaN on Si transistor.
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The 3 voltage levels shall be termed as low, medium and high and corresponds
toa Vi1 0f 0.8V, 2.8 Vand 3.2 V respectively. Note that the drive is in terms
of voltage so the level of compression is estimated based on the Po. that is

generated and is shown in Fig. 5-16.

By plotting the extracted model coefficients, Yr, Ys and Yr, versus frequency, it
is clear from Fig. 5-17(a)-(f) that they support the mathematical prediction of
equation (5-4) that they have the form Y = G + jwC. Fig. 5-17(a)-(c) are

coefficients for port 1 whereas Fig. 5-17(d)-(f) are for port 2.
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Figure 5-17: Real and imaginary coefficients as a function of frequency with varying drive levels

for the 2x200 um GaN on Si transistor (a) Yr,1 (b) Ys,1 (c) Y11 (d) Yr2 (e) Ys,2 (f) Y12.
Importantly, the plots show that at small V;,; drive levels, values obtained are
similar to the small-signal measured Y-parameters. The mathematical

derivation in Section 5.1.2 that model coefficients are frequency scalable, has

been experimentally verified.

Furthermore, Fig. 5-17(c) indicate the new conjugate term Yr: is close to zero
when operating in the linear region and appears when driven harder, just as
observed with X-parameters. The same observation can be made for Yr. as
shown in Fig. 5-17(f). The solid lines plotted in Fig. 5-17(a)-(f) represent the

curve fit over frequency, a global model, defining Behavioural model
coefficients now in the form of G, and €™ which are frequency

pk,ql pk,ql

independent.
5.4.3 Model Results using 3 coefficient Frequency Scalable
Model

To test the extracted models, load-pull data is regenerated, see Fig. 5-18(a),

and compared with measurements, a local model at 4 GHz and the global
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model (curve fit from 2-8 GHz). For this limited space, restricted by the
requirement to confine use of the model to that consistent with a small
perturbation, the maximum error in terms of Pou: for the local model is 0.04
dB. Switching to a global model results in an accuracy trade-off where the

maximum error is now 0.24 dB in terms of Pout.

However, this new global model is also able to interpolate and predict large
signal behaviour at other frequencies. Fig. 5-18(b) shows the global model is
able to predict, again within an accuracy of 0.22 dB, load-pull behaviour at 5

GHz (note this measured data was not used in global model extraction).

This preliminary work shows for the first time, that when appropriately
defined, intrinsic admittance domain, Behavioural model coefficients that can
be scaled in terms of frequency. Do note that in this experiment, the load
space that can actually be modelled accurately by 3 coefficients is restricted
which can be seen by referring back to in Fig. 5-15(a) and 5-16(a). The local
model itself works very well at the centre of the spirals but as the |AVy:1]| is

increased, it starts to fail to capture the response of the measured results.
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Figure 5-18: Output power contours (in dBm) for measured and modelled data for the 2x200 um

GaN on Si transistor at (a) 4 GHz (b) 5 GHz (interpolation).

This is consistent with observations that the X-parameter can only model a
small localized area since its Behavioural model formulation is restricted to 3
coefficients [12]. The load-pull space for the contours cannot extend further
without re-referencing the centre, either by using load-dependent X-

parameters, or by increasing model complexity, such as in the Cardiff Model.

5.4.4 Discussion on Vref in model extraction

During the extraction process, V2 ief must always be a real number. In this
work, the optimum load is defined on the real axis and the load-pull
measurements were performed by taking into account Cg4s. This means that all
the load-pull data when de-embedded will be at the same location on the real

axis of the Smith Chart.

By considering the output current,

I, =Y 2,1|V1,1| + Ys21Vo1 + Y121V
O (544)
=Yr 2,1|171,1| + Y521 (V2,1 ref T AV) + Y7 2,1(V2,1 ref + AV)
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= {YF 2,1|771,1| + Ys21Vo1rer + 17 2,1V2*,1 ref} + Y5514V
+ Y7o, AVT

If Vo1 rer is a complex number, the equation will expand to

I, = (Gr +j0)CF)|v1,1|

+ (Gs + jwCs)(a + jB) + (Gr + jwCr)(a + jB)

. (5-495)
= GF|171,1| +]wCF|v1,1| + Gsa

+]Gsﬂ+](l)CSa - (I)Csﬁ + GTa _]GTB +J(I)CTa
+ (,UCTﬁ + YS 2,1AV + YT 2’1AV*

Having a —wCsf + wCrp term creates a frequency dependence that makes it
unable to be separated. Therefore, the reference load should only be a real

number.

5.5 Experimental Model Validation on 2nd GaN wafer
(Extension to 6 model coefficients)

Here the same extraction process is performed on WIN Semiconductors (Wafer
ID: ENO04013) 2x200um GaN on SiC transistor with stimulus as described in
equation (24) - (26). This is to prove that the extraction process is robust and
can be used on different wafers. Measurements were performed at 2, 4, 5, 6
and 8 GHz on the GaN on SiC transistor but extraction is performed on
frequencies 2, 4 and 8 GHz so that the resulting model can be used to predict

behaviour at 5 GHz and 6 GHz.

In this validation, the work is extended from the previous example to include

more coefficients to model a larger perturbation space, i.e. a larger load-pull
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space. In other words, the ADS circuit in Fig. 5-10 is now used to perform
voltage load-pull on measurements from the GaN on SiC transistor but with a

larger |AV5,1| so that additional Fourier Terms will be generated.

In this investigation the aim will be to see if the theoretical prediction of having
model coefficients in the form Y = G + joC is still valid if the number of

coefficients is extended beyond 3 coefficients (X-Parameter terms).

5.5.1 Admittance Domain Model Coefficients

When |AV,1| of the stimulus in equation (5-42) is increased to cover an even
larger load-pull space, this will result in the appearance of additional Fourier
terms when I;;l (Q) is Fourier Transformed. By reviewing the FFT results, the

number of model terms (complexity) can be determined. Typically, the terms

that would appear are (Kg'squ),l(g,)u,Kzgf?ll,Kzgi?21,Ké§f§1>)or in the Y-parameter

Y(TSQ)

form of(Y,; 51 |v2_1 v v

, p1,21|v2,1|’ p1,11|‘71.1

,Yzj(f?21|v2,1|,Yp(fqu)|v2_1|). These are squared

phase terms at location 2 and -2. There is also appearance of terms

K;iflql) and Yp(f_ *D|v, ,| at the center phase location of 0.

Note from equation (5-42) that V> :(Q:) is actually a reference voltage plus a
small perturbation around the reference voltage point. The reference voltage
helps to bring the simulation to the optimum location for the voltage load-pull.
To simplify the extraction equation, the output voltage stimulus is considered
in the form as described by equation (5-46). With additional FFT terms,

resulting current response, I, 1(Q1) is extended from (5-43) and becomes (5-47).

Vajres = V2,1(Q1) = Vairer = |AV21|e77® = |4v, 4|0, (5-46)
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I,1(Q) = Kp+KQi +KpQy ™'+ KZQ7 + K7Qi
= YF,plvl,ll + YS,pVZ,lres + YT,pVZ,lres* + YS%pVZ,lres2
2 *2
+ YT,pVZ,lres (5-47)

= YF,p|v1,1| + YS,plsz,llQl + YT,p|Av2,1|Q1

+ Y52,p|A172,1|Q1 + Y%p|AU2,1|Q1

The statement above can be investigated experimentally by performing the
extraction with larger |AV;1| than used previously allow for the appearance of

these 6 coefficients.

Increasing |AV2,1|

Imaginary V, ; (V)
o
|

I T
-28 26 24 22 -20 -18
Real V (V)

Figure 5-19: Port 2 Voltage stimulus on 2x200 um GaN on SiC transistor generating 6
coefficients.

In Fig. 5-19, the Port 2 voltage stimulus described by equation (5-42) is
performed with |AVz:| from 0.25 V to 4.375 V in steps of 0.375 V (larger
compared to the simulation in Section 5.4). The resulting L at 2 GHz is
shown in Fig. 5-20(a). The Fourier Coefficients extracted from the L spiral at

the largest |AV2:1| of 4.375 V is shown in Fig. 5-20(b). Notice the zoomed
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diagram of Fig. 5-20(b) which shows the appearance of the additional "squared

terms" when a large |AV5,1| is used.

This is a confirmation of equation (5-47) which states that the L :(Q:) response
can be described by 6 coefficients. As shown in Fig. 5-20(c), increasing |AVa,1 |
will cause the appearance of additional FFT terms such as Ks2 and Kr2 as well
as a curvature in Kr. The modelled results of the L :can be regenerated from

the extracted Fourier Coefficients and these are plotted Fig. 5-20(a).
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Figure 5-20: Voltage load-pull results performed on the 2x200 um GaN on SiC transistor at 2
GHz (a) I2,1(Q1) results (b) Fourier Coefficients of Io,; with |AV21| = 4.375V (c) Fourier Coefficients

of I yversus |AVa1 |

The need for using more coefficients (in this case 6 terms) just like in the
Cardiff Model is highlighted in Fig. 5-21 where we use just the first 3 major
terms, the X-Parameter type model, over the full range. At large |AV2,:1], this
“small perturbation” model, as expected, fails to capture both the movement of
the centre and the more complex shape.
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Figure 5-21: I2;(Q) for 2x200 ym GaN on SiC transistor at 2 GHz modelled using only 3

coefficients
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Now with this trend confirmed for L, based on equation (5-47), the 6

coefficients can be curve fitted over |AV> 1| so that a local model for all values

of |[AV,,1| can be extracted. The plots for the real and imaginary parts of Kr, Ks,

Kr, Ks? and Kr2versus |AV1| at 2 GHz is shown in Fig. 5-22 (a)-(f). Note that

the appearance of Ks2 is on the same phase location as Kg.
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Figure 5-22: Curve fit of coefficients for I2:(Q) over |AV2,1| to obtain local Y-parameters at 2 GHz

(@) Kr and Kr? (b) Ks (c) Kr (d) Ks?2 (e) K12
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Depending on the location of the phase terms, the curve fit of either A+Bx or
A+Cx2 is used. For example, the Ks2 term has phase location of 2 so the plot
over |AVa1| is curve-fitted with A+Cx?2 to obtain the C term. This C term would
be the Ys2. It is these (A, B and/or C) coefficients, 6 in total, which form the Y-
parameters. These Y-parameters become the local model coefficients for the

frequency at which it was extracted.
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Figure 5-23: Voltage load-pull results performed on the 2x200 pym GaN on SiC transistor at 4
GHz (a) I2,1(Q1) results (b) Fourier Coefficients of Io,; with |AV21| = 4.375V (c) Fourier Coefficients

of I yversus |AVa1 |

Now the entire extraction process is repeated at 4 and 8 GHz. The results for 4
GHz is shown here as a confirmation that the process is sound and that the
response observed is very similar to that already shown at 2 GHz. Results in
Fig. 5-23(a)-(c) are to serve as a confirmation that the trends observed at 2
GHz are also valid at 4 GHz and hence, at other frequencies as well. For
further confirmation, please see Appendix B.1 for the results of the extraction

at 8 GHz.

As shown in Fig. 5-24, with a larger |AV2,1|, as compared to Fig. 5-23(a), the 3
term coefficients is not enough to describe the system over this extended
perturbation area. Most noticeable is the centre shift in the I, ; model because
of the Yr "squared term". Fig. 5-25 (a)-(e) show the curve fit over |AV2:| to

obtain the Y-parameters at 4 GHz.
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Figure 5-24: I2:(Q) for 2x200 uym GaN on SiC transistor at 4 GHz modelled using only 3

coefficients
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Figure 5-25: Curve fit of coefficients for I2:(Q) over |AV2,1| to obtain local Y-parameters at 4 GHz

(@) Kr and Kr? (b) Ks (c) Kr(d) Ks2 (e) K12
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5.5.2 Model Coefficients Over Frequency

To investigate whether a frequency independent model, using the 6 model
coefficients extracted at 2, 4 and 8 GHz is possible, their variation with

frequency is investigated.
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Figure 5-26: Voltage drive levels for simulations in ADS using measurements on the 2x200 ym

GaN on SiC transistor.

At each measured frequency, results at 3 different voltage drive levels are
shown which corresponds to the drive levels shown in Fig. 5-26. As before,
extraction is performed at 3 voltage levels, denoted as low (linear), medium (1

dB into compression) and high (3 dB into compression) and corresponds to a

Viiof1.4V,2.1Vand 2.7 V respectively.

By plotting the extracted model coefficients, Yr, Ys, Yr, Yrsq, Yssq and Yrsq versus
frequency, it is clear from Fig 5-27 (Port 1 results) and Fig. 5-28 (Port 2
results) that they do have the form Y = G + joC. As expected, the plots show
that at small Vi,; drive levels, values obtained are similar to the small-signal

measured Y-parameters.
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The solid lines plotted in Fig. 5-27 and Fig. 5-28 represent the curve fit over
frequency, which will become the frequency independent global model. These
results reconfirm the mathematical prediction that the model coefficients in

the form Y = G + jwC is valid even as the number of coefficients is extended.
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Figure 5-27: Real and imaginary coefficients as a function of frequency with varying drive levels

for 2x200 pm GaN on SiC transistor on Port 1 (a) Yr,1 (b) Ys,1 () Y1,1 (d) Yrsq,1 (€) Yssq,1 (f) YTsq.1 -

Scatter from the results especially at higher order coefficient terms can be
seen since these values are very small but the general trend of the coefficients
is very obvious. For completeness, results at 5 and 6 GHz are also shown in
Fig. 5-27 and 5-28, indicating that the trend is valid throughout this

frequency range. However, the global model was not extracted from these

frequencies.
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Figure 5-28: Real and imaginary coefficients as a function of frequency with varying drive levels

for 2x200 um GaN on SiC transistor on Port 2 (a) Yr,2 (b) Ys,2 (c) Y1,2 (d) Yrsq,2 (€) Yssq,2 (f) YTsq,2.
During the extraction process, only results from 2, 4 and 8 GHz were selected
for the curve fit via a "datamask" function in the Igor program. Further

analysis of the results shown in Fig. 5-27(a)-(b) and 5-28(a)-(b) confirm that

the coefficients match the representation of the intrinsic circuit shown in Fig.

5-29.
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Figure 5-29: Intrinsic transistor modelled by Y-parameter coefficients.

At the input port,

L =Y Vi + Y5 Vo + Y Vo7 + YFqu,1 + Yszsq,1V22 + Y%Sq’le*z (5-48)
Yp1 =Y11 = jw(cgs + ng) (5-49)
Y1 =Y12 = —JwCyq (5-50)

Notice how all the Port 1 coefficients from Fig. 5-27(a)-(f) have a real
component that is essentially zero. This is because Ry has been de-embedded
in order to present a true Y configuration. The measured results indicate that
the higher order coefficients such as Yr,1 and Yssq,1 are dominated by non-linear

capacitive mixing.

At the output port,

Iy = Ye Vi + Yoo Vo + Yo Vo™ + Vi o + Y V3 + Vi o Vo2 (5-51)
Yr2 = Y21 = Gm — JwCnp + jwCyy (5-52)
Ys2 = Y22 = gas —JwCyq + jwlys (5-53)

For the output port, the results confirm that gn dominates hence the higher
order coefficients from Fig. 5-28(a)-(f) are dominated by non-linear resistive

mixing. Cn represents the nonlinear transcapacitance present in the device.
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With 6 coefficients, the current response, I,» can now be modelled by the

Cardiff Model equation in the admittance domain as shown in (5-54).

Q Q)™ )
Yo+ YopnlVaal (5) + ¥ronlVaal (5) |
2

2 2 (Q1\
+Yqup,h|V2,1| <P_1) J

(5-54)

=p1h!

Q
L+YFSq p,h|V2,1|2 + Yosq p,h|V2,1|2 (P_ll)

where Q; = LVo = V2,1/ | Vg,ll and P;= 2Vig = V1,1/ | Vi | . Note that P; was set
to zero in the experiments to simplify the equation. Since the Y-parameters
have been proven to have the form Y = G + jwC, equation (5-54) becomes (5-55)

and thus can be scaled with frequency.

( {Gppp +jwCrpn}+ )

. Q
(Gspin +jerCspa}lVaal (5) +
. Q1\ "
{GT ph T jwCr p,h}|V2,1| (P_ll) +

g

L, (w) = P]*3 _
Pl ! {Gqu p,h + ]wCqu p,h}|V2,1 |2

. Q 2
{GSSQ ph T jwCssq p,h}|V2'1 |2 (P_11>

-2

. 2 (Q
k{Gqu p,h + ]wCqu p,h}|V2,1| (P_ll) )

(5-55)

5.5.3 Model Results at Frequencies used in Extraction Process

From Fig. 5-27 and 5-28, it is clear that there are deviations between the local
model and the global model especially for the higher order coefficient terms.

This naturally occurs due to measurement inaccuracies and difficulty in
219



MINGHAO KOH

CHAPTER 5: FREQUENCY SCALABLE BEHAVIOURAL MODELS

extracting very small coefficient values. From the graphs, the worst case

scenario occurs at the high drive power levels. This may be an indication of

the difficulty of maintaining a fixed large signal operating point, LSOP, while

varying the frequency. Factors affecting the LSOP which are presently not

fully controlled include temperature (already discussed in chapter 3) and

waveform shape (only limited harmonic source and load-pull was used in this

investigation).
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Figure 5-30: Measured and modelled results for 2x200 um GaN on SiC transistor at 2 GHz (a)

D, 1(Q) results (b) I2,1(Q) results without Yr coefficient (c) Output power contours (in dBm).

The measured, local and global model I ; and Pou: contour results at 2 GHz for
the high V,; drive (set as 2.8 V in the ADS simulation) is plotted in Fig. 5-
30(a)-(c). Results are also obtained for 4GHz and plotted in Fig. 5-31(a)-(c). For

the sake of brevity, 8 GHz results are plotted in Appendix B.2.

From the results, the global model shows a slight shift in the centre of the
results. To show that the shift is mainly due to the Yr term, the results are
also plotted with Yr term contribution removed so that it is centred at (0,0).
This highlights that any errors due to the higher order terms such as Ys and

Yr, which govern the shape of the loops, are very small.

Nevertheless, even with the shift of Yr, the global model for L at frequencies
used in extraction process is less than 3.05 % error in the magnitude and a
1.73 degree error in phase, indicating that the errors are all within the
measurement tolerance. Over the measured range, the maximum Pou: error is

within 0.18 dB.
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Figure 5-31: Measured and modelled results for 2x200 uym GaN on SiC transistor at 4 GHz (a)

I>,1(Q) results (b) I2,1(Q) results without Yr coefficient (c) Output power contours (in dBm).
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Do note that the contours are not covering the 3 dB space in terms of Pout
because the voltage stimulus can only cover a limited area of the measured
load-pull space. However, once the model formulation has been established,
model extraction can be switched to the Least Mean Squared approach. Data
can now be in an unstructured form which covers the entire 3 dB load-pull

measurement space and this will be shown in Section 5.6.

Note that using LMS cannot take place without prior knowledge of the model
coefficients (number of terms and complexity) required to represent the data
accurately. Only by performing the voltage load-pull and FFT can the model
coefficients required be identified. As shown in Section 5.5.1, in this work, 6

coefficients is sufficient to model the data accurately.

5.5.4 Model Results at Interpolated Frequencies

By having a global model, it can now be used to predict load-pull behaviour at
frequencies not used in the extraction process. Results of Iz ; and Pou: contours
at 5 GHz and 6 GHz for the high drive (V1,1 = 2.8 V) are plotted in Fig 5-32(a)-
(c) and Fig. 5-33(a)-(c) respectively. Modelled results confirm that the model is
indeed scalable with frequency and in agreement with the measured

performance.

The errors at 6 GHz is much larger due to the deviation of the coefficients from
the global curve-fit as can be seen from Fig. 5-28(a)-(f). Nonetheless, the
predicted results is still within a maximum of 5.50% for magnitude and 3.0
degrees for phase of L, well within any measurement uncertainties in the
system. Results from the contours reveal that the load-pull Pou: error is within

0.20 dB.
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Figure 5-32: Measured and modelled results for 2x200 ym GaN on SiC transistor at 5 GHz (a)

I>,1(Q) results (b) I2,1(Q) results without Yr coefficient (c) Output power contours (in dBm).
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Figure 5-33: Measured and modelled results for 2x200 um GaN on SiC transistor at 6 GHz (a)

I2,1(Q) results (b) I2,1(Q) results without Yr coefficient (c) Output power contours (in dBm).
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5.6 Application of modelling concept to Least Mean
Square extraction

5.6.1 Switching from FFT to LMS

So far the approach taken to extract the model coefficients has utilized
engineered voltage stimuli and a Fast Fourier Transform concept. While this
requires very complex stimuli it does allow the required model coefficients to
be identified confirming the variation with perturbation stimulus, both
magnitude and phase as well as with frequency. An alternative is to use Least
Mean Square to obtain the coefficients instead of having to FFT each phase

loop individually.

As can be seen from the results in Fig. 5-34(a)-(d), there is no difference
between using FFT and LMS for the extraction process. The only constraint is
that in this case the model structure needs to be defined in advance.
However, the key advantage of this approach is that it does not required
specifically engineered voltage stimuli but can be based on all the original

measured load-pull points.

The current can be determined from the Y-parameters with voltage as the

input,

_yF s T . s T . _
Lph =Ypn ¥ Yon21V21 + Yon21V21 + Yono2Va2 + Ypno2Vao (5-56)

If multiple samples of points on this equation are taken:
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ryvF S T * S T *
Yo+ Yon21V210 T Ypn21V210 T Yon22V220 + Ypn22V220

F S T * S T *
Yor t Yon21V211 t Ypn21V211 + Yon22Va21 + Ypn22v221

F S T * S T * (5-57)
Yor T Yon21V2in t Ypn21V21n + Yor22V22n T Yon22V22n

(5-58)

(5-59)

(5-60)

The [Y] in equation (5-60) represent the LMS extracted coefficients, Y-

parameters which will be used to model the results. These, like in the case of

the FFT, are curve-fitted over frequency to obtain a global model.
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Figure 5-34: Comparison between FFT and LMS results of Iz; for 2x200 pym GaN on SiC
transistor (a) Local model at 4 GHz (b) Global model at 4 GHz (c) Local model at 8 GHz (d) Global

model at 8 GHz

5.6.2 Model Results at Frequencies used in Extraction Process

Now that the formulation and extraction procedure has been proven to be
valid, LMS can be applied to the entire 3 dB load-pull space to extract a global

model over frequency. Note that the results presented here will be at the same

drive level in Section 5.5.
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Figure 5-35: LMS results on load-pull data at 2 GHz for (a) 2,1 (b) 22
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Figure 5-36: LMS results on load-pull data at 4 GHz for (a) 2,1 (b) 22

The plots of the L,; and L, at 2 GHz and 4 GHz are plotted in Fig. 5-35(a)-(b)
and Fig. 5-36(a)-(b) respectively. The Py, and Drain Efficiency contours as well
as the Output current waveform at the optimum load for 2 GHz are shown in
Fig. 5-37(a)-(c). The 3rd harmonic is not being controlled during
measurements and so the output current waveforms is truncated to the 2nd
harmonic. Fig. 5-38(a)-(c) are the contours and waveform (at the optimum load
providing the best trade-off between P, and Drain Efficiency) results at 4

GHz.

In the interest of being succinct, the results for 8 GHz will be plotted in
Appendix B.3. From the load-pull results, it is clear that though the global
model has an accuracy trade-off, it is still able to predict the optimum

locations of the Pow: and Drain Efficiency.
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Figure 5-37: LMS results on load-pull data at 2 GHz for (a) Pout contour (b) Drain Efficiency

contour (c) Output current waveform (at optimum load I" = 0.59 + j0.16)
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Figure 5-38: LMS results on load-pull data at 4 GHz for (a) Pout contour (b) Drain Efficiency

contour (c) Output current waveform (at optimum load I' = 0.59 + j0.27)
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5.6.3 Model Results at Interpolated Frequencies

Just like in the FFT case, model coefficients extracted using LMS can be curve
fitted and applied to predict results at frequencies that are not part of the
extraction process. Here the coefficients are applied to 5 GHz and 6 GHz data
to demonstrate that interpolation is possible for frequency scalable
coefficients. The plots of the L and L at 5 GHz and 6 GHz are plotted in Fig.

5-39(a)-(b) and Fig. 5-40(a)-(b) respectively.
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Figure 5-39: LMS results on load-pull data at 5 GHz for (a) 2,1 (b) 22
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Figure 5-40: LMS results on load-pull data at 6 GHz for (a) 2,1 (b) I22

232



MINGHAO KOH

CHAPTER 5: FREQUENCY SCALABLE BEHAVIOURAL MODELS

0.8

\

0.6+

—®- Measured
= = Global Model

I

.-

Ee
i

2V BTN
0.4+ Q d 7 ‘
i‘?@:ﬁﬁ% A Max Meas Pout: 33.05 dBm
PEEE R L
02 ‘%ﬁ&ﬁ,’i{)‘.‘t \\;\ {‘.‘ ‘ A Max Global Model Pout: 32.93 dBm
AN EPA A S
0.04 ﬂmhhgi
. ==
=
= K
aves:
I I I I I I
0.0 0.2 04 0.6 0.8 1.0 ( )
a
0.8
\ M \ d
] :.: GEJ?:SaTﬁodel
0.6
0.4
A Max Meas DEff: 71.98%
02 A Max Global Model DEff: 70.79%
0.0+
024, T T T T < T
0.0 0.2 0.4 0.6 0.8 1.0 (b)
500
—&- Measured
400 —£~ Global Model
300
<
E
€ 2004
o
o
= 100
i
3
0 —
-100+
-200 - ‘ ‘ .
0.0 0.1 0.2 0.3 04
Time (nsec) (¢)

Figure 5-41: LMS results on load-pull data at 5 GHz for (a) Pout contour (b) Drain Efficiency

contour (c) Output current waveform (at optimum load I' = 0.54 + j0.32)
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Figure 5-42: LMS results on load-pull data at 6 GHz for (a) Pout contour (b) Drain Efficiency

contour (c) Output current waveform (at optimum load I' = 0.54 + j0.35)
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Pout and Drain Efficiency contours and the Output current waveform at the
optimum load for 5 GHz are shown in Fig. 5-41(a)-(c). Contours and waveform
plots for 6 GHz are shown in Fig. 5-42(a)-(c). This broadband model works over
2 octaves (from 2-8 GHz) and load-pull results show that it can predict the
maximum Poy and Drain Efficiency values to within 0.23 dB and 4.0%

respectively.

5.7 Discussion on Model at Extrapolated Frequencies

(m)
Pl ¢

Since the global model uses a constant of kgl

; and to provide for scaling

with frequency, an extrapolation to other frequencies can also be carried out.
An attempt was made to perform load-pull at 10 GHz but since the
measurement system is based on an active load-pull, limitations in the power
amplifier caused the measured load-pull area to be limited and not reach the
edge of the Smith Chart as shown in Fig. 5-43. The similar situation has
occurred as discussed in Section 3.6.2. This causes the load-pull results to be

skewed and not suitable for model extraction.
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Figure 5-43: Measured load-pull points at 2 GHz and 10 GHz on the 2x200 um GaN on SiC

transistor
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It is important to note that the measurements are not trivial as the same
intrinsic transistor conditions must be held for at all frequencies used in the
extraction process. Experimentally, it is a challenge to maintain the same I-V

trajectory as frequency is increased.

It must be pointed out that the measurements were not carried out at much
higher frequencies due to a hardware limitation of the amplifiers for the 2nd
harmonic measurements (set to short on both input and output). The amplifier
used in the measurement system setup is the GT1000A [13] that is limited to
20 GHz. Further work is necessary to test the limits of extrapolation in using

this frequency scalable model.

Note from Section 5.2 that the model assumes a Y-parameter model with Rgs
de-embedded from the intrinsic model. This inherently places a bandwidth
limitation on the model and it is believed that the model will start to fail when
the topology modification used results in the small-signal results becoming
inaccurate, which is at a much higher frequency. This is the very reason that a

small-signal validation is necessary at the beginning of the model formulation.

5.8 Summary

An important outcome of this chapter is the first demonstration that non-
linear Behavioural transistor models can be mathematical described in a

manner that allows for frequency scalability.

By referencing the intrinsic transistor in the admittance domain and applying
voltage load-pull, the Y-parameters that form the Behavioural model can be
investigated and extracted. These parameters have been shown to be
frequency independent with experimental results on 2 separate GaN HFETs,

both measured from 2 - 8 GHz (over 2 octaves).
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Experimental results also show that they can successfully predict results at
frequencies that are not used during the measurement based model extraction
process. This saves a significant amount of time for data collection and
reduces the burden placed on the measurement system to measure each

frequency iteration for a broadband Behavioural model.

FFT approach was first used in the extraction process to establish the model
complexity that would be needed to represent the data. Model coefficients have
been proven to be frequency independent using X-Parameters (3 coefficient
formulation) and when extended to the Cardiff Model (6 coefficient
formulation). Once that has been done, LMS extraction approach can be
applied to the measured data with confidence that it will fully represent the
data without loss in accuracy. Results show that there is no difference

between using FFT or LMS for the extraction process.

Investigation of the extrapolation capability was limited due to hardware
restrictions and this can be a topic for future work. This model can also be
extended for harmonic source and load-pull by including perturbations in the

2nd and 3rd harmonics in future research.
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CHAPTER ©
CONCLUSIONS & FUTURE
WORK

The research in this PhD has successfully achieved its goal of extending

the functionality of Behavioural Models by investigating and successfully
proving, scaling in terms of geometry (size of transistor) and frequency. These
two degrees of design freedom, once thought to be limited to only Physical and
Compact Models, can now be applied to Behavioural Models, making it a

viable MMIC design tool.

6.1 Conclusions

From the literature review in Chapter 2, geometric scaling had been proven
but only for X-parameters [1]-[2]. Therefore, in Chapter 3, this PhD work
extends the research into this subject by applying the concept to a general
Behavioural model formulation (Cardiff Model). Geometric scalable
Behavioural models were generated by combining measurement data look-up
table models of a reference (smaller) transistor with the required passive

layout networks.

The modelling process and framework which includes 4 main steps have been
developed and verified through experimental results. The steps are:
determining the intrinsic plane of the reference transistor, obtaining the large
signal measurement data for conversion into Behavioural models, performing
scaling at the intrinsic plane and embedding with the passive circuit of the

scaled device.
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Obtaining the right parasitic values is a vital modelling step since scaling rules
apply only to the intrinsic portion of the transistor. These component values,
extracted from Cold FET measurements of several transistors with varying
gate width and number of fingers, have been validated by comparing small-

signal measurements with ADS simulations.

Active load-pull measurements were performed with varying fundamental load
and a fixed 2nd harmonic to extract a 6 coefficient Behavioural Model. Chapter
3 has also presented the extraction formula for the model coefficients and the
confirmation that 6 coefficients are sufficient to model the measurements of
fundamental load-pull accurately. A discussion on the practical considerations
when generating the Behavioural model which involves extracting the
reference model at the extrinsic plane to avoid re-gridding of the data has also

been presented.

Large signal validations of scaling were performed using ADS so that the
measured and modelled values can be generated from the same input incident
power. The ADS circuit uses an FDD block to read the file containing the
model coefficients, ABCD blocks to enforce scaling as well as "negative" and
"positive" components to perform the de-embedding and embedding

respectively.

The B waves, waveforms, power sweep and load-pull results successfully
demonstrate geometric scaling up to a scaling factor of 5 for 2 different GaN
wafers, one measured at 5 GHz and another at 9 GHz. This process is robust
as it also is able to extrapolate beyond the measurement power limitations of

the active load-pull system, thus granting the ability to design high power
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MMICs without having to measure the transistors at an extremely high power

level in order to generate a model.

Chapter 4 presents the utilization of the geometric scalable model in MMIC
design where a prototype single cell amplifier is matched for operation at 5
GHz. Although the targeted performance was not achieved due to mismatch in
the fabricated circuit, the non-linear Behavioural model is still able to predict
the measured results when the measured S-parameters of the realized
matching circuits were placed into the simulator. This demonstrates that the
scalable non-linear Behavioural model can be used for MMIC design and

predict the performance of the actual fabricated circuit.

In Chapter 5, the novelty of this research is solidified by demonstrating for the
first time that non-linear Behavioural transistor models have coefficients

which are frequency scalable.

By referencing the intrinsic transistor in the admittance domain and applying
voltage load-pull, the Y-parameters of the Behavioural model can be extracted
and have the form Y = G + joC, which can scale with frequency. This condition
has been proven through experimental results on 2 separate GaN HFETs, both

measured from 2 - 8 GHz (over 2 octaves, covering the S and C bands).

In order to determine the model complexity required to sufficiently model the
data, FFT approach was first applied in the extraction process. Model
coefficients have been proven to be frequency independent using X-Parameters
(3 coefficient formulation) and was extended to the Cardiff Model (6 coefficient
formulation) to include a larger perturbation space. Once the model complexity
has been determined, the research is taken a step further by applying the LMS

extraction approach to model the entire 3 dB load-pull space. Note that the
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LMS approach can only be applied to the measured data with confidence once

the model complexity is known.

Though there is an accuracy trade-off when choosing a global model (which
represents the entire frequency range), experimental results show that the
broadband model can accurately reproduce data at frequencies used in the

extraction process as well as predict results at other frequencies.

One major advantage of Behavioural models over other model types is the
speed in which it can be produced. However, the time saved in terms of model
generation is traded off with the limitation that the model can only represent
conditions at which the measurements were performed. In other words, a
major conundrum limiting the use of Behavioural models is its inability to
scale. To have a comprehensive model, measurements must be performed for
every single device periphery, frequency, bias and temperature which will
cause the number of measurements to exponentially increase to an

impractical value.

In this research, by successfully proving the modelling framework for scaling
in terms of geometry and frequency, Behavioural models can now be used to
predict results (at device sizes and frequencies) outside its extraction range.
This substantially reduces the number of measurements that need to be
performed, saving precious time and effort. Depending on the model coverage
and speed of the measurement system, several weeks of measurements to
obtain a geometrically scalable, broadband model can now be accomplished in

only a few days.

Furthermore, the burden placed on hardware availability is also reduced.

Previously, in order to obtain a model at a particular power level or frequency,
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the measurement system must be able to measure the transistor operating in
the said condition. For example, in order to model a transistor operating at 50
W, the high power setup must contain sources, bias tees and tuners (passive
load-pull) / amplifiers (active load-pull) that can perform this measurement.
The same is true if a transistor is to be characterized over several frequency
bands of operation. In addition, hardware that can handle both high levels of

power and frequency of operation are extremely rare and expensive.

Besides the increased cost in hardware, the measurement setup also becomes
more complex. All these disadvantages are solved with the implementation of
scaling in the models. From this research, Behavioural models can now be
extracted in a manner similar to Compact models where characterization is
performed at a nominal cell size and frequency and used to predict results at

other cell sizes and frequencies.

6.2 Future Work

In Chapter 3, the passive circuit was determined using the Cold FET
extraction process and represented with lumped elements in the ADS
simulations. While it is sufficiently accurate for this work, the parasitics can
be represented with greater accuracy by using EM simulations. This could be
achieved by leveraging the work in [3] where a single finger FET model is
combined with EM simulations to accurately model the transistor. Using EM
simulations will enable the user to model complex structures surrounding the
active portion of the transistor. This may include bond wires or other

parasitics associated with the package of the device.

In Chapter 3, results from a scaling factor of 10 indicate that due to self-

heating, the model accuracy has degraded and scaling is no longer valid. In
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order to overcome this limitation, temperature needs to be taken into account
or a smaller scaling factor should be used. Various attempts has been carried
out to capture thermal effects for Compact models [4]-[5] and exploring the
relationship of Behavioural model coefficients with temperature is another
topic that can be explored in the future. Solving this issue will remove the

dependency of temperature being a look-up parameter.

In Chapter 4, the prototype was designed with a new experimental IPD process
where the input and output matching circuits were external to the active
device and bond wires were used to complete the circuit. Besides limiting its
frequency of operation, it also increases the possibility of fabrication
uncertainty. Future work could include a 2nd design run with the entire
circuit on a single substrate. A prototype with a higher output power and

frequency of operation can also be designed.

In Chapter 5, in order to obtain a data with a constant Vi1, the measurement
data was first converted into a Behavioural model in the (B-A) domain and
voltage load-pull was performed in ADS to satisfy the aforementioned
condition. This is a long and complex extraction procedure to obtain
Behavioural models in (I-V) domain which should be simplified in future

research attempts.

Due to hardware limitations, the extrapolation limits of the frequency scalable
model could not be fully explored in this work. A limitation in terms of
bandwidth is bound to occur since the model uses a simple method of de-
embedding Ry in order to implement a true Y intrinsic model (described in
Section 5.2.2). Measurements at higher frequencies must be carried out in

order to determine the point where the model starts to breakdown. One
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method of overcoming the bandwidth limitation is to implement linear delays
to account for the quadratic frequency dependency of Y-parameters at high

frequencies [0].

Note that results shown in this work were done with fundamental load-pull
with a fixed 2nd harmonic. Now that geometric and frequency scaling for this
dataset have been proven successful, measurements with 2nd and 3rd
harmonic source and load-pull perturbations as described in [7]-[9] can now

be performed to extend the capability of the scalable model.

Research into frequency scaling has recently been extended with the work in
[10] where the frequency scalable model is generated from X-parameter data at
a single fundamental frequency of 1 GHz. The model is obtained by computing
the admittance space X-parameters (XY parameters) first using forward

excitations, and then with the phase conjugate of these excitations.

This produces an exact periodically varying time-reversed Large Signal
Operating Point to each of the forward conditions. At any one frequency, it is
impossible to separate G and C terms from forward or reverse XY terms alone,
but with a forward and time-reversed pair, these terms can be identified.
Validation of the scalable intrinsic model shows good agreement from 100 MHz
up to S0 GHz. Nevertheless, accuracy using the full model (with parasitics) is
not as good as the intrinsic model but can be improved by denser sampling of

the XY-parameter generation and this work is still in progress.
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A.1 Small signal model verification at Id
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Figure Al-1: Measured versus modelled results of S-parameters from 1 - 20 GHz obtained at
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A.2 Scaling by factor of 2
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Figure A2-1: Measured versus modelled Pout and Drain Efficiency contours for the 4x80 um

device at a Pincident of 21.72 dBm. (a) Pout contours (b) Drain Efficiency contours.
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A.3 Scaling by factor of 4
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Figure A3-3: Measured versus modelled waveforms from power sweep at optimum load T =

0.321 + jO.335 for the 4x80 um device (a) Output voltage (b) Output current
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B.1 Admittance Domain Model Coefficients at 8 GHz
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Figure B1-1: Voltage load-pull results performed on the 2x200 um GaN on SiC transistor at 8

GHz (a) I2,:(Qi) results (b) Fourier Coefficients of I>,; with |AV21| = 4.375V (c) Fourier Coefficients

of I yversus |AVa1 |
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Figure B1-2: Curve fit of coefficients for I2,1(Q) over |AV2,1| to obtain local Y-parameters at 8 GHz

(@) Kr and Kr? (b) Ks (c) Kr (d) Ks?2 (e) K12

258



MINGHAO KOH

APPENDIX B

B.2 Model Results (Using FFT Extraction) at 8 GHz
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Figure B2-1: Measured and modelled results for 2x200 um GaN on SiC transistor at 8 GHz (a)

I>,1(Q) results (b) I2,1(Q) results without Yr coefficient (c) Output power contours (in dBm).
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B.3 Model Results (Using LMS Extraction) at 8 GHz
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Figure B3-1: LMS results on load-pull data at 8 GHz for (a) 2,1 (b) 2.2
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Figure B3-2: LMS results on load-pull data at 8 GHz for (a) Pout contour (b) Drain Efficiency

contour (b) Output current waveform (at optimum load I' = 0.46 + j0.47)
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