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Abstract

The current cellular network consumes a staggering 100 TWh of energy every year. In the
coming years, millions of devices will be added to the existing network to realize the Internet
of Things (loT), further increasing its power consumption. An RF power amplifier typically
consumes a large proportion of the DC power in a wireless transceiver, improving its efficiency
has the largest impact on the overall system. Additionally, amplifiers need to demonstrate high
linearity and bandwidth to adhere to constraints imposed by wireless standards and to reduce
the number of amplifiers required as an amplifier with a broader bandwidth can potentially
replace several narrowband amplifiers. A typical approach to improve efficiency is to present
an appropriate load at the harmonics generated by the transistor. Recently proposed continuous
modes based on harmonic manipulation, such as class B/J continuum, continuous class F (CCF)
and continuous class F* (CCF?), have shown the capability of achieving counteracting
requirements viz., high efficiency, high linearity, and broad bandwidth (with a fractional
bandwidth greater than 30%). In these classes of amplifiers, the second harmonic is
manipulated by placing a reactive second harmonic load and the reactive component of the
fundamental load is adjusted while keeping a fixed resistive component of the fundamental

load.

The first contribution of this work is to investigate the reason for amplifiers designed in classes
B/J continuum and CCF to achieve high efficiency at back-off and 1dB compression. In this
thesis, we demonstrate that the variation of the phase of the current through the non-linear
intrinsic capacitances due to the variation of the phase in the continuum of drain voltage
waveforms in Class B/J/J* continuum leads to either a reduction or enhancement of intrinsic
drain current. Consequently, a subset of voltage waveforms of the class B/J/J* continuum can
be used to design amplifiers with higher P1dB, and efficiency at P1dB than in Class B. A
simple choice of this subset is demonstrated with a 2.6GHz Class B/J/J* amplifier, achieving
a P1dB of 38.1dBm and PAE at P1dB of 54.7%, the highest output power and efficiency at
P1dB amongst narrowband linear amplifiers using the CGH40010 reported to date, at a
comparable peak PAE of 72%.

Secondly, we propose a new formulation for high-efficiency modes of power amplifiers in
which both the in-phase and out-of-phase components of the second harmonic of the current
are varied, in addition to the second harmonic component of the voltage. A reduction of the in-

phase component of the second harmonic of current allows reduction of the phase difference



between the voltage and current waveforms, thereby increasing the power factor and efficiency.
Our proposed waveforms offer a continuous design space between class B/J continuum and
continuous F! achieving an efficiency of up to 91% in theory, but over a wider set of load
impedances than continuous class F. These waveforms require a short at third and higher
harmonic impedances, which are easier to achieve at a higher frequency. The load impedances
at the second harmonic are reactive and can be of any value between —jco and joo, easing the
amplifier design. A trade-off between linearity and efficiency exists in the newly proposed
broadband design space, but we demonstrate inherent broadband capability. The fabricated
narrowband amplifier using a GaN HEMT CGH40010F demonstrates 75.9% PAE and 42.2
dBm output power at 2.6 GHz, demonstrating a comparable frequency weighted efficiency for

this device to that reported in the literature.

IoT devices may be deployed in critical applications such as radar or 5G transceivers of an
autonomous vehicle and hence need to operate free of failure. Monitoring the drain current of
the RF GaN MMIC would allow to optimize the device performance and protect it from surges
in its supply current. Galvanic current sensors rely on the magnetic field generated by the
current as a non-invasive method of current sensing. In this thesis, our third major contribution
is a planar on-chip magnetic flux concentrator, is enhance the magnetic field at the current
sensor, thereby improving the current detection capability of a current sensor. Our layout
utilizes a discontinuity in a magnetic via, resulting in penetration of the magnetic field into the
substrate. The proposed concentrator has a magnetic gain x1.8 in comparison to air. The
permeability of the magnetic core required is 500, much lower than that reported in off-chip
concentrators, resulting in a significant easing of the specifications of the material properties
of the core. Additionally, we explore a novel three-dimensional spiral-shaped magnetic flux
concentrator. It is predicted via simulations that this geometry becomes a necessity to enhance
the magnetic field for increased form factor as the magnetic field from a single planar

concentrator deteriorates as its size increases.
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Glossary
Base-band data: A data generated form the UE which is yet to be modulated.

Basestation: A central hub to which all the UEs in the location are connected wirelessly.

Channel Access Schemes: This refers to the multiple access techniques which are required to

coordinate the sharing of a communication channel by all the users.

Channel fading: Due to the reflection of the signal from various objects in the path and varying
channel properties due to weather, the transmitted signal is never constant at a given location.
This variation of signal with time is referred to as channel fading.

Class A power amplifier: The transistor for this class of amplifier is biased such that the
quiescent drain current is half of the maximum drain current from the device. Both the current

and voltage waveforms of this class are sinusoid.

Class AB power amplifier: The transistor in this class of amplifier is biased such that the
quiescent drain current is lower than the half of the maximum drain current from the device.

The voltage waveform of this class is sinusoidal.

Class B power amplifier: The transistor in this class of amplifier is biased such that the
quiescent drain current is close to zero. The voltage waveform of this class is sinusoid and the

current waveform is half sinusoidal.

Class B/J/J* continuum: Refers to the family of a continuum of voltage waveforms between
the classes B, J* and J. The current waveform is half-sinusoidal.

Class C power amplifier: The transistor in this class of amplifier is biased such that the
quiescent drain current is close to zero and the quiescent gate voltage is below the threshold

voltage of the device. The voltage waveform of this class is sinusoid.

Class F power amplifier: In this class of amplifier mode, the current is half sinusoidal and the
voltage is tuned to a square waveform obtained by presenting a short for even harmonics and

open for odd harmonics.

Class F* power amplifier: In this class of amplifier mode, the current and voltage waveforms
are shaped to a square wave and a half-sinusoid respectively by presenting a short to odd

harmonics and an open to even harmonics.
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Class J power amplifier mode: Class J mode is characterized by complex and capacitive
impedances at the fundamental and second harmonic frequencies respectively. Both the current
and voltage waveform are half sinusoidal and their fundamental components have a phase

overlap of /4 radian.

Class J* power amplifier mode: Class J* mode is characterized by complex and inductive
impedances at the fundamental and second harmonic frequencies respectively. Both the current
and voltage waveform are half sinusoidal and their fundamental components have a phase

overlap of /4 radian.

Cloud computing: Cloud computing refers to the situation where most of the data processing
is performed with the network rather than the devices connected to the network. In this way,
the devices need not be required to have very high computation power. Additionally, the data

process can be performed only once and the consumption of power by the device reduces.

Continuous class F: In this class of amplifier, the current is half sinusoidal and a continuum
to the voltage in class F which are obtained by a reactive load at the second harmonic frequency

and complex load at the fundamental frequency.

Continuous class F*: In this class of amplifier, the voltage is half sinusoidal and a continuum
of current waveform in class F*! are obtained by a reactive load at the second harmonic

frequency and complex load at the fundamental frequency.

Continuum modes: Classes of Amplifier which rely on the continua of voltage and/or current

waveforms. Examples for continuum modes are CCF, CCF-1, and Class B/J/J* continuum.

DC IV of a transistor: Refers to the current from a transistor as a function of the gate and the
drain voltages. Typically, for a power device, the current is obtained when the voltage at the

gate and drain are pulsed ie., applied for a short duration.

De-embedding: the procedure to calculate the impedance at the intrinsic plane to
corresponding to the impedances at the extrinsic plane of the device is referred to as de-

embedding.

Doherty configuration: A Doherty architecture is designed with a combination of an
amplifier, referred as the main or carrier amplifier with one or more auxiliary amplifier whose

purpose to actively modulate the load impedance of main PA. The load impedances in the
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Doherty configuration varies with the input power so that the main PA operates in saturation

thereby achieving high efficiency for a range of power levels.

Embedding: Embedding is a process to calculate the impedances at the extrinsic plane

corresponding to the impedances at the current generator plane.

Envelope tracking: The drain supply voltage of an amplifier is varied according to the input
power to the amplifier such that the amplifier operates near saturation for the power level. This
results in an improvement in the efficiency of the amplifier even at a low power level because

of the reduced DC power consumption.

Extraction process: The process by which the approximate values of the parasitics used in

this work are obtained.
GaAs: Gallium Arsenide; It is a compound semiconductor formed of Gallium and arsenic.

Galvanic current sensor: A sensor which converts the magnetic field into current or voltage.

These devices use the deflection of the charges under the magnetic field.
GaN: Gallium Nitride; It is a compound semiconductor formed of Gallium and nitrogen.

Harmonically tuned amplifier: The harmonics from the device are considered for the design

in this class of amplifier. The impedances that improve the amplifier are placed at harmonics.

HEMT: High electron mobility transistor or heterostructure FET; It is a field-effect transistor
in which the conduction channel is formed at the interface of two materials with different

bandgap.

Hybrid modes: The continuum of waveforms that exist between the two continuum modes are

referred to as hybrid modes.

Insertion loss: Insertion loss quantifies the loss in the power of the signal as it propagates

through a matching network.

Load line or Load cycle: The plot of the drain current with drain voltage is referred to as load
cycle. If the load is resistive, the load cycle becomes a straight line passing through the bias
point and is referred to as the load line of the amplifier.

Load-pull technique: In the load-pull technique, the load impedance presented to the device
is swept through a range of values and the performance of the device (the output power,

efficiency, etc.,) for each of the impedances is obtained.
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Low noise amplifier: A low noise amplifier differs from a power amplifier is that it adds

minimal noise to the signal.

Millimetre-wave technologies: The implementations which use the signal whose wavelength

is in the range of millimetres ie., their operating frequency lie between 30 GHz and 300 GHz.

Multiple-input multiple-output: Signal is received by several antennas. The original signal

is recovered processing the signal received by all the antennas.

Reflection coefficient: Reflection coefficient is defined as the ratio of reflected power to the

incident power.

Series of continuous inverse modes (SCIM): A hybrid continuum contiguous with inverse
class B/J continuum and CCF1 is referred to as Series of continuous inverse modes.

Series of continuous modes (SCM): A hybrid continuum contiguous with class B/J continuum

and CCF is referred to as a series of continuous modes.

TECR: Technology-related Empirical capacitance ratios (TECR)) is an algorithm to extract

the extrinsic capacitances.

Transconductance: It is defined as the derivative of drain current with gate voltage. The term

quantifies how effectively the gate voltage controls the drain current.

Up/down converter: This block changes the frequency of a carrier signal to a higher/ lower

frequency.
A user equipment (UE): Any device that is capable of generating or receiving a signal. 3

Voltage Standing Wave Ratio (VSWR): When the waves travelling in forward and reverse
direction superimpose over each other, a standing wave with crests and troughs appear. voltage
standing wave ratio is referred to the ration of voltage at the crest to the voltage at the trough

of a voltage standing wave.

Waveform engineering: In this approach, the impedances are chosen to obtain the voltage and

current waveforms required for a class of amplifier.
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Chapter 1: Introduction
1.1. Background

Mobile communications have developed tremendously from supporting voice calls in the first
generation to support video streaming, video calls, and cloud computing in its fourth generation
[1.1][1.2]. This development is due to improved modulation and channel access schemes, the
improvement in the cellular network architecture, and the hardware capability of the network
and mobile equipment. The first generation (1G) relied on frequency modulation with the
user’s voice signal separated in frequency (Frequency Division Multiple Access (FDMA)). The
second generation utilized digital modulation schemes (such as Gaussian Minimum Shift
Keying) and the user’s data was separated in time (Time Division Multiple Access (TDMA)).
The third (3G) and fourth (4G) generations use amplitude and phase modulation such as
Quadrature Amplitude Modulation. In the former (3G), the users’ data is modified based on an
orthogonal code/s (a sequence of bits) assigned to them, such that several users utilize the same
carrier frequency but their data can be separated based on the codes (referred to as Wideband
Code Division Multiple Access). In the case of 4G, data from a user is divided into several
streams and each stream is placed in orthogonal sub-carrier frequencies to mitigate channel
fading (which occurs due to multi-path propagation of the wireless signal). Both the FDMA
and TDMA schemes are employed in 4G. This evolution of the modulation and channel access
schemes has improved frequency spectrum utilization and resulted in an improvement of data
rates from 14.4 kbps in 2G to 200 Mbps or higher in 4G. The increase in data rate has resulted

in several new applications, a few of them highlighted in Figure 1.1.

The next-generation mobile communication system ie., 5G, is expected to deliver data rates
higher than 4G with high-speed network connectivity in crowed locations with unlimited
connected devices [1.3]. An example of this use case is a stadium or an open-air festival with
a high density of mobile phones and wireless devices present for a limited time [1.3]. Sixth
generation mobile communications (6G) represent even further evolution wherein flying base
stations are proposed to tackle virtual reality, autonomous cars, aerial vehicles, and other
applications that require high data rates with low latency of microseconds [1.4]. Additionally,
while previous generations (1G - 4G) were intended to connect people, 5G will allow machine-

to-machine communication [1.5][1.6].
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Figure 1.1: Infographics illustrating the applications enabled by the first to sixth generations of mobile
network [1.2], [1.4]-[1.10]. The bandwidth in the figure includes carrier aggregation.

This new paradigm is often referred to as the “Internet of Things (IoT)” wherein a wide variety
of devices (such as sensors, mobile phones, and actuators) communicate with each other to
aggregate information for humans or Artificial intelligence (Al) to make informed decisions
[1.11]. A few applications of the 10T are:

a) A smart home whose electrical appliances, fire alarm, and thermal management are
connected to the network and can be remotely monitored and managed [1.12].

b) Smart factories in which equipment, machines, inventory, and people are connected.
The aim is to enhance machine-machine collaboration for the creation of context-aware
systems to minimize human error and human intervention in the production line. The
second aim is to improve the human-machine collaboration by aggregating information
from sensors, devices, machines, and people in real-time, to make informed and
decentralized decisions [1.13]. This is often referred to as the industrial revolution 4.0
[1.13] and is envisioned to improve the productivity of factories [1.6].

¢) Inasmartgrid, information regarding power generators (nuclear plants, coal plants, oil
plants, wind turbines, and solar plants), electricity users (smart homes, industries,

commercial users), and the power transmission network (transformers and transmission



lines ) is collected from smart meters, sensors, and phase measurement units. This
collected information is used to generate and deliver electric energy in an efficient,
reliable, and sustainable manner [1.14].

d) A network of wireless sensor nodes can be deployed to detect forest fires and landslides
to provide early warning or to monitor water pollution and air pollution. Each sensor
node typically consists of one or more sensors, limited computation power, a
transceiver, and/or an actuator. The network of sensor nodes works together to gather
and compile measurement based on local decision processes and transmits the compiled
information to the users via a mobile network [1.15][1.16].

e) Connected autonomous or self-driven cars, which make use of driver-assistive
technologies such as cruise control, speed adaptation, and Vehicle-to-everything
communication (vehicle-to-vehicle and vehicle-to-infrastructure) for collision

avoidance, to improve road safety and fuel efficiency[1.17].

The data from and to the mobile phone or user equipment (UE) and 10T devices enter the
cellular network via a basestation (BS). The block diagram of a BS is expanded in Figure 1.2
(a). For data transfer from the cellular network to the UE, a transmit path in Figure 1.2 (a) is
used. In the transmit path, the base-band data/voice is upconverted to the RF signal and is then
amplified by the power amplifier (PA). The amplified signal is radiated by an antenna or by
multiple antennas (referred to as multiple-input multiple-output (MIMO)). MIMO minimizes
the path loss between the base station and the UE. For the data received from the UE to the
cellular network, the received RF signal from a UE by a BS is converted to the baseband signal
via a receive path consisting of low noise amplifier (LNA) and power amplifier (PA), for
amplifying the received signal, and a down converter to recover the baseband signal. The
transmitter and receiver are referred together as a transceiver. The UE also consists of a similar

transceiver but operates at lower power than the base station.

A robust cellular infrastructure is required to support high data rates. A simplified architecture
of the backend 4G cellular network consisting of base-stations (BS), mobile switching
networks, and data centers is shown in Figure 1.2 (b). The base-band data recovered from the
UE is sent over to a mobile telephone exchange and routed via a core network (usually a
network of fibers) as per the request of the mobile user. Each BS transmits and receives
data/calls wirelessly from mobile phones (UE) located in a region, which is referred to as a
“cell”. Each cell assigned to a BS may further be divided into sub-regions referred to as sectors

(typically 3 sectors) and the radio signal transmission and reception in each sector can be via
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several antennas or antenna arrays. Depending on the number of sector and antennas, the base

stations contain several transmitters and receivers.
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Figure 1.2: (a) The block diagram of a typical base station [1.18][1.19]. (b) A simplified architecture
of a 4G network [1.20].

00

Base stations, based on their output power level, are categorized into wide-area BS (or Macro
BS), medium-range BS (Micro BS), local area BS (Pico BS), and small BS (Femto BS) which
are detailed in Table 1.1 [1.21]. Micro and Macro BS may be supported by several Pico and
Femto BSs, each serving a small cell. The Pico and Femto BS are deployed in crowded areas

to handle large data traffic.

By 2023, it is estimated that nearly an additional 5 billion wireless 10T devices will be
connected to the 5G network [1.22][1.23]. Hence, each cell is expected to be connected to
50000+ devices [1.24]. To handle massive data coming from a large number of devices in the
loT and mobile phones, thousands of additional small cells (ie., Femto base stations) will be

added to the existing cellular network rather than macrocells. Base-stations will employ
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massive MIMO (greater than 128 antennae) to improve the spectral efficiency and millimetre-
wave technologies to improve the bandwidth. This represents a shift in primary focus in the
evolution of cellular networks; primary focus of evolution from 1G to 4G was the improvement
of resource use (eg., spectrum via improving the modulation and channel access schemes)
whereas 5G aims at improving both the cost and capacity of the resource deployment as well

as resource use [1.25].

Table 1.1: Base Station rated carrier output power in 4G [1.21]

BS class PA power range Cell Type Typical cell radius
(Typical value)
Wide Area BS 20 W - 160 W (40 W) Macro >1 Km
Medium Range BS 2W-20W (5W) Micro 250 m—-1Km
Local Area BS 250 mW - 2w Pico 100 m -300 m
Small BS 10 mW — 200 mW Femto 10m-50m

1.2. Motivation

The current cellular mobile network is estimated to consume 100 TWh of energy
worldwide[1.26]. The percentage share of energy consumption of various components of the
cellular network is shown in Figure 1.3 (a). Nearly 57% of the energy is consumed by base
stations with the PA being the dominant consumer at 34 % to 67% of the base station power as
highlighted in Figure 1.3 (b). Additional 10T devices and base-stations that will be added to the
network to realize 5G will further increase the power consumption of the cellular network. The
PA in arecently published state-of-the-art 5G transceiver consumes approximately 50% of the
total transceiver’s power [1.27]. Hence, minimizing the PA’s energy consumption is critical
for reducing the overall power consumption. Therefore, it must achieve the highest possible
efficiency. This necessitates attention to methodologies to design highly efficient power

amplifiers.

The continuous growth of cellular applications has led to the co-existence of multiple cellular
standards such as 2G (GSM and EDGE), CDMA 2000, 3G, and 4G. Each of the wireless
standards imposes a strict requirement on the linearity and output power of a transmitter over
the operating bandwidth. The traditional one-radio-per-band architecture of the wireless
transceivers, which uses a power amplifier (PA) for each band and wireless standard, is
ineffective from the perspective of cost and form-factor. Another architecture, known as

‘converged’, employs PAs which cover multiple bands and support multiple standards thereby
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increasing the interoperability and reducing the size and cost of transceivers [1.28]. This
architecture requires amplifiers to meet the linearity and output power requirements over the
desired broad range of frequencies. Broadband amplification will benefit not only future
wireless communication systems such as WiMAX and 5G which use larger bandwidth to
support increased data rates but also existing broadband systems such as radar and,
environmental and climate monitoring (ECM).

data center others

6% 2% Base station (BS) % share of PA

57% Macro BS - 63%
core network Micro BS —47%
15%
e 0%
20%

Power amplifiers
34% — 67%

Pico BS — 34%
Mobile telephg

power supply

ooling
5% —-10%

signal processing 10% — 25%

5% — 15%

Figure 1.3: (a) Breakdown of energy consumption in cellular networks (excluding antennas) [1.29] (b)
energy consumption of components in Base Station (excluding antennas) per antenna and sector
[1.29][1.22].

Power amplifiers are categorized into classes that differ in operation and, hence, achieve
different linearity, efficiency, bandwidth, and output power. Therefore, the choice of a
particular class of operation is based on the requirement imposed by the application. The
“conventional modes”, viz. Class A, AB, B, C, F, and F%, require a specific load network, as
shown in Table 1.2. On the other hand, continuous modes of amplifiers viz., class J, continuous
class F, and continuous class F* can be designed for a range of impedances. The range of
impedances available for the amplifier design has enabled the amplifier designed in these
classes to demonstrate the potential to achieve efficient operation over a broad bandwidth, even
spanning near or over octave frequencies [1.30][1.31]. In these classes of amplifiers, the second
harmonic of the voltage or current is used to generate a set of efficient voltage and current
waveforms. One of the focus of this research is “to design amplifiers with a high-efficiency

using second harmonic manipulation”.

In class J and continuous class F (CCF), the second harmonic of the voltage waveform is
manipulated. Whereas, in continuous class F* (CCF?), the in-phase component of the current
is completely removed and the quadrature component of the second harmonic component of
the current waveform is manipulated. Continuum modes classes J and CCF* represent

extremities with respect to the manipulation of the second harmonic component of the current;



in class J, the current remains unmanipulated whereas, in CCF?, the in-phase component is
completely removed. Another drawback of class B/J continuum and CCF is that they require
a constant resistance or conductance component at the fundamental frequency which is difficult
to achieve over a broad bandwidth. Hence it is desirable to explore the design space beyond
these modes in amplifier design. Additionally, the amplifiers designed in classes B/J
continuum and CCF have been reported to achieve high efficiency at back-off and 1dB

compression and, to the best of our knowledge, the reason for this has remained unexplained.

TABLE 1.2: Load requirement of classes of amplifier

Theoretical
Class of operation maximum The requirement in load network
efficiency
Class A 50%
Class AB 50% - 78.5% o )
Resistive load at fo and short at harmonic
Class B 78.5%
Class C [1.40] 78.5% - 100 %

Class F [1.28] 91 % Resistive load at fo, Short at 2f,, and open at 3f,
Class F1[1.28] 91 % Resistive load at fo, open at 2fo, and short at 3f
Class J [1.40][1.41] 78.5 % any impedance from a wide range of complex loads
Continuous class F with a constant resistive part at fo, reactive loads at 2fo,

[1.42] 91 % and short at 3fo

any impedance at f, from a set of a wide range of
91 % complex loads with constant conductance, reactive
loads at 2f,, and open at 3fy

Continuous class F*
[1.43]

fo denotes the fundamental frequency

The performance of a power amplifier is sensitive to the fabrication process, applied drain
voltage, and its operating temperature. In this context, monitoring the drain current of the power
amplifier allow us to minimize the effect of these variations and optimize the performance of
a power amplifier by adjusting the gate voltage to accommodate these variations [1.32].
Monitoring the drain current can allow to keep the power amplifier within its operating
condition limits by controlling the gate and drain voltage. At the extreme, the power amplifier
can be turned off; for instance, in the case of surges in the drain current that may damage the
power amplifier. Additionally, monitoring the drain current will allow to ramp the drain voltage

to counter for the effect of current collapse phenomenon typically demonstrated by GaN
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HEMTs and the drain voltage can be modulated to improve the efficiency of the power

amplifier (Figure 2.1 (a) in [1.33]); this technique is referred as envelope tracking.

In general, monitoring the current flowing through the critical sub-systems of an I0T device is
desirable. This is because 10T systems are deployed in smart houses, connected autonomous
vehicles (CAV), smart grid, and WSN have critical functionality and their failure may result in
catastrophic consequences. For example, autonomous cruise control, early warning system, and
autonomous emergency braking functionality of a connected autonomous vehicle depends
upon the radar and 5G transceiver of the Vehicle-to-everything communication system [1.17]
[1.34]. A failure of an FM radio or a GPS in a manually driven car does not lead to the loss of
control whereas the hazard severity of the failure of autonomous cruise control is rated high
[1.35]. Hence, these loT systems need to be fault-tolerant. Condition monitoring, fault
detection, and annunciation are required for the system to be fault-tolerant [1.36]; a way to
accomplish this is by monitoring the current flowing through the critical connection in an 0T

device.

Galvanic current sensors, such as the MagFET [1.37] and hall-effect sensors [1.38], detect the
magnetic field generated by the current, without any direct electrical connection with the
sensor. Such a non-invasive method can be employed for current monitoring in a wide range
of applications [1.38]. Sensors could be placed close to a conductor carrying a current to be
sensed, the current can be estimated based on the magnetic field from conductor line [1.39]. A
focus of this work is to improve the magnetic field at the magFET for a given current flowing
through the copper line.

1.3. Objectives

The objectives of this thesis are:

1) to explore the amplifier modes in which the in-phase component of the second harmonic
frequency is partially removed.

2) to investigate the reason, for high efficiencies at P1dB and back-off power, and to
utilize such knowledge to design an amplifier that demonstrates high efficiency and
output power at 1dB compression.

3) to propose a structure to increase the magnetic field strength in a galvanic current

Sensor.



1.4. Organisation

This thesis is organised into seven chapters.

The basic concepts of power amplifiers are presented in Chapter 2. This chapter introduces the
benefits of tuning harmonics. The theoretical background of the various continuum modes,
which rely on the second harmonic manipulation, proposed in the literature is presented in this

chapter.

Chapter 3 presents an extraction procedure to obtain the parasitic elements of a small signal
equivalent circuit of a GaN HEMT. The parasitic components of the CGH40010 are extracted
from the vendor model. This chapter reviews the basics of EM simulations and compares the
ensuing result with the measurement of the amplifier. The extracted parasitics and EM concepts

are utilized for the design of amplifiers in subsequent chapters of this thesis.

In Chapter 4, we present a formulation for new hybrid continuum modes which are contiguous
with class B/J continuum and continuous class F. The output power and efficiency of these
modes are analysed both in theory and in simulation using the Vendor model. A simple
methodology to design an amplifier in this mode is presented. Two amplifiers are designed in

the proposed mode and their measurement results are presented.

In Chapter 5, we have investigated the effect of weak non-linearities on the class B/J
continuum. The analysis reveals that due to the combined effect of non-linear capacitances and
the extrinsic parasitic elements at the drain terminal, a subset of class B/J continuum
simultaneously achieves both high efficiency and linearity ie., P1dB (output power at 1dB
compression). A design of an amplifier based on a waveform from this subset and its

measurement results are presented.

In Chapter 6, a novel integrated on-chip flux concentrator for enhancing the magnetic field at
a current sensor is presented. The dependence of the enhancement in the magnetic field from
the two variants of a proposed flux concentrator viz., single and double loop on their length is

analysed via simulations.

Finally, conclusions are drawn in Chapter 7. Possible extensions of this work are briefly

discussed.
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Chapter 2: . Basics of RFPAs and the Review of Continuum
Modes

2.1. Introduction

Classes A, AB, B, and C modes of amplification consider only the fundamental frequency in
the design process. As explained in the previous chapter, the efficiency and bandwidth of an
amplifier can be improved if the harmonics generated by the transistor are considered. The
class J mode is an extended version of class B that relies on the second harmonic manipulation
to achieve high efficiency over a larger bandwidth. A further improvement in efficiency in the
continuous class F and F* amplifiers is achieved by considering up to the third harmonic in the
design. This chapter contains a revision of the basic amplifier design concepts and a literature
review on class J, continuous class F, and continuous class F* amplifiers. Before reviewing the
class of amplifier, an active device i.e., a transistor, which is required to perform amplification

is examined.

2.2. Overview of a Transistor

Because of mathematical simplicity, the analysis of an amplifier can be initiated with an ideal
model of the transistor [2.1] whose DC drain current (lg) vs. drain voltage (Vas) (I-V)
characteristics are shown in Figure 2.1 (a). In the figure, I,,, denotes the maximum saturation
current. The DC IV of the transistor can be divided into two regions: linear region below the
knee voltage and saturation region above the knee voltage. The transistor needs to be operated
within the physical limits imposed on the current and the voltage defined by the maximum
saturation current (Imax) and breakdown voltage respectively. The quiescent voltage of a
transistor (Vysq) is typically 2-3 times smaller than the breakdown voltage. Within the
saturation region, the transistor acts as a gate voltage (Vgs) dependent current source between
the threshold (Vi) and saturation (Vgsesar) voltages shown in Figure 2.1 (b). The drain current

l4 in this region is dependent on the gate voltage only as:

0 I(gs < Vth
Ii={ 9n(Vgs—Ven)  Vin < Vs < Vysesan) (2.1)

gm(Vgs(sat) - Vth) I(gs = Vgs(sat)
Where, g,, is known as the transconductance defined as

dl,

_ (2.2)
Vs

9m
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This relationship between the I; and Vj is known as transfer characteristics. It is shown in

Figure 2.1 (c).

Gate Drain
max_—_l____l + Ids
l}ime_ar —— Saturaion— _
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2 | )
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: Breakdown c
' VDSq Voltage o
1 I ! o, | 0
X - —— i Vth VGS (sat)
A Drain voltage (in V) Gate-Source Voltage (Vgs) (V)
nee
(a) (c)

Figure 2.1: (a) IV of an ideal device (b) Equivalent of transistor operation in saturation region (c)
Transfer characteristics of an ideal device.

The 1V of a device can be represented as a product of the device transfer characteristics and
the knee profile (k(V,)) which represents a variation of the drain current with drain voltage

as

0 Vos < Ven
Iy = k(Vgs) * gm(Vgs - Vth) Vin < Vgs < Vgs(sar) (2.3)
k(Vds) * gm(Vgs(sat) - Vth) I{qs = Vgs(sat)

The knee profile of an ideal device, which is often considered in amplifier analysis is given by

0 Ve <0
Vv
k(Vye) = Vi: 0<Vy <V, (2.4)
1 Ve >V,

Where, V;, denotes the knee voltage of the transistor.

On the application of a sinusoidal signal v, at the gate terminal of the transistor, the transistor

generates an AC drain current (iy), given by

lg = 9m * Vgs (2.5)

Because of this relationship, the applied input signal to the transistor is replicated at the drain

of the transistor but with the amplitude magnified by the gain g,,.
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However, a real transistor exhibits a non-linear relationship between the gate voltage and drain
current due to nonlinear transconductance, nonlinear parasitic components, and clipping of
current [2.1]. These effects result in harmonic generation leading the distortion of the current

in an RF power amplifier.

1. Nonlinear transconductance: The gate voltages and drain currents in the saturation
region are not linearly related, an example is illustrated in Figure 2.2 (a), and hence the

Normalized gm of CGH40025

----- ideal device 12
—— CGH40025 ‘

1 - = —ldeal gm

1.04 '
= 1
o I
c 0.8+ X
3
o I
= 1
© 0.6 |
© £ 1
° o 1
ﬁ 0.4 \
% [}
£ 1
5 0.2 4
=z Voltage

0.0

0.0 T T T T T 1 T r T r T T T T T T T 1
0.0 05 1.0 15 20 25 3.0 0.0 0.2 0.4 06 0.8 1.0 1.2
Normalized drain voltage Normalized gate Voltage (V)
(a) (b)

Figure 2.2: Comparison of (a) Normalized (to peak value) drain current vs normalized (to Vpsg) and (b)
Om (transconductance) normalized to peak value, of an ideal and a real device (CGH40025)

corresponding transconductance exhibits a non-linear relation with gate voltage as
shown in Figure 2.2 (b). The nonlinear transconductance of the transistor can be
modelled using the Volterra series as
Iy = {gml(gs + Im2Vgs + GmaVgs + - F GmnVgs + o Ven < Vs < Vys(sat)
0 otherwise (2.6)

Where, g, denotes the Volterra coefficient of order n. The values of Volterra
coefficients depend on the transistor and the bias conditions of the transistor. Because
of this non-linear relationship between current and controlling gate voltage, the

generated current also consists of multiple harmonics.

2. Clipping of the current: The current waveform clips when the input voltage goes
below the threshold voltage or when the drain voltage goes below the knee voltage. In
the former case, the efficiency of the amplifier improves due to a reduction in DC
current component (quiescent current) flowing through the device, whereas in the latter

case, the output power and linearity of the amplifier decrease due to a dip in the peak
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of the current. A simulation using an ideal device is performed to illustrate the clipping
of the current. From the current waveform in Figure 2.3, a large dip in the drain current
can be observed even when the drain voltage goes marginally below the knee voltage
of the transistor.

The knee profile of GaN and GaAs HEMTSs can be approximated modelled in the

polynomial form as [2.2]

( 0 Vis <0
N
V V
<ﬁ> 0<—% <1
k(Vds) = Vdsq Vdsq (2-7)
V
1 ¢ >1
Vdsq

A major benefit of the N-model is that a closed-form expression for drain current in the
knee region and the output power and efficiency at saturation can be derived. The

approximate knee profile of the GaN device is obtained for 4 < N < 8 whereas for
GaAs N > 24 [2.2].

T
104 Voltage

(=}

— clipped
= =not clipped §

T T T
o o (=1
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Normalized drain current

o
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Normalized drain current

T
o
[N

o
o

o
o

T e B B s m a e e — T T T
00 02 04 06 08 10 12 14 16 18 0 1 2

Normalized Drain Voltage Time (s)
(a) (b)

Figure 2.3: (a) Clipped drain current versus drain voltage (b) Voltage, and clipped and unclipped
current waveforms.

This model of device IV is referred to as the N-model. IV for N=6 and N=24, which
represents approximate IV of GaN and GaAs devices using N-model, are plotted in
Figure 2.4. It can be seen that GaN devices have a fairly deep knee region, as a result,
the drain current will clip for a lower voltage swing in GaN than GaAs for a fixed
quiescent drain voltage. General high-efficiency amplifier implementations keep
quiescent current close to zero to achieve high efficiency and maintain the drain voltage

above the knee voltage to achieve linearity.
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Figure 2.4: (a) Clipped drain current versus drain voltage (b) Voltage, and clipped and unclipped
current waveforms.

3. Nonlinear parasitic elements: The parasitic effect arises due to the structure of the
device. The equivalent circuit of the transistor[2.3]-[2.6] considering the parasitic

effects is shown in Figure 2.5. Of these the drain-pad capacitance (Cpq ), gate-pad

I Extrinsic 1
: e m e e e e e e e e e e e - | Device :
: ! :_ _CTJr_re_nt_: Intrinsict~~ {Including :

I I 1Generator, Device: Package) |
Gate, Ry Lg! Coo Ry ! ; Ly Ry \Drain
o1 W mﬁ : '\Hm T : : (00— o
! 1C I I
: 9 : I& = : :

I : R, I lgs : Ras Cds: i I
I::C o —_— 11 | - 1
: s] Rs de:

1 I
1 LS 1
e o - - - - - - - —--—---—= F----------—----- I

SOI.II‘CG

Figure 2.5: The equivalent circuit of the transistor
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capacitance (Cpg), resistances (source (Rs), drain (Rq), and gate (Rg) resistances) and
inductances (source (Ls), gate (Lg), and drain (Lq) inductances) are bias independent
whereas the intrinsic capacitance (drain-source capacitance (Cgs), gate-source (Cgs), and
gate-drain capacitance(Cgyq) ), output conductance (gas), Ri, and Rgq are bias dependent.
The value of intrinsic capacitances depends upon the instantaneous voltage across them
leading to the generation of harmonics.

The device model of the transistor in Figure 2.5 is shown to be accurate only up to 6
GHz [2.7]. The accuracy of the model can be increased by additional elements to
accurately model the parasitic effects in the device. 20-element [2.7] or 22-element
[2.8] models of the transistor were shown to be accurate up to 20 GHz. Alternatively,
the accuracy of the model can be increased by modelling the extrinsic parasitic effects
originating from the metal lines at the gate, drain and source terminals and the package
by transmission lines to account for their length rather than lumped components. The
transmission line will model the phase variation along the fingers of a transistor, which
are marked in Figure 2.6 (a). Hence, these models can accurately model transistor at
frequencies higher than 100 GHz. An example of a distributed model is shown in Figure
2.6 (b). In this model, the transistor is modelled as an interconnect of n slices (cross-
section) of a transistor. Each finger in a slice is modelled by the intrinsic model of the
transistor with parasitic elements, similar to intrinsic device marked in Figure 2.5.
These intrinsic models are connected by 6 transmission lines; 2 transmission lines at
gate, source, and drain terminals of the intrinsic device. The length and width of these
transmission lines are dependent on the number of slices and the widths of gate, source
and drain terminals of the transistor respectively. These transmission lines can be

modelled by passive elements as well [2.9]. The gate and drain terminals of the device

(b)
Source Finger#l —~_

passive passive
network network
to model to model
gate feed drain

feed

&

1
[

11 1
Finger#2 /

Slice#1 #2 ® @ @ #n

--------- o

Slice#1 Slice#n
intrinsic device model

Figure 2.6: (a) Top view of a simplified layout of a GaN HEMT transistor (b) High frequency
distributed model of the transistor [2.9]
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to which the fingers connect are modelled by passive networks. This model was able to
characterize the device up to 150 GHz [2.9] by using 8 slices. Similarly, the transistor
is modelled in [2.10] as the interconnect of 3 sections; one section is the cross-section
with air bridge (slice#2 in Figure 2.6 (a)) and the other two sections are on either side
of the air bridge. This model was able to model a GaN HEMT up to 300 GHz.

2.3. Basics of an amplifier design

A typical design of an RF power amplifier is shown in Figure 2.7. The transistor is biased with
the DC power supply at a pre-selected quiescent point of the transistor characteristic. The RF
signal is superimposed on the quiescent bias of the transistor. The transistor requires
appropriate impedances to be presented at its input and output, to obtain the required

performance.

The input and output matching networks enable the maximum power transfer from the
preceding (represented by a source in Figure 2.7) and succeeding (represented by a load in
Figure 2.7) components respectively. The input matching network is designed such that it
presents the required impedance (which maximizes output power/efficiency/gain) at the gate
terminal of the transistor and minimizes the mismatch between the source and the amplifier ie.,
the reflection coefficient of the source (I'sg) and the input reflection of the amplifier (I},,) are
conjugates of each other (ie., I'ss = I;,). Similarly, the output matching network presents
optimal impedance at the drain terminal of the device and I, = Iy, Where I, and T,
denote the reflection coefficient of the source and the output reflection of the amplifier

respectively.

Apart from achieving the required matching, it is desirable for the matching network to achieve
minimal insertion loss and the required quality factor (Q). The insertion loss (IL) quantifies the

loss in the power of the signal as it propagates through a matching network and is defined as

P
L =2 (2.8)

)
PMin

where, Py, and Py, are the input and output power of a matching network.

The quality factor of a matching network is defined as

_fo
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Figure 2.7: A block diagram of a typical single-stage RF power amplifier

where, f, and BW denote the centre frequency and bandwidth of the matching network
respectively. A low Q matching network is desirable as it will demonstrate a larger bandwidth.
In addition, a low Q will result in a low voltage standing wave ratio (VSWR) leading to lower
heat dissipation within the matching network. To decrease Q, the number of components used
in a matching network needs to be increased. On the other hand, as the number of components
increases, the insertion loss of a matching network increases. Hence, the choices matching
network topology and the number of components is dictated by the inherent trade-off between
IL and BW.

If [ss # [, the power delivered to the amplifier at the input from the source (P;,) is only a
portion of the available power from the source (P,,). Similarly, in case I';; # Iy, Only a
portion of the power generated from the amplifier will be delivered to the load (the delivered
power to load is denoted by P,,; in Figure 2.7). Transducer power gain which takes into
account the mismatch from the source and load is typically used for characterizing the amplifier

and defined as[2.11]

P
Gy = 24 (2.10)

P avs

How efficiently the overall amplifier circuit performs power amplification can be defined by

. .. Pout
Drainef ficiency(n) = (2.11)
Pdc '
Py (Gr — 1
Power Added ef ficiency (PAE) = —24 Gr-1) (2.12)
Pdc GT
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Where, P, denotes the DC power consumed by the amplifier. PAE takes into account the input
power to the transistor and hence is a more accurate measure of efficiency than drain efficiency.
The efficiency of the amplifier depends on the impedances presented to the transistor and losses

in the matching networks.

The nonlinear transconductance and nonlinear parasitic components of the transistors generate
relatively small harmonic components than current clipping, hence these are regarded as weak
nonlinear effects compared to the clipping of current [2.1][2.12]. Under the cumulative effect
of the nonlinearities of the transistor, applying a single tone sinusoid at the gate of the transistor

leads to harmonics in the current waveform as

1(0) = Ipc + Z(Ini cos(nB) + Ing sin(n@)) (2.13)
n=1
Because of the spreading of the power in the harmonics, the gain of an amplifier decreases.
The output power levels at which the gain is 1dB (P1dB) and 3dB (P3dB) less than its value at
a small signal are called 1dB compression point and 3dB compression point respectively. P1dB
is generally chosen as the metric of linearity of an amplifier because of the large harmonic
content in the output voltage and current waveform beyond this power level. P3dB is the metric

of the output power of the amplifier at saturation.

Another important criterion for an amplifier is unconditional stability which indicates that the
amplifier will not demonstrate an unconstrained increase in its output power even when input
power is fixed or when no input is applied. The reason for the amplifier instability can be
understood by representing the amplifier in terms of scattering parameters of the transistor and
matching networks as shown in Figure 2.8. For example, the output power from the device (P,)
will get reflected from the load matching network, denoted by R in Figure 2.8. R will be fed
back at the input of the transistor if Sy, # 0 and this power will be reflected by the input
matching network and amplified by the device by a factor S;,; , contributing to P,. If this
contribution from R increases P,, this increase will lead to an increase in R which in turn leads
to further increase in P,. This amplification of reflections due to mismatches at the gate and
drain terminals of the device due to forward (St21) and reverse (St12) gain of the device will

eventually lead to an uncontrolled increase in P, and destruct the transistor.

The conditions of the unconditional stability that must be satisfied are:
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1) The magnitude of the reflection coefficient at the input plane of the device with output
matching network connected, denoted by Sr,, in Figure 2.8, should be less than 1 ie.,
|S711] < 1. S744 i given by

St11 = Sr11 + %ﬁjf‘: (2.14)

2) The magnitude of the reflection coefficient at the output plane of the device with input

matching network connected, denoted by Sr,, in Figure 2.8, should be less than 1 ie.,

|S7221 < 1. S745 IS given by

St21571217
S = S 4 ST21oT12 1 (2.15)
22 = Or22 t T SouiT)

Output
r matching matching

Tip, network , network Tout
[, °r11 St22 Ty

Figure 2.8: An S-parameter representation of a single-stage RF power amplifier

I, and I} which satisfy the conditions in (2.14) and (2.15) respectively needs to be selected for
the design of the amplifier. A closed-form solution for T, and I; exist and are referred as
“stability circles” [2.11]. The stability condition needs to be satisfied at all frequencies not just
at the design frequency. Much of the design process of the amplifier revolves around finding
optimal impedances to achieve the required performance while achieving stability.

2.4. Amplifier classes A, AB, B, and C

The amplifiers can be categorized into classes A, B, AB, and C based on their Quiescent
operating point and these classes are introduced in the following subsections. These classes
form the basis for the other amplifier classes, introduced later in the thesis, which differ in the

way the harmonics are considered in amplifier design.

2.4.1. Class A
Biasing the gate halfway between the Vi and Vgs(saty maximizes the linear output power of the
amplifier by avoiding the clipping of current. Quiescent drain current flowing through the

transistor is Imax/2 at this gate bias. Since the main aim of designing a power amplifier is to
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maximize the output power at the load at the fundamental frequency only, it would seem
obvious that all the harmonics should be shorted. The load at the fundamental frequency should
be resistive because it has the highest power factor. Such a bias and load condition is referred
to as Class A mode.

The maximum current waveform flowing through the device can then be written as

I I
I = mzax + mzax cos(6) (2.16)

The maximum swing allowed by the drain voltage is
Vas = Vasq — (Vdsq - Vk) cos(6) (2.17)

The optimal load resistance that will have the voltage swing given in equation (2.17) when the

current given in equation (2.16) flowing through it is [2.1]

 2(Vasq = Vi)
opt =T (2.18)
The efficiency of this amplifier can be calculated as
_ Vdsq - Vk
Na 2V (2.19)

This class of amplifier can at the most achieve 50% efficiency, which is achieved when V,, =
0.

2.4.2. Reduced conduction angle modes: Classes AB, B, and C amplifiers

The efficiency of the amplifier can be increased either by reducing the DC power consumption
at a constant output power or by increasing the output power while keeping the DC power
constant. A general approach to increase efficiency is by reducing the DC power consumed by
the transistor, without affecting output power. One method is to reduce the DC bias of the
transistor, as in the case of the reduced conduction angle modes viz., class AB, class B and
class C [2.1][2.13].

The transistor is assumed to be biased at the quiescent drain to source and gate to source
voltages of Vpsq and Vesq, respectively with a drain current of Ipsq. The idea is to reduce the
DC power consumption by reducing the quiescent drain current flowing through the device.

Based on the gate voltage (Vesq) of the transistor, amplifiers are classified into classes AB, B,
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Table 2.1: classical reduced conduction angle modes

Class of amplifier Vesq Ipsq
Class AB Vin<Vesq<Vessat/ 2 0<lpsq<Imax/2
Class B Vi 0
Class C Vesq<Vin 0

and C [2.1][2.14] as shown in Table 2.1. Since the gate bias of classes AB, B, and C is close to
the threshold voltage, the device conducts only for a portion of a complete input cycle (2m)
which is denoted by the conduction angle («). a can be calculated as
— -1 lasq
a =2cos™ ! (— (2.20)
Imax
The optimum resistive load should maximize both the voltage and current swing, thereby the
output power. The maximum current is limited to Imax and minimum voltage to V. The current
waveform can be computed as
2 2
0, otherwise (2.21)
= Iy, + 1, cos(0) + -+ + I,,cos(n@) + -

a a
14s(0) = {Idsq + Ipaxcos(0), —=<0<

Where,

B IﬂZ sin (%) — a cos (%)
Igc = by 1 — cos (%) (2.22)

I, @ —sin(a)

I = ETS(%) (2.23)
I, % a
L, = . (1 " eos (%)) f_% (cos(@) — cos (E)) cos(nf) dé (2.24)

The voltage waveform will be sinusoidal because the harmonics are shorted.

Vas(0) = Ve — (Ve — Vi)cos (0) (2.25)
The voltage and current waveforms of these classes are plotted in Figure 2.9 (a). Since the load
is purely resistive, the current and voltage are in phase and the plot of the drain current with
drain voltage is a straight line, passing through the bias point. This line is known as the load
line of the amplifier. The load lines of these classes of amplifier are shown in Figure 2.9 (b).
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Figure 2.9: (a) The Current and Voltage waveforms in reduced conduction angle modes (b) Load line
of the class A, AB, B, and C amplifiers superimposed on the IV of the transistors

The efficiency and output power can be obtained as [2.1]
Ve — Vi)l
Py = Lt~ Vidh - 2L (2.26)

ng = Pout _ T[(Vdc - Vk)Il
57 Pac 2Vyclge

(2.27)

The output power and efficiency of Class A, AB, B, and C are shown in Figure 2.10. Class A
demonstrates the highest linearity because of the sinusoidal current waveform but has the least
efficiency. At the other extreme, class C has the highest efficiency but, has the output power
and linearity less than that of class A [2.1]. Classes AB and Class B have efficiencies in
between those of classes A and C at the same output power as class A. Hence, the “deep” class
AB (Vsq near to Vi) and class B are preferred as they represent the trade-off between output
power and efficiency, but if linearity is taken into account, class AB prevails. The maximum

efficiency that can be achieved by class B mode is % (=78.5%) which is achieved if V}, = 0[2.1].
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Figure 2.10: Output power and Efficiency under a reduced conduction angle (a) [2.1]
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2.5. Tuning of harmonics

The clipping of the current cannot be avoided because, with an increase of input power, the
drain voltage swing increases and output voltage goes below the knee voltage. However, the
input power at which this happens in the reduced conduction angle mode can be increased by
placing appropriate impedances at the harmonics of the current given in equation (2.13),
thereby improving the linear output power of an amplifier [2.1]. This also leads to an efficient

set of non-overlapping voltage and current waveforms to reduce DC power consumption.

The complexity of the matching network grows with an increase in the required number of
harmonic terminations. Moreover, the drain-source capacitance (Cgs) presents a low impedance
to higher harmonics making them difficult to tune. Hence, generally, up to the third harmonic
is considered to be practically feasible [2.15], [2.16]. Even though, tuning harmonics improves
the efficiency, because of the large combination of fundamental, second and third harmonics,
obtaining the impedances required for an amplifier requires time-consuming load-pull/source
pull simulations or measurements [2.17]. Such an approach lacks any generalized procedure to

look into the trade-off between efficiency, linearity, and bandwidth.

The most general approach is to formulate an efficient set of voltage and current waveforms,
based on which impedances can be calculated. In the following section, we illustrate a

formulation for the manipulation of the second harmonic of the voltage.

2.6. Manipulation of the second harmonic of voltage

The main purpose of the second harmonic component is to increase the magnitude of the
fundamental component. The minima and maxima of the voltage can be increased by adding
the second harmonic in phase with the fundamental component as shown in Figure 2.11 (a).
The minima can be restored to the edge of saturation by increasing the fundamental component,
as shown in Figure 2.11 (b), via an increase in the magnitude of the load impedance.

The second harmonic will also effectively flatten the voltage in half the cycle and will increase
the peak in the remaining half of the cycle. Flattening the lower half of the cycle can reduce
the knee interaction whereas the peaking in the second half of the cycle has minimal effect on

the performance, as long as the peak is below the breakdown voltage of the transistor.
The second harmonic manipulated voltage can be written as [2.18]

Vas(8) = Vae — 8(kz) (Vae — Vi) cos(8) — k8(ky) (Ve — Vi) cos(26) (2.28)
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Where, §(k,) is the gain in voltage over a un-manipulated waveform, given in equation 2.25,
and k, controls the magnitude of the second harmonic voltage. The output power (P,,,,,) and

efficiency (n,,) of the second harmonic manipulated voltage can be given as
Pout|m = 6(k2)Pout|B (229)
Nm = 6(k2)ng (2.30)

The output power and efficiency will be higher than in class B as long as §(k,) > 1 which can

be achieved if k, € (—# 0) [2.18]. The maximum value of §(k,) is /2 which is obtained
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Figure 2.11: (a) The effect of addition of second harmonic on class B voltage waveform (b) The
increase in the fundamental component due to second harmonic.

However, to generate the voltage waveform as given by equation 2.28, with the current
waveform in equation 2.21, requires a purely resistive load at the second-harmonic. The
termination to second and higher harmonics needs to be reactive so that no power is delivered

at these harmonics. Possible ways to achieve this manipulation are:

1) The second harmonic of the drain current can be phased with respect to that of the drain
voltage using the harmonic generation property of the nonlinear input capacitance
[2.18].

2) It can be observed that equation 2.28 is restricted to the in-phase second harmonic
component. A relevant phase shift in the fundamental component of the voltage can be
introduced based on the magnitude of the second harmonic component. Such a mode

of the power amplifier is called as class J [2.1].
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The first solution is less versatile than the second, as it depends on an uncontrollable harmonic
generation of input capacitance. Whereas the second method can be easily implemented by

proper termination at the output. This approach is discussed in the following section.

2.7. Class J and class B/J/J* continuum

The starting point of a class J PA is to bias the device either in deep class AB or in class B.
Class J mode is characterized by complex and reactive impedances at the fundamental and
second harmonic frequencies respectively. This contrasts with conventional classes where the

load is purely resistive at the fundamental frequency.

The current is half-sinusoidal as in the case of class B. Since the second harmonic is terminated
by a reactive load, the phase difference between the second harmonic component of voltage

and current needs to be ig. The complex impedance at the fundamental frequency introduces

a quadrature component to the voltage waveform. The voltage across the drain and source can
be defined as

VdS = VDC + qu sm(Q) + Vli COS(Q) + VZq Sln(ze) (231)

Where, V;, and V,, are the quadrature components of voltage at fundamental and second
harmonic frequencies respectively, and V;; is the in-phase component of voltage at the
fundamental frequency. It can be observed that the magnitude of the quadrature-phase of the
fundamental voltage component (V;,) adds another degree of freedom to the voltage waveform

given in equation (2.28), which is controlled by the complex load at the fundamental frequency.
The V4, in equation (2.22) should satisfy the following conditions:

a) For the linear operation of the amplifier, V,, should remain above the knee voltage to
avoid clipping of the current waveform. The clipping of current leads to a drastic
reduction of output power and efficiency.

b) The in-phase component (V;;) of the voltage should be maximized to increase the output
power and efficiency of the amplifier.

The analysis presented in [2.1],[2.19], [2.20] reveals that the efficiency of class B can be
achieved if the phase of the fundamental component is properly adjusted based on the
magnitude of the second harmonic. The closed-form expression for the voltage obtained in
[2.21]is
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Vas = Voo — (Vpe — Vi) * (cos(8) + a sin(8)) + %(VDC — Vi) sin(26) (2.32)

Where, a € [-1,1].

The current and voltage waveforms of Class B/J/J* continuum (or Class J*) are plotted in Figure
2.12. 1t can be observed that 0=0 corresponds to class B. The voltage swing in class J (o = 1)
is much higher than in class B because of the considerable second harmonic component in the

voltage waveform.

Since the in-phase component is independent of «, the output power and efficiency are the

same for the family of voltage waveforms, which can be calculated as

P Vac = Vidlm (2.33)
out|] — 4 — Lout|B
P
outl|j
ny = P, - ;] (2.34)
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Figure 2.12: (a) Class B/J/J* continuum voltage and current waveforms for 0=1,0.5,0,-0.5, and -1. The
waveforms for a=0 correspond to class B. The peak of the voltage increases with an increase in the
magnitude of a, and asymptotically tends to a half sinusoid for @ = +1. (b) Loadlines of class J
amplifier for 0=1,0.5,0,-0.5, and -1. A spreading of the loadline of class J amplifier can be observed.

Each of these waveforms, given in equation (2.32), requires a specific set of fundamental and
second harmonic impedances. The impedance required to maintain the voltage and current

waveforms given in equations (2.32) and (2.21) can be calculated as

(VDC - anee)

Zfuna = I (1 +ja) = Ropt + jaRop: (2.35)
2

1 Even though the initial definition of class J corresponds to a=1, following research papers refer to this
family of waveforms as class J
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a
.2 (VDC - anee) . 3na
Zsec = —] 21 =-J TRopt (2.36)
31

Where, Ry, =

2(Vpc—V : ; i i i
2WVpc—Vinee) DCI knee) s the optimal load line resistance of class B for maximum

m

linearity [2.1]. The set of fundamental and second harmonic impedances in equations (2.35)
and (2.36) are plotted in Figure 2.13. The substantial second harmonic component, due to the
reactive component at the load is balanced by the reactive component at the fundamental load
and the reactive components of fundamental and second harmonic load are related as

SIm{Zsec} _ 31

Sm { qund} g (2.37)

It should be noted that the impedances shown in Figure 2.13 are at the current generator plane
(shown in Figure 2.5) and are independent of transistor/ device technology. The influence of
the device output package parasitics and the intrinsic drain capacitances (which are shown in
Figure 2.5) need to be accounted for to obtain a representation of the impedances presented to
the internal current generator[2.22]. Very few vendor models allow such access with only one

major vendor Wolfspeed, an exception (since 2014).
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Figure 2.13: Fundamental and second harmonic impedance of class B/J continuum amplifier at current
generator plane

The general expressions for class B/J impedances as a function of conduction angle are derived
in [2.23]. Since class J is biased as in class B or deep class AB [2.20], these expressions have

little application in the practical design of the class B/J amplifier than those derived in (2.35)
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and (2.36) which are based on the class B bias condition. Extending the Class B/J continuum

to higher harmonics is more useful, which is discussed in the following section.

2.7.1. Extended class J modes
The formulation in equation (2.38) assumes that the third and higher harmonics are terminated
with a short. A generic voltage formulation for the class B continuum was presented in [2.21].

V3s(0) = Ve (1 = cos(0))(1 — ap, sin(nB));n = 1 and a, € [—1,1] (2.38)
Where, a,, is a design parameter which controls the magnitude of the quadrature component of
the fundamental and second harmonic components, simultaneously. All of these voltage
waveforms have the same efficiency and output power. Maintaining the drain voltage for n

requires a matching network to the (n+1) harmonic.

In particular, n=2 provides another practically feasible solution as it requires matching up to
the 3@ harmonic only. However, it was observed in [2.24] that this implementation requires a
significant reactive component at the 2" and 3" harmonics, which is difficult to realize due to
low impedance presented by the drain-source capacitance (C,s) at a higher frequency. As a
solution, the current was allowed to collapse (clip) by allowing the drain voltage to go below
the knee voltage of the transistor to generate the required harmonics. The harmonics generated
due to current collapse extend the design space of class J. The voltage under these conditions

can be written as

Vys(0) = Ve — Vg cos(0) + ZVdcsin(ZH) - ZVdc sin(30); y € [-1.1,1.1]
2 3 (2.39)

Since this design method depends on current collapse, this leads to a deterioration in the

linearity of the amplifier [2.19].

The class B/J/J* continuum has been extended in [2.25] by adding an arbitrary harmonic

element to the voltage formulation in equation (2.32) as

V4s(0) = Vy4.(1 — cos(8))(1 — asin(nB))(1 + y cos(mB));
—1<a,y<lnmeN+ (2.40)

The added empirical parameter (y) contributes to in-phase and quadrature-phase components
at higher harmonics causing a decrement in the efficiency. Even though the added arbitrary

harmonic element leads to a much larger design space but only a few modes can be used to
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design the amplifier because of the increase in difficulty in designing a matching network to

avail of the improvement which requires 3 and higher terminations.

2.7.2. Effect of lossy second harmonic termination on the efficiency of class J

In the theory of class J, the load to the second harmonic termination is assumed to be purely
reactive. However, in practice, presenting a purely reactive termination at the second harmonic
is difficult to achieve not only over a large bandwidth but also at a narrow bandwidth, due to
losses in the matching network. The discrepancy with theory leads to deterioration of efficiency
and output power. For the practical case, the drain voltage in class J can be expressed as[2.26]

V() =Vi+ (Vpec — Vi){1 — cos(6 + 6)H1 + asin(6 + y)}
(2.412)
where,0 < §,y <2mrand -1<a <1

Choosing § = tan~!(a) and y = 0 will result in the class J voltage waveforms given in (2.32).
Sweeping y corresponds to a varying resistive component at the second harmonic impedance.
This equation represents all possible waveforms that are achievable by the real lossy broadband

matching network, albeit in analytical fashion [2.26].

This analytical expression is used for a rigorous investigation into the effect of straying off of
the second harmonic load impedance from ideal for a given fundamental load given in (2.35)
using the concept of second harmonic “clipping contours” [2.26] [2.27]. The second harmonic
clipping contour represents the second harmonic load impedances at which the voltage
waveform grazes the knee voltage for a given fundamental load ie., V(8) = V} in (2.41). The
second harmonic clipping contour divides a Smith chart into two regions: a clipping region and
a linear region. Impedances in the clipping region cause the drain voltage to go below the knee
voltage of the transistor whereas impedances in the linear region maintain the drain voltage
above the knee voltage but with a reduction in efficiency. The linear operation of class J was
achieved over a broad bandwidth by avoiding the clipping region while taking into account the
practical difficulty in achieving reactive termination at the second harmonic load in [2.27].
However, this analysis is computationally intensive as they require at least 101° calculations

per contour that can be reduced to 10* if numerical root-finding methods are used [2.27].

Conventionally, clipping contours are used to only distinguish the load conditions for which
voltage grazes or remain above the knee region ie., (V(68) = V,) and those that do not. The
effect of the clipping of drain current as the drain voltage goes below V;, on the output power
and the efficiency of a class J were studied in [2.28][2.29]. The study [2.28] reveals that the
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continuum of impedances exists even when the current clips and its dependence upon the knee

profile is obtained via simulations.

2.7.3. Effect of non-linear elements on the performance of class J

In theory, the maximum efficiency and the output power of class B/J continuum are the same
as in class B for all values of a. However, real devices show an increase in efficiency and
output power above class B, for a range of a values, and deterioration in performance for other
values of a. The range of values of a for which the performance of a PA improves over class
B is dependent on the device; inductive loading at the fundamental frequency (ie., for a« > 0)
[2.30][2.31][2.32] whereas capacitive loading at the fundamental frequency (ie., for a < 0)
[2.33] can be observed to enhance the PAE and output power. The harmonics generated from
Cus have been reported as the reason for the increase of peak PAE and peak output power in
[2.30][2.31][2.33] and we have shown that non-linear Cgys plays a role in the improvement of

PAE and output power at back-off power levels [2.32].

The harmonics generated from the non-linear Cqs were incorporated in the design process in
[2.34] to reduce the phase difference to increase the efficiency. It is illustrated fora GaN HEMT
that the harmonics from the output capacitance (a combination of Cgs and Cgyq) are significant
at high output power levels only because the Cgs is strongly nonlinear only in the knee region
[2.34]. The harmonics generated from Cgs at high power levels have been utilized to achieve
class J operation using purely resistive and reactive loads at the fundamental and second
harmonic frequencies respectively. A resistive load at fundamental frequency reduces the phase
mismatch between the voltage and current in a class J amplifier, leading to improvement in the
efficiency. This load condition referred to as saturated PA, has been claimed as a further
optimized version of class J. Since harmonics generated from Cgs are used, the tolerance of
harmonic load increases, thereby adding additional flexibility to the matching network design.
It can be observed from Table 2.2 that this amplifier has the highest reported efficiency so far
in narrowband class J amplifiers. However, the analysis of the effect of the nonlinearity over
the bandwidth and the broadband capability of class J mode is absent.

The non-linear Cgs results in an additional second and higher harmonic components at the gate
node apart from the applied input signal [2.18]. A study of the influence of a second-harmonic
voltage component at the gate node of the device on the optimum load impedance, output
power, and drain efficiency [2.35][2.36] reveals that the drain efficiency and the output power

can be improved by proper second harmonic terminations. Additionally, source impedances at
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Table 2.2: Efficiency of the class J amplifier reported in literature

Center Frequency Outout power
Reference Mode Device type PAE (in GHz) / at sa?urali)ion (in
/ Year yp (%) Bandwidth (in
dBm)
MHz)
[2.34]1 /2010 | class] GaN HEMT 77.3 2.14 (-) 40.6
[2.83] /2010 | class] Si-LDMOS 77 1(230) 41.14
[2.23] /2011 | ClassJ GaN HEMT 64.5 2.13 (140) 39.75
[2.84] /2013 | classJ LDMOS 62.8 0.505 (-) 57
[2.85] /2015 | classJ GaAs HBT | 57.5-62 0.824 (90) 34
Class J GaAs HBT
[2.13] /2015 (InGaP 62 0.814 (100) 34
(cascade) .
Emitter)
InGaP/GaAs 40.5- *
[2.86] /2016 | class-J HBT 5E 8 1.71 (340) 28
[2.87] /2014 | classJ GaAs HBT 51.6 2.4 (-) 29.5
*P1dB

the second harmonic frequency could result in the second harmonic voltage to be out-of-phase
with the fundamental voltage, leading to a reduction of the conduction angle of the drain current
and a loss of efficiency [2.34][2.36]. However, the second harmonic source impedances that
deteriorate the efficiency are observed to be confined to a small region on the Smith chart
[2.34][2.36]. The design methodology adopted in [2.34] is simply to avoid the second harmonic
impedance of the matching network to fall within this region. Rather than relying on the
harmonics generated by Cgys to shape the gate voltage for high efficiency, a two-stage cascaded
PA is proposed wherein the harmonics generated from the PA in the first stage are utilized to
shape the voltage at the gate of the second PA [2.37]. In the case of [2.37], both the devices in
the two-stage cascaded mode operate in class J.

In addition to non-linear capacitances, harmonics are also generated from the non-linear drain-
source resistance (Ras) [2.38]. This study of the effect of non-linear drain resistance on the load
impedance, output power, efficiency and bandwidth of class J in [2.38] has revealed that non-
linear Rgs limits the maximum bandwidth over which higher efficiency and output power can

be obtained.
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2.7.4. Active second harmonic tuning

In this approach of designing a class J PA[2.39], not only the second harmonic generated by
the device of the class J amplifier (primary amplifier) is utilised but also a second harmonic is
injected into the load by another amplifier (secondary amplifier), typically operating in class
C. The harmonic injection has been shown to improve the efficiency and output power of the
amplifier [2.40]. For the case of an amplifier designed in [2.40], the theoretical improvement
in efficiency and output power are estimated as 5% and 1.5 dB respectively, whereas the
realized amplifier shows an improvement of 2.4% and 0.8 dB in PAE and output power
respectively. Additionally, if only the harmonics generated by the device are considered, the
bandwidth of the class J amplifier cannot exceed octave frequencies because the second
harmonic impedances, which are reactive, at the lower end of the bandwidth becomes the
fundamental load at the higher end. The second harmonic injected by the secondary amplifier
varies the second harmonic impedance. Because of the active tuning of the second harmonic
load, this amplifier architecture [2.39] can achieve bandwidth above octave frequencies.
However, this configuration underutilizes the secondary amplifier as it is used only for the
amplification of second harmonic frequency.

2.8. Benefits of class J mode

A wider range of impedances facilitates broadband design, as the movement of the impedance
of the output matching network with frequency can be easily incorporated into the design [2.20]
[2.19]. It has been shown that an output matching network with just two elements (a microstrip
line and a radial stub) can result in efficiency above 55% over a broad bandwidth (1 GHz — 3
GHz) [2.41]. Additionally, the requirement of a reactive load rather than a short allows
reducing the Q of the matching network and the complexity of the matching network
[2.42][2.43]. This is convenient from the perspective of a matching network design as the
second harmonic termination can be realised by the drain capacitance itself [2.23]. Also, the
bandwidth of the classical classes of operation is limited by the device and package parasitics.
The drain capacitance and parasitic elements of the package can be absorbed into the output
matching network in a fruitful manner to ease the class J amplifier design [2.44][2.45]
[2.22][2.46] thereby simplifying the design of matching network for the broadband amplifier.
Such an approach has allowed to achieve efficiency over 60% across the frequencies ranging
from 1.4GHz to 2.6GHz class J PA with simple single stub matching network [2.19].

Alternatively, load-pull simulations can be performed at the intrinsic device by de-embedding
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the parasitic element to obtain efficiency contours over the normalized fundamental and 2nd

harmonic reactive plane [2.47].

A generalized method was proposed in [2.45] to match impedances at fundamental and second
harmonics over broadband. A large pool of matching networks of the same topology was
analytically synthesized and evaluated. A matching network which fits the requirement was
selected. This procedure was demonstrated for double stub and stepped impedance matching
network. However, it requires the prior selection of matching network topology and the

analytical expression for the fundamental and second harmonic impedances for the selected

topology.

It was noted in [2.48] that selecting a higher resistance value, in equation (2.35), reduces the
power dissipation in parasitic elements and the dimensions of the transistor were optimized to
meet the requirement. The higher quiescent drain voltage achieved in the process moved the
optimal impedances close to the centre of the Smith chart providing an opportunity to minimize
the losses in the matching network through the realization of low Q matching network. Such
an integrated approach allowed to optimize the transistor and matching network simultaneously

to realize a high-efficiency class J amplifier.

Class J has demonstrated its capability of high efficiency over a broad bandwidth, as can be
observed in Table 2.3 It has demonstrated bandwidth exceeding octave frequencies; in one
implementation [2.39] with efficiency above 69% using second harmonic injection, though, in
another implementation [2.49] which uses passive load network, the efficiency is heavily
compromised to 12 %. Efficiencies above 63% and 50% over the frequency range spanning
X-band were reported in [2.50] and [2.24] respectively. Class J operation has also been
demonstrated at 25-27 GHz [2.51]. It was shown in [2.52][2.53][2.54] that the efficiency of
class J can be maintained even at the back-off power level of 10 dB by varying the reactance
of load in accordance to the input power, which can be accomplished by a varactor diode. This
leads to a much less complex circuitry eliminating the requirement for extra active components

as in the case of envelope tracking and Doherty configuration [2.16].

A typical class J amplifier employs second harmonic to extend its bandwidth. Recent high-
efficiency implementations [2.55]-[2.57] have employed class F/F?, in which frequencies up
to third harmonic are considered in the design, in conjunction with second harmonic

manipulation to achieve high efficiency.
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Table 2.3: Bandwidth and efficiency of the reported broadband class J amplifier in

literature
Reference Mode Device type Frequency PAE (%) | Psat(in dBm)
/ year Range (in
GHz)/
Bandwidth (in
%)
. Class a 4 - 2. -
[2.19] / 2009 lassJ GaNHEMT | 14-26/60 | 60-70* 40
. Class a 00-2. -
[2.20] / 2009 lassJ GaN HEMT | 1.352.25/50 | 60-70* 40
[2.39] / 2011 (cuiﬁisb?'ﬁm GaN HEMT | 0.6-24/120 | 69-75* 403
10x75um -
[2.50] / 2011 Class J GaAs pEMT | 70-12/52 63-65 26-28
. Class a oU-Z. - -40.
[2.47] 1 2011 lass J GaN HEMT | 2.30-2.70/16 58-65 40-40.79
[2.88] / 2012 Class J B'CT'\\/'A?\;Q‘@‘;" | 05.09/57 | 62-68.9% |  30-30.9
[2.45] /2012 | classd hybrid | GaN HEMT | 1.60-220/31 | 55-68* 40-41
[2.45] /2012 | classd hybrid | GaNHEMT | 05-1.8/113 | 50-69* 39-40.8
[2.44] ] 2012 Class J GaN HEMT | 09-23/87 53-63 47.8-48.4
[2.89] / 2013 class J GaN HEMT | 1.65-2.7/48 | 55-72* 405
[2.48] / 2013 Class J GaN 2.25-3.08 /31 >50% 26.8
[2.24] 1 2014 Class J GaN HEMT++ | 9.20-10.80/16 | >50% 37.8
[2.49] / 2014 Class J GaN HFET | 1.0-4.0/120 >12 20.3+
[2.90] / 2014 class J GaN HEMT 1.6- 2.5 /44 55-70 40
class J- 120-nm SiGe
[251]/2014 | 2 BICMOS 27-29/7.14 | 338353 | 18-18.9
class J (Bias 32.2at 10V
[291]/2014 | (1ol oy | AlGaN/GaN | 1.8-2.7/40 >60 143 a1 40V
AlGaAs—
[2.38] / 2016 Class J InGaAs 3.5-7.0/67 >50 26.2-27.8
pHEMT
04—
[2.25] / 2016 ‘;’;Beggﬁgnﬂﬂfﬁ GaN HEMT | 2.85-4.25/39 5‘;'20//: 40.68-41.99

Psat: Output power at saturation *Drain Efficiency ++Bare Die @ Through wafer vias +P1dB

2.9. The second harmonic manipulated Class F/F*
In the ideal class F amplifier, the voltage is tuned to a square waveform, as shown in Figure

2.14, obtained by presenting a short for even harmonics and open for odd harmonics [2.58].
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This configuration has non-overlapping current and voltage waveforms, and zero dissipation
at harmonics, leading to 100% efficiency. However, from the practical perspective, achieving
precise terminations at an infinite harmonic is difficult if not impractical. Hence, up to the third
harmonic is typically considered in the design process. However, an amplifier design process
using up to the 4™ harmonic has been demonstrated in [2.59]. Raab [2.15] has shown that
efficiency can be maintained above 90% by considering up to the third harmonic frequency.

The voltage of class F truncated up to 3 harmonic frequency can be written as

2 1
Vp(0) =1-— ﬁcos(e) + ﬁcos(%) (2.42)

The third harmonic of the voltage flattens the voltage to generate symmetric near square
waveform in Class F as can be seen from the truncated current and voltage waveforms of class
F amplifier shown in Figure 2.14 (a). As in the case of second harmonic manipulation
illustrated in section 2.6, this enables an increase in fundamental component and a reduction in

the overlap between the voltage and current leading to an increase in the efficiency.

On the other hand, in the class F* amplifier, the current and voltage waveforms are shaped to
a square wave and a half-sinusoid respectively by presenting a short to odd harmonics and an
open to even harmonics. The ideal and truncated current and voltage waveforms of a class F
inverse amplifier are shown in Figure 2.14 (b).
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Figure 2.14: The ideal and truncated (up to 3 harmonic) current and voltage waveforms of (a) class
F and (b) inverse class F amplifiers.

However, the requirement of the precise harmonic terminations such as short at second
harmonic and open at third harmonic require high resonant and high-quality factor structures
[2.59][2.60]. Even though these structures enable the realization of the higher efficiency

amplifiers, this comes at a cost of limited bandwidth. This limitation makes these classes of
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operation less appealing for broadband applications. Similar to class B/J continuum, the
proposed continuum of voltage [2.55] and current [2.56][2.57] waveforms to class F and class
F1, respectively, allow reactive terminations at the second harmonic frequency, resulting in an
increase in the bandwidth of the amplifier with the same advantages during the amplifier design
process as discussed in section 2.8. These continuum of waveforms to class F and class F* are
referred to as continuous class F (CCF) and continuous class F* (CCF?). The reactive
termination phases the second harmonic component of voltage waveform in the continuous
Class F, similar to class J, whereas it phases the second harmonic component of the current

waveform in the continuum modes of class F1.

2.9.1. Continuous class F mode
The current is half sinusoidal as in class J mode and voltage in the continuous class F is given
by [2.61][2.62]
Vas(8) = 1 — —=cos(8) — y sin(8) +—=sin(26) + ——cos(38) — ——sin(48)
= 1——Co0S — Y Ssin ——=SIn ——=CO0S — ——=SIn
o V3 Y 6v3 3v3 6v3

_ 2 2 1 _ (2.43)
= (1 \/—gcos(9)> (1 + \/—gcos(B)) (1 —ysin(@))

Where, |y| <1
The formulation in equation 2.43 has an additional reactive component in the second harmonic
frequency over the traditional class F given in equation 2.42. This reactive second harmonic
component flowing through the device is compensated by a suitably phased fundamental
frequency component. Various values of the design parameter y lead to different waveforms

each of which can be obtained by a set of load impedances given by

4 V3y
ZLl = Ropt <§ + )/2) Atan_l <T)

7\3m
Zi,=—j WyRopt

(2.44)

Zyz =
These impedances are plotted in Figure 2.15. All of these impedances have the same efficiency

of class F over a large set of impedances. Therefore, this significantly wide design space
eliminates the requirement of short to obtain the optimum efficiency; this not only reduces
complexity but also results in a simplified methodology to design broadband continuous class
F[2.61].

40



1.0

=—Z,
N—e—Z, —

/xZL3/

0.2

Class F (y=/0)

Figure 2.15: The theoretical impedances of continuous class F for Rop=1

2.9.2. Second harmonic manipulation of the current: Continuous class F*
Continuous class F! is obtained by shaping the current waveform of class F! whilst
maintaining the constant voltage waveform [2.57][2.56] by placing a reactive load impedance

(Z.,) at the second harmonic.

1
Zip = G, 2 (2.45)

In [2.57], the quadrature component of the second harmonic was added to the class F* current

waveform by multiplying an extra operator

i(0) = (ige — iy cos(B) + i, cos(26) + i3 cos(30)) (1 — ¢ sin(h))
Class F~1 Additional term (246)

Where, iz, = 0.37,i; = 0.43,i, =0,i3=0.06, -1<{<1

Alternatively, the second harmonic component of current in the case of the class B mode, given
in equation 2.21, can be eliminated to obtain the current waveform in continuous class F inverse
[2.56] as

3
= Ipc + Z ain cos(6) + b;, sin(6) (2.47)
n=1
Where,
/[
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1 8 . - 4(Vac—Vinee)
aijp = Im (5 - ﬁ) , bll - 3y, (249)
Vpc—Vknee
p =0 ; by = knee) S ) (2.50)
—8lLnax _ 4(Vpc—Vinee)
iz =—3 biz = —DSCn*y: (2.51)

The voltage waveform of class F2, given in the equation below (in (2.52)), is the second
harmonic manipulated voltage in equation (2.28) at k, = —0.35. This value of k2 corresponds

to the maximum voltage gain (8(k;)), as shown in Figure 2.17 (a).

V,.—V,
Va(8) = Vae —V2(Vge — Vi) cos() — L~

cos(26) (2.52)

It can be seen that only the quadrature components of the current (b;4, b;,, b;5 ...) vary with the
reactive impedance at the second harmonic (y,) and the fundamental impedance needs to be

adjusted according to y, as

VZ(Vdc_Vk)
Zi4 = .
o) Va7 (253)
m\2 9x? 137 Vs

The ideal voltage and current waveforms of continuous class F* and the corresponding required
impedances at fundamental and second harmonic frequencies are plotted in Figure 2.16 (a) and
(b) respectively. The current is seen to be peaking to the right or to the left depending upon
whether the second harmonic impedance is inductive (y, > 0 ie., b;; > 0) or capacitive (y, <
0 ie., b;; < 0). All these waveforms achieve the same efficiency as class FX. Importantly, this
mode does not require an open at the second harmonic frequency and the designer can choose
from a range of impedances illustrating the flexibility in the design process. The range of
impedances (y,) of CCFis limited to waveforms such that b;, < +0.3a;; [2.56] because any
further increase in the impedance results in the peak of the drain current to exceed the maximum
device current (Im), as can be seen from the Figure 2.16 (a) which shows the limiting case b;, =
+0.3a;;.

The set of impedances in class CCF design space can be traced with frequency in a clockwise
direction at fundamental and second harmonic frequencies whereas class J or CCF will require
counter-clockwise rotation on the Smith chart. Since the passive networks have clockwise
impedance traces with frequency as formulated by the Foster reactance theorem [2.11], CCF!

is easier to realise than class J.
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Figure 2.16: (a) The theoretical current and voltage waveforms of continuous class F* (CCF?) (b) The
theoretical impedances of CCF*

2.10. Extended Continuum Modes

Even though the continuum modes (class B/J continuum, CCF, and CCF) have a range of
impedances to choose from, their fundamental impedances lie on a constant resistance in the
case of class B/J continuum and CCF whereas the fundamental impedances of CCF* lie on a
constant conductance circle, as seen from Figures 2.13, 2.15, and 2.16. However, designing a
matching network to match a constant resistance or conductance is difficult if not impractical

over a broad range of frequencies [2.55].

2.10.1. Extended CCF!

A series of continuous class F* modes [2.63][2.64] were obtained by using the generic voltage
waveform, given in equation (2.28), by varying k> between -0.18 and -0.35. The values of k,
less than -0.35 are avoided, even though &(k,) = 1 as can be seen in Figure 2.17 (a), because
the overshooting of the voltage for these values leads to reliability issues. These extended
series of CCF* have efficiencies less than class F! because of the decrease in the fundamental
component of voltage. However, it still maintains a higher efficiency than class B. The family
of the voltage and the current waveforms in extended continuous class F* are plotted in Figure
2.17 (b). An alternative form of a voltage formulation for the extended continuum is proposed
in [2.64] as

Vy4s(0) = 1+ acos(8) + Beos (26)

Where,a—ﬂzlforls(xsg

(2.54)
a? 4
§+[3—1forv22a>§
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Figure 2.17: (a) Magnitude of the fundamental component of voltage with k» (b) The family of voltage
and current waveforms of continuous class F* series (c)The fundamental (Z+) and second harmonic
impedances (Zf) of continuous class F*

From the voltage, given in equation (2.28), and current waveforms, given equations (2.48)-
(2.51), the conductance at a fundamental frequency can be calculated as
1 8 4 Ve = V)
b (3= 52) *igm— 5, (2.55)
8 (k2) Vac — Vi)
The impedances required at the fundamental and second harmonic frequencies are plotted in

G =

Figure 2.17 (c). From the ratio of the reactive components of second and fundamental
admittances, given in equation 2.56, it can be observed that class F*/J mode requires a much
higher reactive component in conductance. In other words, a less reactive component in
impedance at a fundamental frequency is required by this mode than in class J.
Im{G,,} _ 3_71
Im{G.}  2v2
A smaller ratio leads to a much smaller range of fundamental impedances than the class J

(2.56)

continuum, as can be observed in Figure 2.17 (c).

The output power and efficiency for extended continuous class F* are [2.63]

6(k2)(Vdc - anee) (1 _ i) (257)
2 max\2 or2

Pout =
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_Pout

(2.58)

_ m8(ka) (1 3 anee) (1 _ 8 )
PdC 2 VdC 2 97T2

The efficiency of continuous class F! is 91% when Vi=0. Even though extended continuous
class F* achieves efficiencies less than this, it can achieve high-efficiency operation over a

broad range of frequencies as observed from Table 2.4.

Table 2.4: Performance of continuous class F and class F* reported in literature

Frequency Range
(inGHz) /
Reference Bandwidth (in
[ year Mode Device type %) DE (%) | Psat (in dBm)

[2.56] /2011 | Continuous class F* |GaN HEMT 3.5/ - 65 47
[2.92]/ 2011 Continuous F GaN HEMT | 0.55-1.10/66.7 | 65-80 39.3-41.2
[2.61] /2012 Continuous F GaN HEMT | 1.45-2.45/51.3 | 70-81 40.41-42.25
[2.80] /2012 Continuous F/F*  |GaN HEMT | 1.30 - 3.30/86.9 | 60-83 40-41.76
[2.75]/ 2013 Continuous F GaN HEMT | 0.53-1.33/86.0 | 70-80 39-41.4
[2.64] / 2016 |extended Continuous F* (GaN HEMT | 2.40 - 3.90/47.6 | 62-75 39.63-41.4
[2.63] / 2016 |extended Continuous F* (GaN HEMT | 0.50 - 0.90/57.1 | 75-84 40-41.05

Psat= Qutput power at saturation

2.10.2. Hybrid modes

The continua of waveforms that exist between the two continuum modes are referred to as
hybrid modes. These waveforms result in a design space which has a varying real part of the
impedances at the fundamental frequency. An example of such a mode is class BJF which uses
the design space that lies between the class B/J continuum and continuous class F [2.65]. For
this mode, the drain current is the same as class B, given in (2.21) while the drain voltage is

formulated as

Vps = (1 —acos(8) + S cos(30)) * (1 — ysin (0))
Where, a —

ZB /l ]—1fora>—
4 128

The voltage waveform of class B/J continuum and CCF are obtained fora =1, = 0and a =

=1forl<a <—
(2.59)

\/_, B = respectlvely The values of « lie between 1 and —= and choosing a value of 8 which
satisfies (2.59) results in a voltage waveforms contiguous with class B/J continuum and CCF.

The corresponding real part of the fundamental impedance varies from Ropt (optimal load line
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resistance of class B) to 1.154*Ropt (optimal load impedance of class F). These waveforms are

referred to as a series of continuous modes (SCM)

Series of continuous inverse modes (SCIM) was proposed in [2.66] where the drain voltage is
half sinusoidal (whereas the current waveform in SCM is half sinusoidal) and the continuum

of current waveforms (and the voltage waveforms in SCM) as

Ins = (1 —acos(8) + Bcos(30)) * (1 —ysin(f)); —-1<y<1 (2.60)
2 1
Vps =1+ ECOS(Q) + Ecos(ZQ) (2.61)

a and S are free parameters and the constraints on them are same as in (2.59). The design
space lies between the CCF-1 and the not much utilised “inverse class B/J continuum”. These
could achieve high efficiency over fractional bandwidth as high as 120 %, as observed in Table
2.5.

Table 2.5: Performance of SCM and SCIM based amplifiers reported in the literature

Frequency Range
Reference (inGHz) /
[ year Mode Device type |Bandwidth (in %)| DE (%) | Psat (in W)
[2.65]/ 2014 SCM GaN HEMT 1.4-2.7/63.4 70.4-78.3| 10.7-16.6
[2.68]/ 2015 SCM GaN HEMT 1.6-2.8/54.5 70.3-81.9 10.2-17.8
[2.66]/2016 SCIM GaN HEMT 3.2-3.7/14 70-83 10.5-16
[2.69]/2018 SCM GaN HEMT 0.8-3.2/120 57-74 9.3-19.5
GaN HEMT

[2.70]/2019 SCM (MMIC) 4.2-7.0/ 50 44-52 2.6-4.4
GaN HEMT

[2.70]/2019 SCM (MMIC) 4.6-6/ 26.4 45-54 2.95-4.17

Psat= Output power at saturation

2.10.3. Resistive-resistive extension of continuum modes

The continuum modes (Class B/J continuum, CCF, CCF, SCM, and SCIM) require a reactive
component at the second harmonic frequency, which cannot be satisfied over a broad range of
frequencies. This constraint can be overcome by extending the mode by including a resistive
component at the second harmonic frequency that theoretically lies on the I'=1 circle on the

Smith chart [2.67] to sacrifice the efficiency.
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2.10.3.1. Resistive-Resistive Class J

An analysis into the effect of lossy second harmonic impedance on the performance of class J
was presented in [2.71] through a formulation which is validated by experiments on a GaN
HEMT device. The formulation of voltage is given by

Vi=(1—-cos(0)) (1-—asin(8)) (1 + Bcos (8))

Class B reactive Class ] term resistive Class | term (262)

The impedance required to generate this waveform is given by

qund = <(1 - ﬂ) _ja (1 - %)) Ropt (263)

Z; = (B +ja(1-p)) %TROW (2.64)
These impedances are plotted in Figure 2.18(a). It can be observed that the resistance at the
fundamental frequency needs to be reduced due to the increase in losses at the second harmonic
frequency. This is to maintain an appropriate phase between the fundamental and second

harmonic frequencies. The output power and efficiency can be calculated from equations (2.62)
and (2.21) as

Py = %(1 — B)Vnclpc (2.65)
_n(1-p)
=22 -p) (2.66)

It can be noted that an efficiency greater than 70% can be maintained as long as g < 0.2 from
the plot of efficiency with g shown in Figure 2.18(b). This efficiency can be achieved even
with a resistance as high as ~11Q at the second harmonic frequency. Even though the resistive
extension degrades the efficiency, the resistive extension has enabled the authors to design a

multi-octave amplifier operative over a frequency range of 0.4 GHz - 2.7 GHz [2.72].

2.10.3.2. Resistive-Resistive CCF
An extension to the CCF mode to widen the design space and the effect of the lossy second

harmonic termination is studied in [2.55]. The formulation of this extended mode is given by

Veer = (1 — acos(8))?(1 + B sin(8))(1 — y sin())
Where, 0.75 <@ <15 -<f<—and-1<y<1 (2.67)
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Figure 2.18: (a) The fundamental impedances of class J with resistive loading at second harmonic
frequency (b) Deterioration of efficiency due to losses in second harmonic.

Comparing (2.67) with the voltage of CCF given in (2.43), it is seen that @ and f are the new

free parameters and a = \/Z—g and g = % results in CCF. Increasing a and S increases the real

part of the impedances at the fundamental and second harmonic frequencies respectively,
resulting in a larger design space for amplifier design. However, as the value of a and 8 depart
from those of CCF, both efficiency and output power decreases. The efficiency remains above
78.5% (ie., above class B) if « and g lie in the range given in (2.67) [2.55]. Alternatively, the
resistive second harmonic for CCF can also be formulated similar to the resistive extension of
class B/J continuum in (2.62) as [2.73]

2

=11 2 1 1 1 i 1+6
VCCF—< —ﬁcos(ﬂ)) ( +ﬁcos(9))( —ysin(0)) * (1 + & cos(6))

Voltage formulation of CCF (268)

Where,0 <d<1l,and-1<y <1

As & increases from 0 to 1, the resistive component of the fundamental load impedance
decreases and the resistive component of the second harmonic impedance increases, resulting
in an increase in the design space. The resulting impedances at the fundamental and second

harmonic frequencies and the corresponding efficiency as ¢ is varied is shown in Figure 2.19.

However, the efficiency decreases as § increases and it remains above that of class B (78.5%)
for & > 0.36 [2.73]. The major benefit of this formulation is that the second harmonic and
fundamental impedances have the same resistive part for § = 0.54 which allows the design of
multi-octave amplifiers [2.74] [2.75].
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Figure 2.19: (a) The fundamental impedances of CCF with resistive loading at second harmonic
frequency (b) Deterioration of efficiency due to losses at second harmonic.

2.10.3.3. Resistive-resistive SCM and SCIM

More advanced modes such as the resistive-reactive extension of the Series of Continuous
Modes (SCM) [2.65] and Series of Inverse Continuous Modes (SICM) [2.64] represent further
evolutions of this approach that is gaining increasing popularity [2.75]-[2.78]. These design
spaces are easily defined by phase-shifted waveforms in hybrid continuous modes of voltage
shifted waveforms that enable the second harmonic terminations to have both real and
imaginary parts [2.79]. The design space corresponding to the modes discussed is plotted in
Figure 2.20.

@ u
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Figure 2.20: Design space of class B/J continuum, CCF, CCF?, Class BJF (SCM), Resistive-resistive
SCMI/CCF, and Resistive-resistive SCIM/CCF* (a) Load impedances at fundamental frequencies (b)
Load impedances at second harmonic frequencies.
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2.10.4. Mode transferring:

Some amplifier designs exploit mode transfer ie., design the amplifier in one class for a certain
range of frequencies and a different class for the remaining range of frequencies. An example
of this is an amplifier designed to operate in CCF* for frequencies between 1.3-2.3 GHz and
in CCF for a higher band of frequencies 2.3-3.3 GHz by setting an appropriate drain bias
voltage [2.80]. This mode transfer concept between CCF and CCF* has been used for the
design of 23.5-41 GHz power amplifier intended for the use of 5G application [2.81]. At an
extreme, an amplifier is designed to transfer the mode to classes F, F, J, J* and B at selected
frequencies, which corresponds to LTE and 3G bands in the frequency range of 1.9 GHz to 2.7
GHz [2.82].

2.11. References

[2.1] S. C. Cripps, “RF Power Amplifiers for Wireless Communications,” 2nd ed., Boston,
MA: Artech, 2006.

[2.2] R. Quaglia, D. J. Shepphard, and S. Cripps, “A Reappraisal of Optimum Output
Matching Conditions in Microwave Power Transistors,” IEEE Trans. Microw. Theory
Tech., vol. 65, no. 3, pp. 838-845, 2017.

[2.3] G. Dambrine, A. Cappy, F. Heliodore, and E. Playez, “A New Method for Determining
the FET Small-Signal Equivalent Circuit,” IEEE Trans. Microw. Theory Tech., vol. 36,
no. 7, pp. 1151-1159, 1988.

[2.4] M. Berroth and R. Bosch, “High-frequency equivalent circuit of GaAs FET’s for large-
signal applications,” IEEE Trans. Microw. Theory Tech., vol. 39, no. 2, pp. 224-229,
1991.

[2.5] D. Lovelace, J. Costa, and N. Camilleri, “Extracting small-signal model parameters of
silicon MOSFET transistors,” IEEE MTT-S Int. Microw. Symp. Dig., vol. 2, pp. 865—
868, 1994.

[2.6] A.Jarndal, A. Z. Markos, and G. Kompa, “Improved Parameter Extraction Method for
GaN HEMT on Si Substrate,” in IEEE International Microwave Symposium Digest,
2010, pp. 1668-1671.

[2.7] J.Lu,Y.Wang, L. Ma, and Z. Yu, “A new small-signal modeling and extraction method
in AlIGaN/GaN HEMTs,” Solid. State. Electron., vol. 52, no. 1, pp. 115-120, 2008.

[2.8] A. Jarndal and G. Kompa, “A new small-signal modeling approach applied to GaN
devices,” IEEE Trans. Microw. Theory Tech., vol. 53, no. 11, pp. 3440-3448, Nov.
2005.

[2.9] F. Heinz, D. Schwantuschke, A. Leuther, and O. Ambacher, “Highly Scalable
Distributed High Electron Mobility Transistor Model,” in Asia-Pacific Microwave
Conference (APMC), 2019, pp. 1490-1492.

[2.10] M. Ohlrogge et al., “Small signal modelling approach for submillimeter wave I11-V
HEMTSs with analysation and optimization possibilities,” in IEEE MTT-S International

50



Microwave Symposium Digest, 2016, vol. 2016-Augus.
[2.11] D. Pozar, Microwave Engineering, 4th ed. Wiley, 2005.

[2.12] P. Tasker, “Practical waveform engineering,” IEEE Microw. Mag., vol. 10, no. 7, pp.
65-76, 20009.

[2.13] W. Refai, “A Linear RF Power Amplifier with High Efficiency for Wireless Handsets,”
PhD Thesis, Virginia Polytechnic Institute and State University, 2014.

[2.14] A. Grebennikov and N. O. Sokal, Switchmode RF Power Amplifiers. Newnes, 2007.

[2.15] F. H. Raab, “Maximum efficiency and output of class-F power amplifiers,” IEEE Trans.
Microw. Theory Tech., vol. 49, no. 6, pp. 1162-1166, 2001.

[2.16] F. H. Raab et al., “Power amplifiers and transmitters for RF and microwave,” IEEE
Trans. Microw. Theory Tech., vol. 50, no. 3, pp. 814-826, 2002.

[2.17] C. Roff, J. Benedikt, and P. J. Tasker, “Design Approach for Realization of Very High
Efficiency Power Amplifiers,” in IEEE/MTT-S International Microwave Symposium,
2007, pp. 143-146.

[2.18] P. Colantonio, F. Giannini, G. Leuzzi, and E. Limiti, “High efficiency low-voltage
power amplifier design by second-harmonic manipulation,” Int. J. RF Microw. Comput.
Eng., vol. 10, no. 1, pp. 19-32, 2000.

[2.19] P. Wright, J. Lees, J. Benedikt, P. J. Tasker, and S. C. Cripps, “A methodology for
realizing high efficiency class-J in a Linear and Broadband PA,” IEEE Trans. Microw.
Theory Tech., vol. 57, no. 12, pp. 3196-3204, 20009.

[2.20] P. Wright, J. Lees, P. J. Tasker, J. Benedikt, and S. C. Cripps, “An efficient, linear,
broadband class-J-mode PA realised using RF waveform engineering,” IEEE MTT-S Int.
Microw. Symp. Dig., pp. 653-656, 20009.

[2.21] S. C. Cripps, P. J. Tasker, A. L. Clarke, J. Lees, and J. Benedikt, “On the continuity of
high efficiency modes in linear RF power amplifiers,” IEEE Microw. Wirel.
Components Lett., vol. 19, no. 10, pp. 665-667, 2009.

[2.22] P. Wright, “Development of Novel Design Methodologies for the Efficiency
Enhancement of RF Power Amplifiers in Wireless Communications,” PhD Thesis,
Division of Electronic Engineering, Cardiff University, 2010.

[2.23] K. Mimis, K. A. Morris, and J. P. McGeehan, “A 2GHz GaN Class-J power amplifier
for base station applications,” in IEEE Topical Conference on Power Amplifiers for
Wireless and Radio Applications (PAWR), 2011, pp. 5-8.

[2.24] M. C. L. Purisima and J. J. S. Marciano, “Design Considerations for X-Band Class J
Power Amplifiers,” in IEEE Symposium on Wireless Technology and Applications,
2014, pp. 13-18.

[2.25] Q. Li, S. He, W. Shi, Z. Dai, and T. Qi, “Extend the Class-B to Class-J Continuum Mode
by Adding Arbitrary Harmonic Voltage Elements,” IEEE Microw. Wirel. Components
Lett., vol. 26, no. 7, pp. 522-524, 2016.

[2.26] T. Canning, P. Tasker, and S. Cripps, “Load Pull verification of a novel Class B/J design
tool: Second harmonic clipping contours,” in 81st ARFTG Microwave Measurement
Conference: Metrology for High Speed Circuits and Systems, 2013, no. 3, pp. 3-5.

51



[2.27] T. Canning, P. J. Tasker, and S. C. Cripps, “Continuous mode power amplifier design
using harmonic clipping contours: Theory and practice,” IEEE Trans. Microw. Theory
Tech., vol. 62, no. 1, pp. 100-110, 2014.

[2.28] A. Bogusz et al., “Power and efficiency continuous modes in saturated GaN HEMT
devices,” in 2018 International Workshop on Integrated Nonlinear Microwave and
Millimetre-wave Circuits (INMMIC), 2018, no. 2, pp. 1-3.

[2.29] C. Huang, F. You, S. He, J. Peng, Z. Dai, and J. Pang, “Design of continuous-mode GaN
power amplifier with compact fundamental impedance solutions on package plane,” IET
Microwaves, Antennas Propag., vol. 10, no. 10, pp. 1056-1064, 2016.

[2.30] Z. A. Mokhti, J. Lees, C. Cassan, A. Alt, and P. J. Tasker, “The Nonlinear Drain-Source
Capacitance Effect on Continuous-Mode Class-B/J Power Amplifiers,” IEEE Trans.
Microw. Theory Tech., vol. 67, no. 1, pp. 1-7, 2019.

[2.31] F. Vanaverbeke, P. Saint-Erne, and K. Kim, “Evidence for the Self-Enhanced Class J
PA Operating Mode from Harmonic Load-Pull Measurements,” 2019 IEEE Top. Conf.
RF/Microwave Power Amplifiers Radio Wirel. Appl. PAWR 2019, pp. 14, 2019.

[2.32] N. Poluri and M. M. De Souza, “Investigation of the Effect of Weak Non-Linearities on
P1dB and Efficiency of Class B/J/J* Amplifiers,” IEEE Trans. Circuits Syst. |1 Express
Briefs, vol. 65, no. 9, pp. 1159-1163, Sep. 2018.

[2.33] M. S. Alavi et al., “Efficient LDMOS device operation for envelope tracking amplifiers
through second harmonic manipulation,” IEEE MTT-S Int. Microw. Symp. Dig., pp. 1-
4,2011.

[2.34] J. Moon, J. Kim, and B. Kim, “Investigation of a class-J power amplifier with a nonlinear
Cout for optimized operation,” IEEE Trans. Microw. Theory Tech., vol. 58, no. 11
PART 1, pp. 28002811, 2010.

[2.35] A. Alizadeh and A. Medi, “Investigation of a Class-J Mode Power Amplifier in Presence
of a Second-Harmonic Voltage at the Gate Node of the Transistor,” IEEE Trans.
Microw. Theory Tech., vol. 65, no. 8, pp. 3024-3033, Aug. 2017.

[2.36] T. Sharma et al., “High-Efficiency Input and Output Harmonically Engineered Power
Amplifiers,” IEEE Trans. Microw. Theory Tech., vol. 66, no. 2, pp. 1002-1014, 2018.

[2.37] A. Alizadeh, M. Frounchi, and A. Medi, “Waveform Engineering at Gate Node of Class-
J Power Amplifiers,” IEEE Trans. Microw. Theory Tech., vol. 65, no. 7, pp. 2409-2417,
2017.

[2.38] A. Alizadeh and A. Medi, “A Broadband Integrated Class-J Power Amplifier in GaAs
pHEMT Technology,” IEEE Trans. Microw. Theory Tech., vol. 64, no. 6, pp. 1-9, 2016.

[2.39] A. Almuhaisen, J. Lees, S. C. Cripps, P. J. Tasker, and J. Benedikt, “Wide band high-
efficiency power amplifier design,” in Proceedings of the European Microwave
Integrated Circuits Conference, 2011, pp. 184-187.

[2.40] A. Alizadeh, M. Yaghoobi, and A. Medi, “Class-J2 Power Amplifiers,” IEEE Trans.
Circuits Syst. I Regul. Pap., vol. 64, no. 8, pp. 1989-2002, 2017.

[2.41] G. Liu, Z. Zhang, Z. Cheng, S. Li, and M. Zhang, “A broadband high efficient Class-J
power amplifier with compact matching network,” IEICE Electron. Express, vol. 16, no.
4, pp. 1-7, 2019.

52



[2.42] W. Y. Refai and W. A. Davis, “A highly-efficient, broadband, class-J handset power
amplifier using small-size matching network,” in IEEE 16th Annual Wireless and
Microwave Technology Conference, (WAMICON), 2015, pp. 1-4.

[2.43] Z. Wang, G. Yang, and F. Liu, “An easily implementable structure for broadband high
efficiency Class-J power amplifier,” in IEEE Workshop on Electronics, Computer and
Applications (IWECA), 2014, pp. 786-790.

[2.44] S. Preis, D. Gruner, and G. Boeck, “Investigation of class-B/J continuous modes in
broadband GaN power amplifiers,” IEEE MTT-S Int. Microw. Symp. Dig., pp. 2-4, 2012.

[2.45] K. Mimis, K. A. Morris, S. Bensmida, and J. P. McGeehan, “Multichannel and wideband
power amplifier design methodology for 4G communication systems based on hybrid
class-J operation,” IEEE Trans. Microw. Theory Tech., vol. 60, no. 8, pp. 2562-2570,
2012.

[2.46] B. Bukvi and M. 1. Milan, “Simple Design of a Class-J Amplifier With Predetermined
Efficiency,” IEEE Microw. Wirel. Components Lett., vol. 26, no. 9, pp. 699-701, 2016.

[2.47] N. Tuffy, A. Zhu, and T. J. Brazil, “Class-J RF power amplifier with wideband harmonic
suppression,” IEEE MTT-S Int. Microw. Symp. Dig., pp. 2-5, 2011.

[2.48] S. Rezaei, L. Belostotski, F. M. Ghannouchi, and P. Aflaki, “Integrated design of a class-
J power amplifier,” IEEE Trans. Microw. Theory Tech., vol. 61, no. 4, pp. 1639-1648,
2013.

[2.49] T. Wu, C. Plett, J. W. M. Rogers, and M. Li, “A Fully Integrated 1 - 4 GHz GaN Class
J Power Amplifier,” in IEEE 15th Annual Wireless and Microwave Technology
Conference (WAMICON), 2014, pp. 1-3.

[2.50] J. R. Powell et al., “GaAs X-band high efficiency (>65%) broadband (>30%) amplifier
MMIC based on the class B to class J continuum,” IEEE MTT-S Int. Microw. Symp.
Dig., pp. 3-6, 2011.

[2.51] A. Sarkar and B. Floyd, “A 28-GHz class-J Power Amplifier with 18-dBm output power
and 35% peak PAE in 120-nm SiGe BiCMOS,” in IEEE 14th Topical Meeting on Silicon
Monolithic Integrated Circuits in RF Systems, 2014, pp. 71-73.

[2.52] C. M. Andersson et al., “Theory and Design of Class-J Power Amplifiers With Dynamic
Load Modulation,” IEEE Trans. Microw. Theory Tech., vol. 60, no. 12, pp. 3778-3786,
2012.

[2.53] X. Du, C. J. You, X. Li, M. Helaoui, J. Cai, and F. M. Ghannouchi, “Evaluation of knee
voltage effect and soft turn-on characteristic on the load modulated continuous class-B/J
power amplifier,” 2018 IEEE MTT-S Int. Wirel. Symp. IWS 2018 - Proc., pp. 1-3, 2018.

[2.54] X. Du et al., “Novel Design Space of Load Modulated Continuous Class-B/J Power
Amplifier,” IEEE Microw. Wirel. Components Lett., vol. 28, no. 2, pp. 156-158, 2018.

[2.55] V. Carrubba et al., “On the extension of the continuous class-F mode power amplifier,”
IEEE Trans. Microw. Theory Tech., vol. 59, no. 5, pp. 1294-1303, 2011.

[2.56] J. H. Kim, S. J. Lee, B. H. Park, S. H. Jang, J. H. Jung, and C. S. Park, “Analysis of
High-Efficiency Power Amplifier Using Second Harmonic Manipulation: Inverse
Class-F / J Amplifiers,” IEEE Trans. Microw. Theory Tech., vol. 59, no. 8, pp. 2024—
2036, 2011.

53



[2.57] V. Carrubba et al., “Exploring the Design Space for Broadband PAs using the Novel
‘Continuous Inverse Class-F Mode,”” in European Microwave Conference (EuMC),
2011, pp. 333-336.

[2.58] J. D. Rhodes, “Output universality in maximum efficiency linear power amplifiers,” Int.
J. Circuit Theory Appl., vol. 31, no. 4, pp. 385-405, 2003.

[2.59] M. Kamiyama, R. Ishikawa, and K. Honjo, “5.65 GHz high-efficiency GaN HEMT
power amplifier with harmonics treatment up to fourth order,” IEEE Microw. Wirel.
Components Lett., vol. 22, no. 6, pp. 315-317, 2012.

[2.60] T. Sharma, J. S. Roberts, R. Darraji, D. G. Holmes, J. K. Jones, and F. M. Ghannouchi,
“Novel Integrated Class F Power Amplifier Design for RF Power Infrastructure
Applications,” IEEE Access, vol. 6, pp. 75650-75659, 2018.

[2.61] N. Tuffy, L. Guan, A. Zhu, and T. J. Brazil, “A simplified broadband design
methodology for linearized high-efficiency continuous class-F power amplifiers,” IEEE
Trans. Microw. Theory Tech., vol. 60, no. 6 PART 2, pp. 1952-1963, 2012.

[2.62] V. Carrubba et al., “The Continuous Class-F Mode Power Amplifier,” in European
Microwave Conference (EuMC), 2010, no. September, pp. 1674-1677.

[2.63] T. Sharma, R. Darraji, and F. Ghannouchi, “A Methodology for Implementation of High
Efficiency Broadband Power Amplifiers with Second Harmonic Manipulation,” IEEE
Trans. Circuits Syst. Il Express Briefs, vol. 63, no. 1, pp. 1-1, 2015.

[2.64] W. Shi, S. He, and Q. Li, “A Series of Inverse Continuous Modes for Designing
Broadband Power Amplifiers,” IEEE Microw. Wirel. Components Lett., vol. 26, no. 7,
pp. 525-527, 2016.

[2.65] J. Chen, S. He, F. You, R. Tong, and R. Peng, “Design of Broadband High-Efficiency
Power Amplifiers Based on a Series of Continuous Modes,” IEEE Microw. Wirel.
Components Lett., vol. 24, no. 9, pp. 631-633, Sep. 2014.

[2.66] Q. Li, S. He, and Z. Dai, “Design of Broadband High-Efficiency Power Amplifiers
Based on the Hybrid Continuous Inverse Mode,” IEEE Microw. Wirel. Components
Lett., vol. 26, no. 1, pp. 4-6, 2016.

[2.67] V. Carrubba et al., “The continuous inverse class-F mode with resistive second-
harmonic impedance,” IEEE Trans. Microw. Theory Tech., vol. 60, no. 6 PART 2, pp.
1928-1936, 2012.

[2.68] J. Chen and S. He, “Broadband high-efficiency power amplifiers design based on hybrid
continuous modes utilizing the optimal impedances at package plane,” in 2015 IEEE
MTT-S International Microwave Symposium, IMS 2015, 2015, no. 3 0, pp. 2-5.

[2.69] J. Wang, S. He, F. You, W. Shi, J. Peng, and C. Li, “Codesign of High-Efficiency Power
Amplifier and Ring-Resonator Filter Based on a Series of Continuous Modes and Even-
Odd-Mode Analysis,” IEEE Trans. Microw. Theory Tech., vol. 66, no. 6, pp. 2867—
2878, 2018.

[2.70] G. Nikandish, R. B. Staszewski, and A. Zhu, “Design of Highly Linear Broadband
Continuous Mode GaN MMIC Power Amplifiers for 5G,” IEEE Access, vol. 7, pp.
57138-57150, 2019.

[2.71] C. Friesicke, R. Quay, and A. F. Jacob, “The Resistive-Reactive Class-J Power

54



Amplifier Mode,” IEEE Microw. Wirel. Components Lett., vol. 25, no. 10, pp. 666668,
2015.

[2.72] X. Xuan, F. Yang, and C. Liu, “Design of multioctave high-efficiency power amplifier
based on extended continuous Class-B/J modes,” Int. J. RF Microw. Comput. Eng., no.
June, pp. 1-12, Jul. 2019.

[2.73] Z. Lu and W. Chen, “Resistive second-harmonic impedance continuous class-F power
amplifier with over one octave bandwidth for cognitive radios,” IEEE J. Emerg. Sel.

Top. Circuits Syst., vol. 3, no. 4, pp. 489-497, 2013.

[2.74] H. Huang, B. Zhang, C. Yu, J. Gao, Y. Wu, and Y. Liu, “Design of Multioctave
Bandwidth Power Amplifier Based on Resistive Second-Harmonic Impedance
Continuous Class-F,” IEEE Microw. Wirel. Components Lett., vol. 27, no. 9, pp. 830-
832, 2017.

[2.75] Z. Lu and W. Chen, “Resistive second-harmonic impedance continuous class-F power
amplifier with over one octave bandwidth for cognitive radios,” IEEE J. Emerg. Sel.
Top. Circuits Syst., vol. 3, no. 4, pp. 489497, 2013.

[2.76] W. Shi, S. He, Q. Li, T. Qi, and Q. Liu, “Design of Broadband Power Amplifiers Based
on Resistive-Reactive Series of Continuous Modes,” IEEE Microw. Wirel. Components
Lett., vol. 26, no. 7, pp. 519-521, Jul. 2016.

[2.77] Q. Tang, Y. Li, and W. Li, “Second octave power amplifier design based on resistive-
reactive series of continuous inverse modes,” Electron. Lett., vol. 53, no. 7, pp. 510—
512, 2017.

[2.78] W. Luo, Z. Tang, B. Ge, and X. Cao, “Design of broadband power amplifier based on a
series of novel continuous inverse modes,” Electron. Lett., vol. 53, no. 10, pp. 685-687,
2017.

[2.79] C. Huang, S. He, W. Shi, and B. Song, “Design of Broadband High-Efficiency Power
Amplifiers Based on the Hybrid Continuous Modes With Phase Shift Parameter,” IEEE
Microw. Wirel. Components Lett., vol. 28, no. 2, pp. 159-161, Feb. 2018.

[2.80] K. Chen and D. Peroulis, “Design of broadband highly efficient harmonic-tuned power
amplifier using in-band continuous class-F-1/F mode transferring,” IEEE Trans.
Microw. Theory Tech., vol. 60, no. 12, pp. 4107-4116, 2012.

[2.81] T.-W. Li and H. Wang, “A Continuous-Mode 23.5-41GHz Hybrid Class-F/F-I Power
Amplifier with 46% Peak PAE for 5G Massive MIMO Applications,” in 2018 IEEE
Radio Frequency Integrated Circuits Symposium (RFIC), 2018, pp. 220-230.

[2.82] Chang Liu, Xiao-Wei Zhu, Yin-Jing Sun, Jin Xia, Lei Zhang, and Fan Meng, “High
efficiency broadband multi-Mode transferred power amplifier for LTE and 3G
applications,” in 2014 IEEE MTT-S International Microwave Symposium (IMS2014),
2014, pp. 1-4.

[2.83] D. R. Parveg, P. Singerl, A. Wiesbauer, H. M. Nemati, and C. Fager, “A broadband,
efficient, overdriven class-J RF power amplifier for burst mode operation,” in European
Microwave Conference (EuMC), 2010, pp. 424-427.

[2.84] A. Jain, P. R. Hannurkar, S. K. Pathak, A. K. Gupta, and D. K. Sharma, “Investigation
of class J continuous mode for high-power solid-state RF amplifier,” IET Microwaves,
Antennas Propag., vol. 7, no. 8, pp. 686-692, 2013.

55



[2.85] W. Y. Refai and W. A. Davis, “A Linear, Highly-Efficient, Class-J Handset Power
Amplifier Utilizing GaAs HBT Technology,” in IEEE 16th Annual Wireless and
Microwave Technology Conference (WAMICON), 2015, pp. 1-4.

[2.86] U. R. Jagadheswaran, H. Ramiah, P.-l. Mak, and R. P. Martins, “A 2- m InGaP / GaAs
Class-J Power Amplifier for to 55 . 8 % PAE and 28-dBm Linear Output Power,” IEEE
Trans. Microw. Theory Tech., vol. 64, no. 1, pp. 200-209, 2016.

[2.87] T. Chen, F. Wang, X. Sun, and J. Wu, “A High Performance 2.4 GHz GaAs HBT Class
J Power Amplifier,” in International Conference on Computing, Communication and
Networking Technologies (ICCCNT), 2014, pp. 1-3.

[2.88] R. Wu, J. Lopez, Y. Li, and D. Y. C. Lie, “A highly efficient 1-Watt broadband class-J
SiGe power amplifier at 700MHz,” in Topical Meeting on Silicon Monolithic Integrated
Circuits in RF Systems (SiRF), 2012, pp. 69-72.

[2.89] R. Ma, S. Goswami, K. Yamanaka, Y. Komatsuzaki, and A. Ohta, “A 40-dBm high
voltage broadband GaN Class-J power amplifier for POE micro-basestations,” in IEEE
MTT-S International Microwave Symposium Digest, 2013, pp. 30-32.

[2.90] L. Ma, F. You, and X. Hou, “An Output Match Design Method for High Efficiency and
Broadband Class-J PA,” in Power Amplifiers for Wireless and Radio Applications
(PAWR), 2014, pp. 43-45.

[2.91] V. Carrubba, E. Ture, R. Quay, F. Van Raay, M. Musser, and O. Ambacher, “Analysis
and performance of drain bias ‘In-Dependent’ class-J power amplifeir,” in Proceedings
of Asia-Pacific Microwave Conference, 2014, pp. 998-1000.

[2.92] V. Carrubba, J. Lees, J. Benedikt, P. J. Tasker, and S. C. Cripps, “A Novel Highly
Efficient Broadband Continuous Class-F RFPA Delivering 74 % Average Efficiency for
an Octave Bandwidth,” in IEEE MTT-S International Microwave Symposium Digest,
2011, vol. 2, no. 1, pp. 1-4.

56



Chapter 3: Tools to design an RF power amplifier: Device
characterization and EM simulations

3.1. Introduction

A typical amplifier design flow consists of two steps: calculation of optimum source and load
impedances and design of the matching network. The optimum impedance can be obtained
using a load-pull/source-pull measurement of the device. In the load-pull/source-pull
technique, the impedance presented to the device is swept through a range of values and the
performance of the device (the output power, efficiency, etc.,) for each of the impedances is
obtained. The impedances which meet the design specification are selected and the matching
network is designed to match these impedances. Although the load-pull measurements provide
accurate optimum impedances[3.1], the application of this approach is limited to fundamental
frequency as a large combination of harmonic impedances leads to exorbitant to large sweep
times [3.2].

Another approach that is of interest is waveform engineering, in which the impedances are
chosen to obtain the voltage and current waveforms required for a particular mode. The
waveforms provide additional insight into the operation of the amplifier. Apart from that, the
major advantage of this approach over the load-pull technigue is that the optimal impedances
at fundamental and harmonic frequencies are predicted simultaneously, as we have seen in
chapter 2. However, the theoretical formulation of the waveforms does not consider the
influence of parasitics and the non-linearities of a transistor (mainly non-linear capacitors and
device V). Therefore analytical expressions were derived by our group [3.3]-[3.6] for class B
and class AB which takes into account the influence of parasitics and device IV. However,
deriving such expressions for non-linear capacitances is cumbersome, even considering one
non-linear capacitance (non-linear input capacitance)[3.7].  Alternatively, non-linear
capacitors can be simulated in a non-linear simulator while the influence of device IV can be
obtained from measurement [3.8] or from the simulation of the current generator[3.9]. The
former has only been demonstrated for fundamental frequency whereas the latter requires

extraction of device model consisting of at least 80 parameters from the measurement.

To simplify the design process, waveform engineering is often coupled with load-pull and this

design approach consists of the following four steps:

1) Obtain the theoretical impedances corresponding to the voltage and current waveform

of the chosen mode from the formulation at the intrinsic plane.
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2) Calculate the impedances at the extrinsic plane corresponding to the impedances in step
1. This process is called “embedding”. An approximate parasitic model of the device
consisting of the parasitics at the drain terminal is embedded.

3) Perform load-pull simulation/measurement around the impedance values obtained in
step 2.

4) Design the matching network for impedances in step 3 and optimize further via EM

simulations.

This approach can be considered as an extension of the load-pull technique wherein step 1
minimizes the number of impedances at the fundamental and harmonic frequencies that need
to be swept in step 3. Such an approach using expensive load-pull equipment used in
conjunction with waveform measurement setup has been demonstrated in the design of
broadband and high-efficiency amplifiers [3.2][3.10][3.11][3.12]. This approach has also been
demonstrated using a transistor model. However, in this case, the accuracy of the design

approach depends on the accuracy of the model.

In this work, we utilize the transistor model from the vendor for the design process. Simulation
of the non-linear models of the device in a CAD environment allows multiple design iterations
to be performed without having to fabricate an actual amplifier. Additionally, the vendor model
of the transistor (CGH40010F) used in this work provides the intrinsic current and voltage
waveforms which are necessary to confirm the class of the power amplifier; simplifying the
design process. However, calculating the extrinsic impedances corresponding to the required
intrinsic waveforms ie.., “embedding” in step 2, requires approximate values of the parasitic
elements of the equivalent circuit of the transistor. In this chapter, we present the extraction
process by which the approximate values of the parasitics used in this work are obtained. We
then explain the embedding process and discuss its accuracy. The extraction presented in this

chapter is based on the work done by our group in [3.5], [3.13], [3.14].

Another critical step in amplifier design is performing EM simulations of its layout viz., step
4. The device models can be simulated along with the electromagnetic (EM) simulations of the
layout allowing to fine-tune the amplifier performance before fabrication. Because of the ease
of integration with transistors, microstrip technology is used for the realization of the layout.
Electromagnetic simulations can accurately predict the performance of microstrip lines and

hence is indispensable in the design of the amplifier. This chapter also presents the simulation
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results of a matching network [3.10], a class AB amplifier designed by our group, and a class

J amplifier [3.15] to demonstrate the process.

3.2. Extraction of parasitic elements of a GaN device

A 16-element small-signal equivalent circuit of a GaN device at a bias point is shown in figure
3.1. This approximate model is obtained by replacing the non-linear parasitics (intrinsic
capacitances (Cgs, Cqd, and Cgs) and Ggs by linear capacitance and Ggs with values
corresponding to those at the bias point. Additionally, the non-linear current generator is
replaced by a voltage controlled current source with a transconductance at the bias point. This
approximates the device model in figure 2.4 in chapter 2 and is applicable for low input power

levels.

The small-signal equivalent model of a transistor may be extracted from its S-parameters at
the bias point by optimizing the component values until the s-parameters of the model matches

with s-parameters [3.16]. The optimal values of the component obtained by this approach will
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Figure 3.1: The equivalent circuit of the transistor below pinch off.

depend on the optimization method, error function and the starting values [3.17].

On the other hand, we utilize a GaN HEMT extraction process which consists of the Dambrine
extraction procedure and minor tweaking of some elements of the model which consists of the

following two steps [3.17]:
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1) Extraction of the extrinsic parasitic element from the s-parameters of the device at cold
condition (V¢s=0). The extrinsic pad capacitances are extracted from cold pinch-off
condition (Vgs < Vi and Vgs = 0). At this condition, the equivalent circuit of a device is
simplified as the intrinsic device can be represented with a 7 network of three capacitors
(Cgs, Cgq, and Cgs) [3.17][3.18], as shown in figure 3.2. Whereas the extrinsic resistances
and inductors are extracted from cold forward condition (Vgs>Vih and Vgs=0).

2) The extraction of the intrinsic parameters from the s-parameters of the device biased

at the quiescent point (Vds = Vasq and Vgs = Vgsg).

Gate

Source

Figure 3.2: The equivalent circuit of the transistor below pinch off.

3.2.1. Extraction of extrinsic pad capacitances (which including package parasitics)
For low frequencies (below 1 GHz), the effect of inductors and resistors can be neglected
[3.18][3.19]. The equivalent circuit of the device at cold pinch-off condition is as shown in

figure 3.3.

Imaginary parts of the Y parameters of the device are related to capacitances as

Im(Yy4) =jw(Cpg + Cgs + ng) = jw(CgSO + ng) (31)
Im(Y;2) = —jwCyq (3.2)
Im(Yz2) = jw(Cpa + Cas + Cga) = jw(Caso + Cga) (3.3)

Where the total capacitance between the gate-source terminals and drain-source terminals are

denoted by Cyso and Cyso, given by:
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Figure 3.3: Equivalent circuit at cold forward condition
Cgso = Cgs + Cpg (3.9)

Caso = Cas + de (35)

The capacitances Cy4, Cy50 and Cyso can be extracted from the slope of the Y parameters of the

device with frequency, w. The extraction of these capacitances for the vendor model of
CGH40010 device is shown in figure 3.4. However, the 4 unknown capacitances cannot be
evaluated using the two relations given in equations (3.4) and (3.5). Cpq is assumed to be equal
to Cpg Owing to the symmetrical gate and drain pads in GaN HEMTs [3.18][3.20][3.19] and
this assumption is assumed in the extraction of CGH40010 [3.5]. The additional relationships
between the capacitances such as the ratio of capacitances can be used [3.20]. However, these

ratios between capacitances are related to the structure of the device and are not universal and

oo o |m(Y ) Vendor model of
22} |cree CGH40010
003074 —Im(Yy,)|10W GaN HEMT
00254 ¢ Im(Yyy) ~
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Figure 3.4: Extraction of the branch capacitors (Cgs9, Cys0, and Cgq) from the simulated Y-parameters
of the device at cold pinch-off condition (Vs < Vi and Vs = 0V)
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hence cannot be applied to different devices [3.19]. To extract the extrinsic capacitances,
instead, we use a simplified version of the TECR (Technology-related Empirical capacitance
ratios) algorithm [3.18][3.20] shown in figure 3.5.

In this algorithm, the pad capacitances (Cpd and Cpg) are swept and the error (es) between the
S-parameter of the equivalent circuit (S™) in figure 3.2 and the S-parameter of the vendor
model under cold pinch-off condition (S") is calculated. The pad capacitances that result in the
minimum error (eg) is selected as the value of the capacitance. The error (€s) is defined as
[3.20]

N
1
&=~ ) eI, (3:6)

Extract Cgd, Caso, and Cgso
(refer section 3.2.1)

Cpa=0,Cpg =0

Cpeg=Chpd Increment Cpg

De-embed Cpg and Cpg> and
Extract Ls, L4, and Lg

(refer section 3.2.2)

De-embed Ls, L4, and Lg, and
Extract R, Rg, and Ry
( refer section 3.2.3) Cpa> Caso/2

(Or) Cpe>Cas0/2

Cas = Caso — de

Cgs = Cgso — Cpg

Evaluate the S-parameters of the Calculate the €5

from (3.6)
model in figure 3.2 (SM)

Figure 3.5: The flow chart of the algorithm used for extraction of the pad capacitances.
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Where N denotes the total number of data points, f,, denotes the frequency of the nth data point

and the error between S-parameters SV and S at the frequency f,, is defined as

AS11(f) AS15(fr)
1+ [S7,(f) max (Sgl(f ), 815 (f; ))
* — ns n (3-7)
€ Un) 85,1 (£) 855(£)
max (S;’l(fn),S{/z (fn)) 1+ (83, (f)|
Where,
AS;; = |Re(S;(f) = S ()| + |Im(SE(f) = S (D) (3.8)

The output of the TECR algorithm ie., €5 as pad capacitance is varied from 0 to 600 fF is plotted
in figure 3.6. Based on this plot, the values of Cpg and Cpqg are chosen as 0.460 pF. Only the
extraction of the pad capacitance is different from the extraction procedure utilised by our
group in [3.5] whereas the extraction of the extrinsic inductances and resistance is the same
reported in [3.5].

3.2.2. Extraction of extrinsic inductance

The extrinsic inductances are extracted from the S-parameters under cold forward (V4¢s=0 and
Vgs>Vpinchoff) condition [3.19]. The equivalent circuit of the device under this condition after
de-embedding the pad capacitances is shown in figure 3.7. The Pi configuration of the intrinsic
capacitances is converted into a T configuration to ease the extraction process. R, in the figure

denotes the channel resistance.

3.0
Vendor model of CGH40010F
2.5+
2.0+ _ _
Cpy = Cpy = 0.460 pF
P15
1.0 /
0.5+
0-0 T T T
0 200 400 600

Cyq (fF)

Figure 3.6: Error (es) as the pad capacitance varied from 0 pF to 660 fF (=Caqso/2 ). The S-parameters
of the device at cold pinch-off condition (Vs < Vi and Vs = 0V)
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Source
Figure 3.7: Equivalent circuit at cold forward condition

The Z-parameters of this equivalent circuit can be expressed as

1 1
Zj1 =Rs+ Ry +— Lg+ Ly
1= Ro+ Ry +2 +J[ (Ls + oG, aC, (3.9)
_ _ Rch , 1
Zi2=Zn =Re+——+) [“’Ls - a)CS] (3.10)
_ ) 1 1

Extrinsic inductances Lg, Lsand L, can be determined from the slope of wlm(Zij) plotted

against w? as shown in figure 3.8.

3.2.3. Extraction of resistances

There are four unknown resistances in equations (3.7)-(3.9), but only three relationships can
be obtained by equating real parts of these equations. This has been overcome in the
formulation proposed in [3.18]. First, extrinsic capacitances and inductances are de-embedded
from the measured s-parameters to obtain the Z parameter ZRcold, The zR<0ld can be related to

extrinsic resistances as [3.18]

ww ~ — 1 + @ (Rgq +Ry) (3.12)
m(z57 ) ™ ConRen I (25

m(ZET) T ConRen Im(Z5 |
Re(ZEol) a (3.14)

——L = Ry, +R
Im(zgé’,‘old @ CChRCh Im(ZRcold)( + )
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B R ZRcold B L.
Rs can be obtained from the slope of %w plotted against W Similarly, Rq and Ry
; ( 2cold) Re ( 1r:olzi) ; .
can be obtained from the slopes of Tm(zReod) @ and Tm(zRed) @ respectively. The extraction of

the resistances is shown in figure 3.9.

Vendor model of
Cree CGH40010
10W GaN HEMT

1.25
o w*lm(Z,,)
1004 & o*Im(Z,)
o w*Iim(Zy,)
0.75-

0.50

0.25 +

©*Im(Z) (X102 rad—C/s)

0.00

Slope =0.815 nH
Ly=slope-L,=0.812nH .

Slope = 0.796 nH
Ly=slope-Ls=0.794 nH

L= Slope =0.002 nH

Figure 3.8: Extraction of the inductances (L4, Ly, and L;) from the simulated Z-parameters of the

device at cold forward condition (Vs > Vi and Vs = 0 V). For this figure, Cpa=Cp=460 pF is used.

5.0 7.5 10.0 12.5

o? (X10%° rad?/s?)

15.0

0.5

OJ*RE(ZzzRCOId)“m(ZZZRCOId)
OJ*Re(leRCOId)“m(ZZZRCOId)
OJ*RE(ZRCOIdlZ)“m(ZZZRCOId)

P | & b o

0.0+

-0.5 +

-1.0

Slope = 1.551

Slope = 0.858
Ry=slope -R=0.793 Q

Vendor model of
Cree CGH40010
1OW GaN HEMT

=slope - R,=1.486 Q

w*Re(ZRY/Im(Z,,7°°%) (X102 rad/s)

-0.5 -O

Figure 3.9: Extraction of the resistance from the simulated Z-parameters of the device at the cold
> Vi and Vg = 0V). The pad capacitances and extrinsic inductances

forward condition (V;

4 0 3 -0 2 O 0 0 1 012
w/Im(Z,,Re0d) (x1o12 rad/(Qs))

obtained in figures 3.6 and 3.8 respectively are de-embedded.
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3.2.4. Extraction of intrinsic parameters
The calculated extrinsic elements are de-embedded from the S-parameters of the device at the
bias point to obtain the Y parameters of the intrinsic device. The equivalent circuit of the

intrinsic device is shown in figure 3.10.

€
| A g |

Source
Figure 3.10: The equivalent circuit of the intrinsic device

The Y parameters of the intrinsic device (Y") can be expressed as [3.17]

(2 /)2 i _
v = Rlcfjw + jo (% + cgd) Yz = —jwlga (3.15)
i _gmexp(jor) . Yy = gas +jo(Cas + Cgq) (3.16)

2T R0 9

Where D = 1 + w?CZR}.

Since w?CAR} ~ 0 for low frequencies [3.18][3.17], the admittance (Y, Yya, Ygm, and Yys)

of the branches of the equivalent circuit can be approximated as

Yys = Y + Vi = RiCEw? + joCys

(3.17)
Y0 = -Yh = jwC
gd 12 = JWlgq (3.18)
Y. —yi _vyi =gmexp(—jwt)
gm = Y21~ 112 = = T jRiCys0 (3.19)
Yas = Yia + Vi = gas + joC
ds 22 12 = Gas T JWlgs (3.20)

The individual elements from equations were separated as [3.18][3.19]
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wCgs ~ lyé(’;i) = (Im (Y1) + Im(¥12)) (1 + ((fr:gi; 1 j:iij;) (3.21)
wCyq = Im(Y,q) = —Im(Y},) (3.22)

WCqs = IM(Ygs) = Im(Yy,) + Im(Yy,) (3.23)

gas = Re(Yys) = Re(Yy,) + Re(Ys5) (3.24)

o= (i) * ol ey =

Using the approximation that wzcstiZ ~ 0 for low frequencies, following [3.18], g, and
can be obtained from the relationships:

2 2

G =3

—_— w [ —

Im C;s ng
_ o Ym

wT = —phase | jowCys E (3.27)

The extraction process of Cgs, Cas, Cgd, 9ds, Ri, gm, and = of vendor model of CGH40010 at

Y,

95

(3.26)

V4s=28 V and Ipsq= 150mA is illustrated in figure 3.11. The parasitic elements Cpd, Cpg, Ls, Lad,
Lg, Rs, Ra, and Ry, obtained in figures 3.6, 3.8, and 3.9, were de-embedded from the S-

parameters of the vendor model.

The extracted elements values need to be optimized to achieve a better match between the S-
parameters of the equivalent model and vendor model [3.5][3.18]. Rather than optimizing all
the components in a single optimization step, we optimize elements in an eight-step procedure
shown in Table 3.1 [3.16]. This partitioning of the optimization problem into steps is based on
the relative sensitivity of the S-parameter to the variation of elements. For example, the output
reflection coefficient of the device (S22) is the most sensitive to a change in Rgs and Cgs [3.21]
and hence, when these two elements are varied or optimized, the target is to minimize the error
in Sz2. In each step, a selected combination of components, shown in Table 3.1, is varied to
find a least-squares fit of an S-parameter of the equivalent model with the S-parameter of the

vendor model. These steps are performed in sequential order and repeated until the average
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Figure 3.11: The extraction of intrinsic component value from the S-parameter at the bias Vps;=28 V,
Iosg=150 MA (a) gm (b) Cos(c) Cqa(d) Cas(e) Ri (f) T (9) Gus

relative percentage error between the S-parameters of the vendor model and equivalent model

(Eyep) 1s minimized. E,,,; is calculated as

2 2 N
1
Erer = mz Z Z
i=1j=1n=1
Where, f;,, denotes the nth sampling frequency.

|Sx(fn) - 53’(fn)|
NAGH]

(3.28)
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TABLE 3.1: EIGHT STEPS IN THE ITERATIVE ROUTINE USED FROM OPTIMIZING THE COMPONENT VALUES

Step Elements optimized S-parameter fitted Frequency range
1 Rds, Cds S22 All
2 Cgs S11 all
3 ng, Rs S12 all
4 Om Sa1 all
S Rd, Ld, Cpd S22 upper half
6 Rg, Lg, Cpg, Ri Su upper half
7 Ls Sz upper half
8 T Sa1 upper half

The extracted parasitic elements before and after optimization are summarized in Table 3.2.
The percentage change of Rs and Ls is the highest because of the shortfall of the extraction
process [3.5]. The large percentage change in T and R; can be attributed to error propagation as
their accuracy depends on the accuracy of Cys. E,..; before and after optimization are 8% and
5.9% respectively over the frequency range 0.5 GHz to 6 GHz. The S-parameters of the
extracted equivalent model after optimization and the vendor model over the frequency range

0.5 GHz to 6 GHz are plotted in figure 3.12. It is seen that they are in close agreement.

3.2.5. Extraction of intrinsic elements at gate and drain voltages other than the bias point
Non-linear capacitances are extracted from the vendor model of CGH40010 as they were
required for a qualitative study in chapter 5. S-parameters of the device are generated for the
gate and drain voltages in the range of -4 to -1 V and 0 V and 28 V. The extrinsic elements in
Table 3.1 are de-embedded to obtain Y-parameters (Y™) of the intrinsic device. Rather than
extracting the intrinsic component by data-fitting followed by optimization, we have used
analytical expressions for the intrinsic component value that minimizes the I, norm of the error
between the equivalent model and vendor model [3.22][3.23]. This is because the extraction
method based on analytical expressions provides values in a single step and is easier to program

in Matlab. The analytical expressions were given as[3.22][3.23]:

1 ym 2
R, = kRe( sk) e = ﬁZk(l veicl/ fie) (3.29)
Zkl gs,kl Zk]m( gsk)/fk

Yk Re(Yder)/ fi - =i2k1m(Y$,k)
Xk 1/ fk CE T Yk

_ 1 S/ R Bl (1 2niCosRol/
94 znZklm(Ygrg,k)/fk' Zic 1/ fr

Gye = (3.30)

(3.31)
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TABLE 3.2: The extracted parasitic components of the equivalent model from the
vendor model of CGH40010 at 1dsgq=150 mA and Vdsq=28 V

Cpg (iNpF) | Cpa (inpF) | Ls (innH) | La (innH) | Lg (in nH)
Before 0.460 0.460 0.0020 0.812 0.794
Optimization
gﬂe.r o 0.404 0.404 0.0040 0.790 0.798
ptlmlzatlon
% Change 122 12.2 100.0 2.7 0.5
Rs(inQ) |Ra(inQ) |[Rg(inQ) | Cgys(inpF) | Cqys(inpF)
Before 0.060 1.486 0.793 6.982 0.896
Optimization
After 0.040 1.280 0.616 7.332 1.100
Optimization
% Change -33.3 -13.9 223 5.0 228
Cga (inpF) [Res(inQ) | Gm(inS) |Ri(inQ) | Tau (in ps)
Before 0.234 126582 | 0.565 0.640 1.845
Optimization
After 0.215 113730 | 0.581 0.370 2.003
Optimization
% Change 8.1 -10.2 2.9 422 8.6

PN

250

— EqUivaIent Circuit
--0-- Vendor model
CGH40010 2100
0.5-6 GHz

Figure 3.12: The S-parameters of the equivalent model after optimization and the S-parameters of
vendor model at Vysq=28 V and lgsg=150 mA

However, these expressions are derived for a transistor operating as a voltage-controlled
current source. Hence for the extraction of bias point for which device is off (Vg<Vw), data

fitting as in section 3.2.4 is used. The extracted Cgs, Cgq, and Cgs are plotted in figure 3.13.
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Figure 3.13: Extracted values of (a) Cga (b) Cys (C) Cgs from the vendor model for Vg between -2 V
and -3 V and Vg between 0 VV and 28 V.

Since these non-linear capacitances are required only for qualitative analysis, we have not
performed the optimization as in section 3.2.4 to improve the accuracy of the extracted
component values. For all the amplifier simulation during design in this thesis, we have used

the existing vendor model.

3.3. Embedding and De-embedding procedure

The simulation using the vendor models are performed at the device plane whereas
theoretically calculated impedances are at the current generator plane of the device. Hence the
obtained impedances need to be translated to the current generator plane to obtain the
corresponding impedances at the extrinsic plane. This is referred to as “embedding”. In a
similar fashion, the impedance at the extrinsic plane of the device needs to be translated to the

intrinsic plane to confirm the class of amplifier, which is referred to as “de-embedding”.

The approximated parasitic model consisting of Cgs, Ra, Lg, and Cpa, shown in figure 3.14, at

the drain of the device is used [3.10][3.24][3.25] to gain access to the current generator plane.
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This is valid because Cgq is one order of magnitude less than Cgs and, Ls and Rs are negligibly
small, as can be seen from Table 3.2. However, this parasitic model consists of only 4 elements
resulting in an error from the actual value. However, it is favoured because of its simplicity
and has been extensively used in the design of continuum-based amplifiers. Additionally, the

aim is to estimate approximately the impedances at which load-pull needs to be performed.

For the de-embedding process, the approximate parasitic network is simulated by placing the
load Zextrinsic at the package plane to obtain the corresponding impedance at the intrinsic plane.
Vendor models (from Cree) provide the current and voltage waveforms at the intrinsic current
generator plane, upon simulating the model with Zextrinsic. In this case, accurate Zintinsic can be
obtained directly from the model itself. Nevertheless, the estimation of Zintinsic IS required for

areal device or in the simulation if the model does not provide access to the internal waveforms.

The embedding can be performed in a CAD design environment by using the negated version
of the parasitic model ie., using the negative value for the parasitics, as shown in figure 3.14

[3.10]. The Zextinsic can be calculated from the simulation of this negated version of the network

Current
Generator Package Current
plane plane Generator Package
; R d Ld plane _ plalne
1 |
RN T HT% -
' J_ '
1 1 1
T IT [ ™ ™I
intrinsic Zextrmsic- Lintrinsic ZLextinsic

Figure 3.14: (a) Approximated parasitic model at the drain of a GaN HEMT (b) Negated version of
the parasitic model. Zinrinsic and Zexwrinsic denote the impedances at current generator plane and device
plane respectively.

with Zintrinsic at the current generator plane. This process of embedding is required even with

the cree models, as they do not allow to place the impedance at the intrinsic plane.

An example of the embedding and de-embedding process is illustrated using the CGH40010
for the fundamental impedances of classes B, J, F, and CCF* in figure 3.15 (a) and (b). The
theoretical optimal load line resistances for CGH40010 are reported between 32 Q and 38.1 Q
and hence the theoretical impedances are calculated for these values. The calculated

impedances are plotted in figure 3.15 (a). After applying the embedding process illustrated in
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figure 3.14, the corresponding impedances at the extrinsic plane at frequency 2.6 GHz are

plotted in figure 3.15 (b).
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Figure 3.15: The theoretical impedances at the intrinsic plane of classes B, J, J* and CCF* at the

fundamental (Zuinvinsic) frequency are in (a). The corresponding impedances at extrinsic plane after
embedding at fundamental (Z1 extrinsic) are in (b).
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Figure 3.16: The theoretical impedances at the intrinsic plane of classes B, J, J* and CCF* at the
second harmonic (Z2,ininsic) frequency are in (a). The corresponding impedances at extrinsic plane after
embedding at second harmonic frequency (Zzextinsic) are in (b).

In the similar way, we have performed the embedding process for the second harmonic

impedances, the theoretical calculated impedances are plotted in figure 3.16 (a) and the

corresponding impedances at the extrinsic plane at frequency 5.2 GHz are plotted in figure 3.16

(b). It can be observed in figure 3.16 (b) that some second harmonic impedances have negative
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real part indicating that an active load (which supplies the second harmonic to the device) is
required for these impedances. This additional second harmonic is required to compensate for
the attenuation due to Rq. Hence, for it to be realizable with a passive matching network, we
replace the negative part of these impedances with zero resulting in a corresponding
approximated second harmonic impedance, which is (denoted by X) plotted in figure 3.16 (b).
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Figure 3.17: The impedances at the intrinsic place of the vendor model in simulation compared with
the theoretical (target in figure 3.15 (a) and 3.16 (a)) values. The impedances at the fundamental
frequency (Zuinrinsic) are compared with theoretical values.

228"

We simulate the vendor model with the fundamental and the corresponding second harmonic
impedance in figure 3.15 (b) and 3.16 (b) respectively. We sweep the input power to the device
in the harmonic balance simulation and the intrinsic impedances are calculated as the ratio of
the intrinsic voltage and current waveforms generated by the vendor model. The intrinsic
impedances calculated from the vendor model are compared with the theoretical impedances
(in figure 3.15 (a)) at fundamental frequency in figure 3.17. The fundamental impedances from
the vendor model can be seen to be very close to the theoretical values, however, they depend

slightly on the input power level.

The comparison of the intrinsic impedances calculated from the vendor model are compared
with the theoretical impedances (in figure 3.16 (a)) at the second harmonic frequency (Z2,intrinsic)
is plotted in figures 3.18 (a), (b), and (c). The simulated Z>,intrinsic change quite considerable
with input power in the case of the second harmonic frequency. In the case of class B in figures
3.18 (a) and (b), and CCF* in 3.18 (c), the real part of Z2,inrrinsic Decomes negative. This indicates
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that the device may become unstable for these power levels. Z1 intrinsic ahd Z2,intrinsic Change with
input power because of the harmonic non-linear capacitances (Cgq and Cgs) at low power level
[3.26] and the knee region at a high power level. The simplified parasitic network fails to
predict the second harmonic impedances. The discrepancy between Zaintrinsic from the Vendor
model and the simple parasitic network is much larger when Zaintinsic IS greater than zero ie.,
Zointrinsic 1S inductive. This larger discrepancy for inductive Zaininsic can in part be attributed to
the larger discrepancy between the required and realized impedance for the inductive than the
capacitive Zaintrinsic In figure 3.16 (b). Hence, in this work, we slightly adjust the impedances at
fundamental frequency whereas we use load-pull simulation at the second harmonic frequency

to choose the second harmonic impedances which results in higher efficiency.
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Figure 3.18: The impedances at the intrinsic place of the vendor model in simulation compared with
the theoretical (target in figure 3.15 (a) and 3.16 (a)) values. The impedances at the second harmonic
frequency (Zz,intinsic) for classes B, J, and J* for Rop=32 Q and Rqp=38.1 Q are compared in (a) and (b)
respectively whereas the comparison for CCF is in (c). The arrows in the (a), (b), and (c) denote the
direction of change in impedances as power increases.

3.4. EM simulation methods in ADS?
ADS has three EM simulation modes viz., momentum RF, momentum microwave and FEM
(Finite element method). Momentum is based on a division of the layout into 2D cells (square

or trapezoid) using a 2D mesh and the method of moments to calculate the currents flowing

2 ADS stands for Advanced Design System
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through the layout. On the other hand, FEM is based on division of the layout into tetrahedral
cells using a 3D mesh to calculate the electric and magnetic fields for each cell using Maxwell’s
equations. The meshes used in FEM and Momentum are shown in figure 3.19. The mesh should
be fine enough to discretize the smallest structure in the layout [3.27] to obtain accurate results.
However, the time of simulation increases with a decrease in cell size. Hence, starting with a
coarse mesh, simulations should be performed by decreasing the size of the mesh until the

results of interest, in this case, S-parameters, do not change.

Momentum can provide accurate predictions for planar structures. FEM can provide accurate
results for 3D structures as well. However, it is computationally intensive and requires
considerable simulation time than momentum microwave. EDA software such as EMPro and
CST can perform FDTD (finite difference time domain) simulation which is as accurate than
FEM [3.27]. However, FEM is found to be accurate enough in predicting the performance of

microstrip lines.

(a)

Figure 3.19: Mesh used in (a) Momentum and (b) FEM

Signals in microstrip lines are evaluated as electromagnetic waves in EM simulations.
Whereas, signals through lumped elements and transistors are evaluated as voltages and
currents. This requires the conversion of voltages and currents into EM waves and vice-versa
at some point in the circuit. ADS handles this conversion by extracting the S-parameters of the
laid out microstrip lines. The evaluated S-parameters are used in the simulation of the entire

circuit with lumped elements.

The S-parameters of the layout are calculated by ADS by exciting the layout with fictitious
current sources, connected to the layout at points where the lumped elements are connected in
the schematic. The excitation to be supplied by the current sources depends on the
corresponding component. For example, since the input and output of the amplifier are

connected to an RF power source and meter respectively, a fictitious current generator
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connected to the input and output needs to be specified as the RF source. On the other hand, a
fictitious current generator connected in the place of biasing voltage source needs to be defined
as DC current generator. Ports and pins are used in ADS to define the excitation generated by
the fictitious current generator.

3.4.1. Pins and ports

Pins are placed at the location where components are connected in the layout. The terminal
fictitious current generator is connected to the pin. The pin can be a single point or can have
finite length. In the case of point pins, shown in figure 3.20 (a), the excitation is applied over
the entire width of the edge of the microstrip line. This is not an accurate physical
representation of the actual circuit if there is an appreciable difference between the widths of
the package leads of the component and microstrip lines. Even with this inaccurate
representation, the performance of the RF PA can be predicted accurately [3.28]. The effect of
this difference is more pronounced in the case of active devices [3.29]. Edge pin is a way to
define the width of the package leads in ADS. Edge pins, shown in figure 3.20 (b), in ADS are
simulated with a constant voltage throughout the pin. The EM simulations [3.30] performed on
the package of the transistor reveals that voltage varies across the width of the lead. Hence
approximating the contact between the transistor and microstrip line as edge pin leads to
inaccuracy in the result. In the absence of knowledge of the package and connections of the
transistor, the simulation can be performed with the edge pin with an understanding that the

accuracy of the results is limited.

Ports consist of two or more pins. If only one pin is assigned to the port, the other pin is assumed
to be the ground pin, which lies on the bottom layer of the microstrip line, as shown in Figures
3.20 (a) and 3.20 (b). For the components connected to the top layer of the microstrip, both the
pins are on the top layer as shown in figure 3.20 (c). This configuration is called a differential

port.

3.4.2. Port Calibration

EDA software allows a range of settings to accurately model the coupling effects arising from
the connected lumped components. This is handled in ADS by calibrating the ports. Before
performing the simulation, each port is calibrated to remove or consider the parasitic effects.
The calibration techniques should be chosen according to the available model of the lumped

element. The different calibration techniques supported by ADS are:
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(b) (©)

Figure 3.20: (a) Port with point pins (b) Port with edge pins (c) Differential port

1) TML (TransMission Line): A transmission line of the same impedance whose length is
calculated based on the frequency of interest is connected to the port as shown in figure 3.21
(a). The EM effects of the inserted calibration transmission line are removed by de-embedding
its s-parameters. This calibration should be used when a transmission line is connected to the
port. The transmission line of zero length, i.e., a current source directly connected to the port,
can be used if the transmission line extension used in TML calibration intersects with metal in

the same layer.

2) Delta gap and SMD calibration: When an SMD (surface mount device) component is
placed in the layout, mutual coupling arises between the pads and the neighbouring
components. A delta gap should be used for the SMD components if the parasitic effects arising
due to their packages are not known. Whereas, SMD calibration is used if those effects are
known. For example, this calibration can be used if S-parameters of the component are obtained

from the vendor which includes the effect of packages and pads.

P ! metal 1
ICalibrationi I

. 1
I line 4

Ground
_______ layer

@ (b)

e —

Figure 3.21: (a) TML calibrations setup (b) SMD calibration setup (c) Delta gap calibration setup

Delta gap calibration is performed by extending the metal inward into the gap between the
ports as shown in figure 3.21 (b). This extended metal crudely models the parasitic effects
arising due to the pads of the surface mount devices. Whereas in SMD calibration, the
calibration standard (extended metal) is simulated separately, as shown in figure 3.21 (c), and

de-embedded. As de-embedding the calibration standard only removes the self-impedance
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arising due to the extended metal, only the coupling between the extended metal and other

components is taken into account.

3) None: This refers to an uncalibrated port. This can be used when none of the above
calibrations is suited for the component. The layout is excited by simply connecting the lumped
current source to the port. However, this will provide accurate results only if the length of the
port is less than one-tenth of the wavelength at maximum simulation frequency. It has been
observed that “none” calibration can give more accurate results than SMD calibration [3.31].
In [3.32], it has been suggested to use SMD calibration if the number of surface mount

components is large.

Table 3.3 summarizes which calibration is suitable for which component.

Table 3.3:Calibration type and its applicability

Port calibration Component connected to the port
TML Transmission line/Coaxial cable
TML (length zero) Transmission line/Coaxial cable
Delta gap Surface mount devices (when the package parasitic are not known)
SMD Surface mount devices (when the package parasitic are known)*.
Direct (or None) All components.
Auto Software will select calibration automatically.

* None calibration can give more accurate results than SMD calibration

3.5. EM simulations results

EM simulations of an output matching network [3.10], a class AB amplifier designed by our
group[3.5], and a class J amplifier[3.15] were performed to illustrate the process. The layout
of an output matching network reported in [3.10] is shown in figure 3.22 (a). The close
agreement of the simulated reflection coefficient and insertion loss with those reported in [3.10]

can be observed.

The layouts of the class AB amplifier and the class J amplifier are shown in figures 3.23 and
3.24(a) respectively. The edge pins are used for a transistor, and the width of the edge pins is
set equal to the width of the lead of transistor (1.28mm) [3.33]. “None” calibration is applied
to the ports corresponding to the transistor and DC supply. The point pins instead of edge pins
are assigned to capacitors and resistors even though they have finite width because the use of
edge pins is found inaccurate for SMD components [3.31]. Figures 3.24(b) and 3.25(b) reveal

a close match between simulated and measured gain and output power. The predicted and
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Figure 3.22: (a) Layout of an output matching network [3.10] (b) Comparison of simulated reflection
coefficient reported in [3.10] with the simulation in this work (c) Comparison of the measured[3.10]
and simulated insertion loss

measured S-parameters of the class AB amplifier are in close agreement as shown in figure
3.25(a).

PAE is accurately predicted for the class J amplifier, as observed in figure 3.24 (b), whereas
large discrepancy between measured and simulated PAE of the class AB can be observed in
3.25 (b) using FEM and momentum. The discrepancy in PAE can be attributed to the model of
the device, considering the similarity between the layouts of these two amplifiers and the
accuracy of the EM simulations of microstrip lines.

3.6. Summary

We have extracted the small-signal equivalent circuit of the device consisting of 16 elements
from the S-parameters of the vendor model of 10W GaN HEMT (CGH40010F). We embed
and de-embed the parasitic elements at the drain viz., Cgs, Rd, Cpd, and Lq to simplify the design
process. Embedding and De-embedding process in the CAD environment using this
approximate parasitic network is illustrated. It is observed that an approximate parasitic
network fails to predict the second harmonic impedances at the intrinsic plane. Hence, the load-
pull simulation at second harmonic frequency is used to select the optimal second harmonic
impedance in future chapters. The basic insights are provided into how EDA software performs
EM co-simulation viz., simulating EM fields in layout and voltage and current of lumped
components together. The configuration used at pin and port of the layout depending on the
connected lumped component to them is established. EM simulations of amplifiers indicate
that device models may be incapable of predicting its performance, especially PAE.
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Figure 3.23:  Schematic of the amplifier designed using CGH40025[3.33] by our group
(VDSqg=28V,IDSg=450mA). Amplifier was fabricated on the RO4350B substrate[3.34]. The measured
S-parameter of capacitor obtained from vendor are used in simulation.
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Figure 3.24: (a) the schematic of the class J amplifier design in [3.15] (Vds=28V,IDSq=100mA).
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Figure 3.25: Measured and simulated (a) S-parameter and (b) Gain, Output power and efficiency of
the amplifier
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Chapter 4: The continuum between classes B/J and
Continuous class F*

4.1. Introduction

The class B/J continuum for amplifier design, proposed by Cripps [4.1], utilizes the second
harmonic of voltage to increase the fundamental component through the device. However, such
an approach does not benefit the efficiency nor the output power of the amplifier because of
the corresponding increase in the mismatch between the phase of the fundamental components
of voltage and current [4.2]. This can be illustrated by re-writing the class J continuum voltage
waveform [4.1], given in (2.32), in the form of equation (2.28) as

Vi = Ve — 8, (Vpe — Vidcos(8 + Wpeqpy) — Suka(Vpe — Vi) cos(20 + W) 4.1)
Where,
&, denotes the voltage gain over the class B or un-manipulated condition
Worgy and W, denote the phase difference of the fundamental and second harmonic
components of the voltage with the current in class B (given in (4.1)) respectively
k, is defined as the ratio of the magnitude of the second harmonic to the fundamental
component.

Comparing equations (2.32) with (4.1), the values can be evaluated as

8, =V1+a?, Wy = tan ' (a) 4.2
ky = T == 43

T ivar 22 (43)

n; =58 cos(Wpr(p) (4.4)

Where, n; and np denote the efficiency of class J and class B respectively.

An increase in the magnitude of this second harmonic by a factor of a/2, where a€[-1,1],
increases the fundamental component of the voltage by 6v(= m) but also increases the
phase difference between the voltage and current by |lefU) | Voltage gain (&,,), the magnitude
of the phase difference between the voltage and current (|W,,(|), power factor (cos(¥, £ ())).
and the ratio of efficiency of class B/J continuum over class B (n,/ng) are plotted in Figure
4.1 as a is increased from -1 to 1. It can be seen from the figure, that an increase in |¥, |
with |a| reduces the power factor (cos(’prU))), and this reduction in power factor

compensates the increase in 6, with |a| resulting in the same efficiency as class B. This shows

that even though the manipulation of the second harmonic in class J increases the fundamental
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Figure 4.1: Voltage gain (8,), the phase difference between the voltage and current (|, (1), power
factor (Cos(‘l’pf(]))), and the ratio of efficiency of class B/J continuum over class B (n;/ng) versus a

component of the voltage flowing through the device, it does not benefit the efficiency. The

only benefit of class B/J continuum is its flexibility of design space, as shown in Figure 4.2 (a).

On the other hand, continuous class F1, proposed by Kim [4.3] relies on the elimination of the
in-phase component of the second harmonic and manipulation of the quadrature component of
the second harmonic of the current in class J. The voltage waveform of continuous class F* is
the same as that in class J for |a|=1 but with fundamental and second harmonic components
phase-shifted by n/4 and n/2 respectively. This shift in voltage waveform is shown in Figures
4.2 (b) and (c). This shift reduces the phase mismatch from 7/4 in class J to 0 in class F?,
thereby increasing the power factor. As a result, the drain efficiency of class F* is 91% as

opposed to 78.5% in class J with a short at third and higher harmonics.

These classes represent two extremities, of manipulating the second harmonic of the current
with an intermediate set of current waveforms shown to exist in [4.2]. We propose a new
contiguous set of current waveforms between these classes whereby the in-phase component
of the second harmonic of the current in class J is partially removed to achieve higher

efficiency.

4.2. Formulation of the proposed continuum

A simplified model of a transistor i.e. a transistor acting as a voltage-controlled current source
with unit gain, is assumed in deriving the formulation. The knee voltage and peak current of

the transistor are Vi and Im respectively. The second harmonic manipulated current waveform
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Figure 4.2: (a) Fundamental and second harmonic frequencies of class J and continuous class F2(CCF
1y at the current generator plane. (b) Voltage and current waveforms of class J (c) Voltage and current
waveform of continuous class F1(CF?)

is derived from conventional class B, consisting of a resistive load at the fundamental
frequency, with harmonics shorted.

4.2.1. Current waveforms

The drain current in a class B/J continuum is [4.1]

I I 21
IpsH(©) = ?m + {7"1} cos(@) + {3—17:} cos(20) + - (4.5)
Where, I, is the maximum current of the device. The fundamental and second harmonic load

impedances result in the removal of the second harmonic component (i,(8)) from Ipg(;)(8)

[4.3]. The resulting drain current of the device (I,;,(0)), is given as

_ 1 1
0 otherwise
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Where p is an integer. We express i,(6) as in (4.7), wherein, the in-phase component of the
second harmonic of the current in class J is partially removed by a factor (k).

, 2Ly :

i,(8) =k {3_11} {2cos(208)} — 2C,sin(20); 0 <k <1 4.7)

Where Cq is an arbitrary real number. The minimum of |Cq| is zero and the maximum it can
attain is such that the peak current of Is(8) is Im. kK = Co = 0, in class B/J continuum [4.1]

whereas k=1 in continuous class F*! [4.3]-[4.5].
we get I5g(0) as

Ips(0) = Ipc + Ajq cos(0) + By sin(0) + A;, cos(20) + B, sin(26)

+ ) (4;, cos(n@) + B;, sin(nh)) (4.8)

n=3

Where,
Iy
I, =— 4.9
b= (49)
1 8k 8Cq
Ay = I [E ~omz| Bu=737 (4.10)
21
Ap = 3—1’:(1 —k); Bi, = Cq (4.11)
L [sin ((n +1) %) sin ((n 1) %)
Ain = T n+1 n—1
4kl sin ((n +2) %) sin ((n -2) %) (4.12)
32 n+2 + n—2 (n>2)

2Cq [ S ((n - 2)%> sin ((n +2) %)

Bin = — — —— (n>2) (4.13)

The dependence of quadrature components (B;;,), in (9) on C, demonstrates flexibility in the

choice of the reactive component of the fundamental and second harmonic loads. We define 3

as % to express the quadrature components of the current relative to its in-phase component.

11

B is independent of the device maximum current I,,,.

The magnitude of A;; and A;, as k is increased from 0 to 1 is plotted in Figure 4.3 (a). The

value of k cannot be less than zero as negative values would cause the peak of the I;,4(0) to
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exceed the maximum current (Im). Furthermore, to realize values of k >1 would require
negative resistance or a harmonic injection at the second harmonic frequency. The Ai1 and Ai,
reduce as k increases from 0 to 1, as can be inferred from (4.10) and (4.11). We define this
reduction of the in-phase fundamental component of the current from class B/J as current loss,

denoted by &;;, given by:

P An _ An _ 16k
" Aus /2 972

The current loss allows the flow of quadrature components through the device. However, the

(4.14)

magnitude of the quadrature components (which are proportional to ) cannot result in a total
current higher than Im (device maximum current). The allowed range of the variation of § with
k plotted in Figure 4.3 (b), is obtained by simulating the current in (4.8) for each value of k
until the peak of the current I,5(68) is equal to Im. The allowed range of B increases as k

increases, because of in-phase components (4;; and 4;,) flowing through the device decreases.

Typically, an RF power amplifier is matched at most up to 3 harmonics. The approximation of
I (8) up to 3 harmonics in class BJF, are compared with those of Classes J and CCF in
Figure 4.4. Figure 4.4 (a) shows the unmanipulated Class J/B current waveform whereas the
Class CCF! waveform in Figure 4.4 (c) may either peak to the right or the left depending upon
whether B >0 or B<0. Class BIF in the centre (Figure 4.4 (b)) retains the basic characteristics
of CCF, but the waveforms are, under our ideal conditions, more smoothly peaked on either

side depending upon the magnitude and sign of B.

A A &

COO00O00
coORNMWwhWL

%

00 02 04, 06 08 10
Figure 4.3: (a) The in-phase fundamental (4;;) and second harmonic (4;;) components of the current

waveforms versus k (b) The allowed values of f (which indicate the magnitude of quadrature
component) versus k
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However, this manipulation changes the phase of the fundamental and second harmonic
frequencies. The phases of the fundamental (6,) and second harmonic (6,) components of the

current are

8
0, = tan~?! (£> (4.15)
3r 4k
Byra —3- 5
0, =tan! M =tan~! Bou (4.16)
(1-k) 4 3m
3n & (20w

0, varies between -16° to 16° whereas, 0, varies from 0 in class B/J to 90° in class F*.
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Figure 4.4: The current waveforms in the proposed continuum in comparison with Classes J and CCF
! (@) Class B/J continuum (k=0) (b) Proposed mode at k=0.5 (c) CCF* (k=1)

4.2.2. Voltage waveforms

We propose drain voltage waveforms with a phase of +r/2 at the second harmonic frequency
so that the load at the second harmonic is purely reactive for all values of k in the following
equation (4.17) as:

0, : 0,
Vps = Vik + (Vge = Vi) {1 —cos(G —7> —asm(@ —7)

N a sin(229 - 92)} (4.17)

0, a _
= Vae — (Vae — Vi) 8, cos (9 o ‘pr(])> + > (Vae — Vi) sin(26 — 6,)
Where, « € [—1,1] is proportional to the magnitude of the second harmonic of the

voltage, &, = V1 + a? is the voltage gain and W) = tan™"(a) is the phase difference

between the current and voltage waveforms in Class J retaining its usual meaning [4.1].

This voltage waveform is obtained by shifting the fundamental and second harmonic

components of the voltage waveform of class B/J continuum by 6,/2 and 6, respectively,
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giving an overall phase difference between the fundamental components of the current and

voltage waveforms W, as:

Pp

( B {371 4k}> p
1-kl4 3=n 1 (4.18)
02
As Kk is increased from 0 to 1, from (4.16), 0. increases from 0 to w/2 if B is positive and

0 1
£=Wyry— 61+ —2 =tan"Y(a) + =tan?

2 —_— 2
E2910)

decreases from 0 to -w/2 if  is negative. Hence by choosing o and B with opposite signs, from
(4.18), it can be observed that 02 negates the effect of o in W, (). On the other hand, choosing
a and B with opposite signs results in an increase in the phase difference due to an increase in
6,. Since the variation of 8,, which is between -16° and 16°, is considerably smaller than 6.,
which can attain phases between -90° and 90°, W,¢ can be lower than W, () benefitting the
efficiency and output power . The voltage and current waveforms in class J and our proposed
class are plotted in Figure 4.5 for k=0.52, to demonstrate the reduction in phase difference. Wpr

is lower than W¥; as &;; decreases (ie., k increases) provided a and B have opposite signs [4.6].

4 15
--m- A (K=0.52, a=—1,=0.3) - -®- B (k=0.52, a=—1,3=0.1)
1| -4 - Class J(k=0, o=—1,p=0)
3 Reducing ¥, |
-1.0 @
8 _D
> F
g= N
g <
< 0.5 5
= 2
o
zZ
-0.0
8

Figure 4.5: Normalized voltage and current waveforms for k=0.5. Voltage and current waveforms
obtained by setting Voc=1, In=1, and V=0.

4.2.3. Output power and efficiency
The output power (P,,:) and efficiency (n,.,:) are expressed in terms of the output power

(Pout|p) and efficiency (n4,¢(5) Of class B respectively as:
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’ 6472

Pout = Pout|86v61i 1+ Wcos(quf) = Pout|BGVI COS(‘-pr) (4.19)
6437

Nout = 770ut|36v61i ’1 + WCOS(‘pr) = 7]0ut|BGV1 COS(‘pr) (4.20)

Where, Gy; is defined as the gain in the product of the current and voltage over class B,

calculated as

912 912

The power factor (cos(‘}’pf)), Gy, and the efficiency with k are plotted in Figure 4.6. The power

Gy = (1 - 16k>j{1 + az}{l + 64ﬁ2} = 8,6,/ 1 + 6452 /92 (4.21)

factor increases due to a reduction of W, as k increases, whereas, Gy, reduces with k due to

the reduction of Ai1 with k. The increase in power factor compensates for the reduction in Gy;
resulting in an efficiency and output power higher than in class B/J; waveforms ‘A’ and ‘B’
marked in Figure 4.5 achieve 2% and 9% higher efficiency than class J. Not only the efficiency
but also the output power of the proposed mode is higher than class J, in proportion to the
efficiency as revealed by (4.19). On the other hand, adjustment of the loadline to increase
efficiency results in a trade-off with output power, which is not the case in this work. In the
extreme case of k=1 and |a|=1, |02] is 7/2 which corresponds to continuous class F* (CCFY),

02| is /2, causing the minimum phase difference between the fundamental components of the

1.4 ' T ' 93
1.3q—=—cos(¥pp) g ve.. 7190
1——ocy, I SN .

S 12‘+n XA .."—87
O - H —~
= 1.14 Dashed line: p=0.3 o S
G Solid Line: p=0.1 84 =
3 1.0 P -
3 ' L 81
o 0.91 _
' - 78
0.8 _
' L 75
0.7 . . . | ,, | | |
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.6: (b) Power factor (cos (W,y)), Current-Voltage gain (Gy,), and efficiency as k increased
from 0 to 1 for @=-1, and $=0.3 and 0.1,
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voltage and current, resulting in an efficiency of 91% [3]. 6;, 6, and Gy, increase with an
increase in [ as seen from (4.15), (4.16), and (4.21) respectively, resulting in higher efficiencies
in Figure 4.6. The increase in 6; results in a lower power factor for p=0.3 than p=0.1 as k

approaches 1.

The maximum allowable value of B (Bmax) for a given k and the contours of efficiency (n) with
a and k when = Bmax are plotted in Figure 4.7. As k increases from 0 to 1, the in-phase
components (4;; and A;,) decrease and hence Pmax increases. Reducing |o| while maintaining
constant k and B, reduces efficiency and output power because the magnitude of the
fundamental component of the voltage decreases. Hence, the minimum |/ required to achieve
N>78% decreases with increase in k via a reduction of the fundamental component of current
ie., Not all values of a (ie., §,) in (4.17) but only a subset of §,, will result in an improvement
of efficiency depending on the &;;; decreasing &;; (ie., increasing K) requires higher values of
&, to compensate for the current loss. The efficiency can be maintained within 2% over a range
of waveforms defined by k, a, and B. The waveforms for k>0, except for CCF, have not been
previously described. Because these waveforms are contiguous with class J and CCF? with

both these classes at extremities, the linearity of these modes lies in between these two classes.

In (4.19) and (4.20), /1 + 6482/9m2 ~ 1 even for the maximum value of B and therefore
neither benefits the efficiency nor the output power. On the other hand, §,,6;; cos( f) can be

greater than 1, resulting in higher output power and efficiency than class B/J [4.6], as can be

seen in Figures 4.6 and 4.7. This presents an interesting possibility; sacrificing the fundamental

1.0 S 0.4 1 %)
0.5¢ a%e — Class B/J Continuum| - 0.2 91
30. 0 < A Continuous Class F' _ 0.0 x -89
/ Bmax —— Bmax _ . &;E %86

-0.5 / / LR ezl -0.2 183
<< ‘AA .o.m. "'.._._ 0 4 \<8 1

02 0.4 . 06 08 10 |Ds

Figure 4.7: The maximum allowable value of B vs k. The contours of efficiency with a and k for f=
Bmax calculated from (4.20). Voc=1V, In=1A, and V=0V were used for this simulation. Shaded regions
demonstrate design flexibility in comparison to continuous class F* and class B/J.
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component of the current (§;; < 1) for a lower phase shift (¥, < ¥;) and reaping the benefit

from voltage gain (6,, > 1) due to second harmonic manipulation of the voltage.

The impedances at fundamental (Z, ;,,,) and second harmonic (Z, ;,,,) frequencies, required to

maintain the waveforms are calculated from (4.17) and (4.8), are

Ziint = Ropt ( O ) e I¥pr
' 81y 1 + 642 /972

eJ01 ) ef(_Tez) (4.22)

= Rop (8,27 (J 1+ 6452/9m2

laRopt

Zyint =
j{@} + {26 — (328K)/(9m2)Y?

JaARop¢

2
2 3m
2\/4<§—@(1—5ﬁ)> +65:8°

These calculated impedances are plotted in Figure 4.8 for k=0, 0.5, and 1 using (4.22) and

(4.23)

(4.23). For each value of k, the values of o and B are varied so that the impedances achieve

higher efficiency than in a un-manipulated second harmonic class B. Increasing &, (ie., the

—a— k=0,=0
—e— k=0.5,$=0.14
—e— k=0.5,3=-0.14
—o— k=0.5,$=0.29
—o— k=0.5,=-0.29
—4— k=0,=-0.32
—4— k=1,$=-0.16
—a— k=1,$=0
—v— k=1,$=0.16
—v— k=0,$=0.32

Figure 4.8: Theoretical fundamental (Z1) and second harmonic impedances (Z2) for k=0, k=0.5, and
k=1 and varying o and p. All these impedances achieve efficiencies between 91% and 78.5%
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magnitude of o) not only increases the magnitude of Z, ;,,, but also its phase, leading to an

increase in the reactive component of Z, ;,,.. Increasing the magnitude of 8 results in very small

variation in the magnitude of Z; ;,;, as /1 + 64B2/9m2 is 1.04 even for the maximum value
of B but it increases the reactive component of Z ;,,,. It is seen that reducing |o| and increasing
|B| moves the second harmonic impedance towards a short circuit. The variation of the
impedances with o and B is similar to class B/J continuum [4.1] and CCF*! [4.3][4.5]

respectively, from where they are derived.

Decreasing &;; results in an increase in the magnitude of the Z; ;,;, as can be inferred from
(4.22), and in the reduction of ¥, ¢, as can be inferred from (4.18). As a result, the design space
shows the shape of an increasing resistive component and decreasing reactive component of
Zy1ine- This increment of the resistive component implies an implicit tradeoff between
maximum efficiency, and linearity if no other considerations are taken into account in the
choice of DC bias of the amplifier. Because the range of values of a for which efficiency is
greater than in class B decrease with increase in k (decrease in §;;), a purely resistive impedance
at the fundamental frequency cannot be attained for k=0.5 in Figure 4.8. This shows that the
proposed formulation differs from the effects of a simple increment in the load line resistance.
Similarly, decreasing &;; reduces the denominator of Z,;,, resulting in an increase in its
magnitude. The higher value of Z, ;,,. leads to a reduction of the flow of the second harmonic
current. Moreover, for a given impedance at the fundamental frequency, there exist two
different impedances at the second harmonic; each achieving different efficiency, revealing an

aspect (amongst several) of flexibility in the design.

The continuum of waveforms for k=1 as a reduces, results in a design space that is contiguous
with CCF!, same as the extended CCF-1[4.7]. However, the proposed design space differs
from the formulation of extended CCF! in that the increase in design space is achieved whilst
reducing the required reactive component at the fundamental frequency. This can be observed
from the calculated fundamental and second harmonic impedances at k=1 plotted in Figure 4.8.
Interestingly, a combination of resistive load (v2 times the impedance at class B) at the
fundamental frequency with larger inductive or capacitive second harmonic load is also
achieved for k=1, |3|=0.16 and 0=0.8. This load setting is referred to as “saturated PA” that has
demonstrated a class J amplifier with the peak efficiency beyond 78% [4.8].

The theoretical maximum efficiency contours for a given fundamental impedance are plotted

in Figure 4.9. Efficiencies for all possible values of k, a, and B are first calculated and the
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Figure 4.9: Contour plot of the maximum efficiency for k, a and f in (a)

resultant used to generate the contours. The extended 91% contour (marked by A) reveals that
the efficiency of class F* can also be achieved through a combination of k (#1), a, and 3, and

not just for k=1, as in class CCF%, further providing an additional aspect of flexibility of design.

4.3. On the realizability of the proposed waveforms

The current waveforms proposed for this mode require the partial removal of the in-phase
component of the second harmonic component, as can be seen from (4.7) and (4.6), whereas
the complete elimination of the second harmonic frequency is the starting point for class F*!

[4.3]. Some ways of achieving this are [4.2]:

1) by injecting harmonics by external circuitry (such as by the use of a varactor diode)
and/or
2) utilizing the harmonics arising due to the non-linearity of intrinsic capacitances or using

the knee region of the transistor ie., the voltage to venture into the knee region.

The second way is readily available, especially as GaN transistors have a fairly deep knee
voltage. The drain current of a GaN device, considering the N-model of the knee profile given

equation (2.12), is related to the drain voltage as [4.9]

N
i4:(0) = A(9) (1 - (1 - VD;(9)> ) (4.24)

dc
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Where, A(0) denotes the baseline current the device would generate without the knee [4.9] ie.,
A(8) is equal to Ips(;)(8) in equation (4.6) where the knee region is not considered. Equation

(4.6) can be rewritten as

. _ _ i,(0) 4.25
iqs(6) = A(6) (1 A(9)> (4.25)

Where, (Zp — %)n <6< (Zp + %)n VY pe Z. From (4.25), it is evident that the proposed

1— VDsw))N _ i2(0)

current waveforms can be realizable if ( =26

This condition is certainly not
dc

valid for V["/Lw) « 1 ie., for small input signal at the gate, in which case, izs(8) = I45;)(0).
dc

This approximation is universal for all continuum modes which rely on current manipulation

including CCF. However, as the input power increase, the Vps(8) ventures into the knee

N
region resulting in a generation of harmonics due to the factor (1 - V’;Lw)) . Additionally,
dc

non-linear capacitances also generate harmonics as the input power increases. These two

contribute to the factor @.
A(9)

To illustrate the role of knee region and non-linear capacitances in realizing the current and
voltage waveforms, we have simulated the following two models for two conditions (k = 0.7,
B =—-03,a=0.6)and (k=0.7, 8 =0.3, a = —0.6), and compared them with the formulation

which represents our target waveform, irrespective of the device characteristics:

1) A current generator model of CGH40010 (CG model): We have pulsed the gate and
drain of a vendor model and obtained the intrinsic drain current. The vendor model
outputs the intrinsic drain current; thus eliminating the need for de-embedding the
extrinsic resistance which is otherwise required [4.10]. The obtained pulsed IV are
plotted in Figure 4.10 and a table-based model in ADS is created to read this IV to
emulate the current generator of CGH40010. The non-linear gm and the knee
characteristics of a specific device (CGH40010) are captured by this model.

2) The vendor model of CGH40010: This model includes the effects of the knee voltage

and non-linear capacitances.

We have biased the device model in near class B condition (Vpso =28 V and Ipsqg = 6 mA) for
these simulations. This bias condition is selected for illustration. The waveforms for the actual
bias of an amplifier (Vpsqo = 28 V and Ipsg = 150 mA) is shown later in this chapter. The

intrinsic impedances at fundamental and second harmonic frequencies corresponding to (k =
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Figure 4.10: The pulsed IV obtained from the vendor model. Pulsed 1V is obtained for the pulse width
1.2 us and pulse period 50 us with the device biased at Vpso= 28 V and Vesg =-3.8 V

0.7, =-03,a =0.6)and (k=0.7, 8 = 0.3, a = —0.6) are calculated from (4.22) and (4.23)
and these lie between the design space of class B/J and CCF™. Using the vendor model, the
calculated impedances are embedded to the extrinsic plane by the method explained in section
3.3. The third and higher harmonics are shorted in both cases; in the CG model case, this simply
implies placing a short at the intrinsic plane whereas, with the vendor model, an open circuit is
presented at the extrinsic plane. This results in the shorting of the higher harmonics at the

intrinsic plane because of Cgs.

The obtained load cycles of both the models are plotted in Figure 4.11. The power levels are

chosen such that the ratio of the minimum of the intrinsic drain voltage and Vpc ie., % IS
DC

same for all the devices. % is indicative of the knee incursion in the device.
DcC

The current waveforms from both the models are compared with formulation for ‘;’”—‘" = 0.05
DC

are plotted in Figure 4.12 respectively. The ideal theoretical waveform corresponding to this
case is predicted from equations (4.8), (4.17) and (4.8). The current waveforms from the CG
model show a sharp transition when compared with the vendor model. This can be due to a
difference in the gate-source voltage; in the CG model it is sinusoidal whereas the non-linear
Cgs In the vendor model introduces harmonics, causing a deviation from the sinusoid

[4.11][4.12]. Additionally, the Cgs and the extrinsic parasitic elements at the drain terminal act
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Figure 4.11: Load cycles of vendor model and CG model for the power level is adjusted such that they

.. . . Vi
are similar knee incursion (= = 0.05).

Vbpc
as a low pass filter. The waveforms from the vendor model are much closer than to theoretical
waveforms indicating that the realization of the waveforms requires not just the harmonic from

the knee region but also the non-linear capacitances.

Figure 4.13 shows a comparison of the current and voltage waveforms (up to the third
harmonic) from the theoretical and vendor model. The results of the simulation show a peaking
of the current to the left and right as expected from theory. A good qualitative agreement is
seen between the current waveforms and the voltage shows a good match for $=0.3 whereas a

slight reduction in the voltage is observed for g = —0.3.

1.8

—— Vendor model
1.6 - % - CG Model
1.4 —&— Formulation

Normalized time (0) (rad)

Figure 4.12: A comparison of the current waveforms from the formulation, vendor model and CG
model for k = 0.7, 8 = —0.3, a = 0.6 for 22 = 0,05,

Vbe
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Figure 4.13: A comparison of the voltage and current waveforms (upto third harmonic) from the
formulation and the vendor model for (a) k =0.7, = —-0.3,a =0.6and (b) k =0.7, =03, a =
—0.6.

However, the magnitude and phase of the second harmonic component of the current vary with
input power, as illustrated in Figure 3.16. Hence, using the harmonics generated from the non-
linear capacitances and the knee region, an approximation of the current and voltage

waveforms in (4.8) and (4.17) can only be realized in a narrow range of input power levels; in

the case of the vendor model, this is around power level that corresponds to % ~ 0.05. The
DC

approximate shape of our current characteristics can be derived by extending the analysis of
knee characteristic presented for class B in [4.9][4.13] and by considering the effect of non-
linear capacitances as in [4.14] [4.15]. Alternatively, we rely on the vendor model to explore
the impedance region that lies between class B/J continuum and CCF* for the amplifier design.
We simulate the vendor model for all the impedances in the new design space and select the

impedances which benefit the efficiency and output power.
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4.4. Implementation and Results
A 10 W GaN HEMT from Cree, CGH40010F, is chosen for this study. The device is biased in
deep class AB mode (V4sq=28 V, lasg=150 mA) for this implementation. The optimal loadline

resistance (Ropt) iS found to be 38.1 Q.

4.4.1. Choosing the design impedances

The impedances which result in improvement in efficiency and output power as revealed by
equations (4.20) and (4.19) are obtained by presenting impedances from the design space to
the vendor model. The theoretical intrinsic impedances are calculated from (4.22) and (4.23)
for all values of (a, B, K). The corresponding extrinsic impedances are calculated using the
approximated drain parasitic network of the power device, as discussed in section 3.3. The
device is simulated for all these extrinsic impedances and the source impedance is set to 2.3-
j*4 (an optimal impedance found from the source pull simulation for class B condition). The
contours of the obtained simulated peak PAE and the maximum output power are plotted over

the intrinsic impedances in Figure 4.14.

The contours reveal a region of impedances of highest efficiency and output power. These

impedances do not correspond to either of the established classes, class J and CCF™. Since this

@ A1l Peak efficiency (0)1 "I Maximum output power

+ V1 x V2
+ V1 x V2 < —
X T X i \
A\ i 10) x 250j
81.7 42 1
77.4 41'9
73.1 41'7
68.9 415
64.6 . 41.2},
60.3 | 41.0|
56.0 40.8
2100j

Figure 4.14: Simulated PAE and output power over the proposed design space. (a) The contours of
PAE overlaid on the intrinsic design space (b) The contours of output power overlaid on the intrinsic
design space. The source impedance is set to 2.3-j*4 obtained from the source pull simulation of the
vendor model. The selected impedances for the amplifier design which corresponds to (a.,B,k)= (-0.6,
0.3,0.7) and (-0.5,0.1,0.6) are marked in both figure as VV1and V2 respectively.
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region lies in between these two classes, the linearity also lies between these two classes.
Additionally, placing inductive loads at the fundamental frequency results in higher efficiency
than capacitive loads. This is because of the non-linear feedback capacitance, as we have shown
for the class BJ continuum in [4.16]. The drain voltage across the feedback capacitance due to
inductive loading results in the current from the feedback capacitor to be added to the intrinsic
drain current from the intrinsic current generator, leading to additional output power and
efficiency over capacitive loading. From the higher efficiency and output power region,
waveform parameters corresponding to the (a,f,K)=(-0.6, 0.3, 0.7)[4.6] and (-0.5,0.1,0.6),
referred to as V1 and V2 respectively in Figures 4.14 (a) and (b), are chosen for

implementation.

4.4.2. Matching network design
An output matching network is designed at the centre frequency (fO) of 2.6 GHz in three
segments shown in Figure 4.15.

(1) The second harmonic frequency (Ss),
(2) fundamental frequency (Sf), and

(3) an impedance transformer (IT).

(Ss)
Segment to (Sf) (l T)
match Z2

Impedance

I Mline : Segment to
Transformer

11 match Z1
I_ — A0/4 (Ztto 50 Q)

Z1@f0 Z1’@f0

72@2f0 21@10

Figure 4.15: The block diagram of the matching network consisting of a segment to match the
impedance at the second harmonic frequency (Ss), a segment to match the impedance at the
fundamental frequency (Sf), and an impedance transformer (IT).

The segment Ss has an open stub of a quarter wavelength, presenting a short at the second
harmonic. As a result, succeeding segments, Sf and IT, do not affect the impedance at the
second harmonic frequency. The length of the microstrip line (11) in this segment is chosen to
match Z2 at 2*f0. The section Sf matches the impedance Z1' to Zt. Z1' is such that the overall
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matching network presents Z1 at the frequency f0 to the transistor. Zt is chosen to be closer to

\/50 * real(Z1) resulting in a lower change in impedance with frequency than when matched
directly to 50 ohms. Additionally, Zt can be varied between real(Z1) and 50 ohms, so that the

width of the matching lines (Wline and Wstub) of this segment lie within the specifications of
the foundry. An impedance transformer is used to match Zt to 50 ohms [4.17].

To account for the non-linear nature of the intrinsic capacitances, the second harmonic
impedance is obtained from load-pull simulations at the second harmonic frequency using the
vendor model of the device, while placing the calculated fundamental impedance, shown in
Figure 4.14, at the load [4.6].

The obtained load impedances at fundamental and second harmonic frequencies
corresponding to version 1 ( V1(k=0.7, 0=-0.6 and f=0.3) [4.6]) are plotted in Figure 4.16 (a).
The photograph of the designed amplifier V1 is shown in Figure 4.16 (b). Sf is realized using
an architecture with two open stubs. IT is realized using 3 order Chebyshev bandpass filter.
The width and length of the microstrip lines of this filter are obtained directly from the design
tool in ADS. It matches 50 ohms at a load of 35 ohms over the frequency range 2 GHz — 3
GHz. The input matching networks use a stepped impedance topology. The source impedance
at the fundamental frequency from source pull simulation is obtained as 4.9-j*1.8. The input
and output matching networks are realized on a 0.762 mm thick R4350B substrate. The realized
impedances of the designed output matching network V1 are characterized using a VNA(ZVA-

(a) =L

1@ Target Zextrinsic
X Realized Z

extrinsic

X
RN

Figure 4.16: (a) Theoretical and the realized fundamental (Z1) and second harmonic impedances (Z2)
for version 1 (k=0.7, a=-0.6 and =0.3). (b) Photograph of the designed amplifier V1
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24). The measured impedances at 2.6 GHz and 5.2 GHz are compared with the target
impedances in Figure 4.16 (a) which reveal a close agreement; the difference between the target
and realized impedances at fundamental and second harmonic impedances is 3.6 % and 7.9 %

respectively.

The measured impedances over the frequency range 2.3 GHz-2.8 GHz and the corresponding
second harmonic frequency 4.6 GHz-5.6 GHz are translated to the intrinsic plane and are
plotted in Figure 4.17. Even though the matching network is designed at a point frequency f0,
a large range of available impedances over broad frequencies are found to lie in the high-
efficiency region of Class BJF?, resulting in bandwidths of 600 MHz, despite being designed
narrowband. This further attests to the ease of design of this class of amplifier.

V1 Realized Z; yinsic
i | D 00j
25 2.4 GHz )
¢ i
2361425 GHz 20 G2

10j 4.8 gHz\/ 50j

| | A S _ 23
0 25 | 507\ 180 \250 =
. A Vg et
10 46GHz | | B
VAR = 4~>design|0j
\\?6 GHz space
5.2GHz |
-25j 00j
5.4 GHz 50] 5.0 GHz

Figure 4.17: The impedance achieved by the matching network at the intrinsic plane. The impedances
that overlap with the Class BJF design space are highlighted.

The intrinsic voltage and current waveforms obtained from harmonic balance simulation and
from the theoretical calculation are plotted in Figure 4.18. The peaking of current to the right
and the increase of the maximum of normalized voltage Vps, in excess of a factor of 2, reveal
the manipulation of the second harmonic of both the voltage and current waveforms,

conforming with theory.

The target impedances for V2 (k=0.6, a=-0.5 and p=0.1) are plotted in Figure 4.19 (a). The

fabricated amplifier is shown in Figure 4.19 (b). Sf is realized using two stubs (one open stub
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Figure 4.18: The intrinsic voltage and current waveforms from simulation and the theoretical
waveforms. The voltage and current are normalized to Vpc and I respectively. Vpc=28 V, V=2 V, and
Rop=38.1 Q are used in the calculation of Ips, and Vps.

and one short stub) architecture. In this case, the short stub is used for biasing. The IT is the

same as the one used for V1.
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Figure 4.19: (a) Theoretical and the realized fundamental (Z1) and second harmonic
impedances (Z2) for version 2 (k=0.6, 0=-0.5 and =0.1). (b) Photograph of the designed V2

The measured impedances at 2.6 GHz and 5.2 GHz of the output matching network V2 are
compared with the target impedances in Figure 4.19 (a). A close agreement between these
target and measurement impedances can be seen, however, the difference between them is
larger than in amplifier V1; the difference between the target and realized impedances at
fundamental and second harmonic impedances is 8.2 % and 21.5 % respectively. A possible

reason for this discrepancy is that the capacitor (highlighted in Figure 4.19 (b).) has a finite
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width (1.5 mm) whereas it has been assumed to make contact at a single point in simulation
which is an approximate representation of the actual capacitor contact. This capacitor is an

integral part of the matching network and may have led to this discrepancy.

The measured impedances with the frequency of the output matching network is plotted in
Figure 4.20. In this case, impedances over the frequency range of 900 MHz are found to lie in
the high-efficiency region of Class BJF!, which is 300 MHz higher than V1.

In both cases, there is a good match between the target and realized impedances at f0. The

1
Sm(—)
Zy,int

3m< )
Z3int

and continuous class F*; showing a paradigm shift from the conventional continuum. A strong

ratios [l and

|5m(zz,int)

are 1.15m and 2x, neither equal to 3n/8 as in class B/J continuum

resistive component is observed in the trajectory of the second harmonic impedance as it drops
from the ideal reactance, but this can be addressed via resistive second harmonic impedances
[4.4].
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Figure 4.20: The impedance achieved by the matching network (V2) at the intrinsic plane. The
impedances that overlap with the Class BJF* design space are highlighted.

Even though the same source matching network design circuit is used, the measured source
matching network of V1 and V2 have demonstrated impedances 5.3-j*1.9 and 6.6-j*2.6

respectively. This difference between the impedances can be due to the tolerances of the
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lumped component used in the matching network. The amplifier is simulated using the
measured S-parameters of the input and output matching network and the obtained power gain
and the PAE are plotted in Figure 4.21. The gain of Amplifier V1 (using source match V1 and
load match V1) is ~1.4 dB higher than the gain of Amplifier V2 (using source match V2 and
load match V2). To understand the reason for a lower gain of amplifier V2, we have replaced
the S-parameters of source matching of V2 with S-parameters of V1 in simulation and the
obtained gain is the same as V1. This clearly indicates the slight difference between the realized
source impedances of V1 and V2 result in the lower gain of amplifier V2. On the other hand,
the peak PAE of V2 is lower by ~3% than the peak PAE of V1. This lower PAE is achieved
by V2 even if the source matching network of V1 is used, indicating that the PAE is dependent
on the load matching network and not on the source matching network.

Simulation using measured S-parameters of matching networks

20 T T T T T T T T T T T T 80
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Figure 4.21: The simulated Gain and PAE of amplifiers at 2.6 GHz using the measured S-parameters
of matching networks.

4.5. Measured results of the amplifier.

The measured S-parameters of the amplifier V1 and V2 are plotted in Figure 4.22. The small-
signal gain of amplifier V1 between the frequencies 2.2 GHz -2.8 GHz is above 16.3 dB with
the maximum gain of 20.2 dB. On the other hand, the small-signal gain of the amplifier V2

over the frequency range 2.1 GHz to 3 GHz is between 15.4 dB and 19.4 dB, slightly lower

108



than amplifier V1. The directivity (the difference between forward and reverse gain) of both

the amplifiers is greater than 42 dB.

The measured transducer power gain, output power and efficiency of both amplifiers at 2.6
GHz and their variation with frequency are plotted in Figure 4.23 (a) and (b) respectively.
Amplifier V1 demonstrates a peak PAE of 75.9% and 42.2 dBm output power at 2.6GHz. The
response of the amplifier with frequency is plotted in Figure 4.23 (b), revealing a near flat
output power, and DE remains above 65% over a 600 MHz 24% fractional bandwidth, despite
being designed narrowband at 2.6 GHz. The average DE over the bandwidth (from 2.2 GHz to
2.8 GHz) is 73.4 %. Amplifier V2 demonstrates a peak PAE of 72.4% and 42.2dBm output
power at 2.6GHz whereas an average DE over the bandwidth (from 2.1 GHz to 3 GHz) of 72.6
% as shown in Figure 4.23 (b).
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Figure 4.22: The measured S-parameters of the amplifiers (a) V1 and (b) V2
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These measured efficiencies of the two amplifiers at 2.6 GHz are within 1% to the simulated
results in Figure 4.21. However, at 2.6 GHz, the gain of amplifier V2 is around ~3.5 dB lower
than the gain of V1, whereas the simulation in Figure 4.21 reveals that only ~1.5 dB reduction
in the gain can be attributed to the difference between the impedances of source matching
network of V1 and V2. A further investigation using load-pull measurements rather than
relying on the model is required to understand this gain difference between these two versions.
It is to be noted that these amplifiers were designed taking the output power and efficiency into
consideration whereas less attention has been paid to the gain. Since the gain is dependent on

the source matching network, as revealed in Figure 4.21, the design of source matching network
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Figure 4.23: The measured Gain, output power, and PAE of the amplifiers at 2.6 GHz. (b) The gain,
output power, and DE versus frequency of the designed amplifiers.
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needs to be improved to minimize its sensitivity to the tolerances of the lumped components

and the gain of the amplifiers needs to be considered early on in the design process.

Both amplifiers show remarkable flat output powers above 41 dBm respectively whereas the
gain of V1 and V2 remain above 16 dB and 15 dB respectively over their respective
bandwidths. Both amplifiers have lower DE near 2.3 GHz because the intrinsic second
harmonic impedance around this frequency has a large real part as opposed to the requirement
of class BJFL. The peak DE of the amplifiers V1 and V2 is 80.4% and 79.7% respectively.

TABLE 4.1: Comparison of performance of the designed amplifiers with the
narrowband amplifiers using the same device CGH40010F

Frequency Pout PAE FE

Ref. Class of operation| (in GHz) | (in dBm) (in %) (%VGHz)
[4.24] Class J 2.13 39.7 64.5 77.9
[4.16] Class J 2.6 41.72 72.3 91.8
[4.19] Class F 3.1 40 82 108.8
[4.25] class F/F3 2.15 40 73.1 88.5
[4.26] SHT 2.18 40.02 60.7 73.8
[4.21] SHT 2 40.4 80.4 95.6
[4.22] class-F-1 2.655 41 73.9 94.3
[4.27] class-F-1 2.55 414 73 92.2
[4.28] class-F-1 3.53 40.25 65.5 89.9
[4.29] class E 3.5 40.2 69.7 95.3
[4.30] class E 2.5 38.3 74 931
[4.18] THP class EF 2.22 39.5 80 97.7
[4.8] Saturated PA 2.14 40.6 77.3 935
Amp. V1 [4.6] BJF-1 2.6 42.2 75.9 96.4
Amp. V2 BJF-1 2.6 42.2 72.4 91.9

FE=PAE*3/Freq. (in GHz); SHT = Second harmonic tuned; THP = Third harmonic peaking

The designed amplifiers are compared with other high-efficiency narrowband amplifiers using
the same device reported in the literature in Table 4.1. A third harmonic peaking class EF
amplifier [4.18] and a class F amplifier [4.19] using the same device have higher FE than our

amplifier V1 but achieve output power 2.7 dB and 2.2 dB lower than this work respectively.
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TABLE 4.2: Comparison of the designed amplifier with the state-of-the-art amplifiers

with comparable bandwidth using CGH40010F reported in the literature.

Bandwidth Output power DE (AE

Ref. Mode GHz. %) E’dBr‘;) %,E%)) FE
[4.31] J 2.3-2.7, 16 40-40.8 60-69(63) 78.3
[4.23] SCM 1.6-2.8, 54.6 40-42.5 67.5-81.9 (76.4) 92.5
[4.32] SCIM 2.4-3.9, 47.6 39.63-41.4 62-75 (68.1) 90.7
[4.33] CCF 1.45-2.45,51.3 40.4-42.3 70-81 (75.9) 89.7
[4.34] HT 1.8-2.7,37.6 40.6-41.7 68-77 (73.3) 90
[4.35] E 1.7-2.4,34.1 38.9-41 71-87 (76.4) 91.3
Amp. V1 [4.6] BJF1! 2.2-2.8,24.0 41-43 65.9-79.7 (73.4) 92.4
Amp. V2 BJF?! 2.1-3,35.3 41-43 60-80 (72.6) 91.7

AE = Average Efficiency, FE=AE*\/Center Freq. (in GHz), HT = harmonic tuned, SCM = series
of continuous modes, SCIM=Series of inverse continuous modes

The comparison of our work with the best class J [4.20], class F [4.19], second harmonic tuned
[4.21], class F! [4.22] and saturated PA [4.8] reveal that our work represents a design

methodology yielding high output power and efficiency with comparable FE for this device.

For a fair comparison, as FE does not favour broadband amplifiers, we have compared our
amplifier with others of comparable bandwidth in Table 4.2. FE of our amplifier is comparable
to others even though we have matched at a single frequency. Additionally, the design
methodology presented here requires tuning of second harmonic only whereas other works in
Table 4.2 require impedances up to the 3" harmonic, whilst designing the matching network.
Amplifier [4.23] designed based on a series of continuous modes which relies on the inclusion
of the resistive component has demonstrated higher bandwidth with similar FE indicating that

our formulation will benefit from a similar extension to theory.

4.6. Conclusion

A new theoretical formulation for the current and voltage waveforms achieving efficiency
ranging from that of class B to class F ! is proposed in this work. Assisted by second harmonic
manipulation, the mismatch in the phases of the fundamental components of voltage and
current of these waveforms is lower than class J. An amplifier designed based on the proposed
waveforms achieves 79.7% DE and 42.2 dBm output power at 2.6 GHz. A major implication
of the proposed continuum is a wide design space available to designers with simultaneous
high efficiency and output power in comparison to continuous class F* or class BJ, thus easing

amplifier design.
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Chapter 5: Investigation of the effect of weak non-linearities
on P1dB and efficiency of class B/J/J* amplifier

5.1. Introduction

Wireless communication systems require power amplifiers with high efficiency and linearity
to reduce battery consumption and interference respectively. As a solution, Cripps proposed a
continuum of voltage waveforms from class J*/B/J, which differ in phase, but achieve constant
output power and peak efficiency [5.1]. These high-efficiency, yet linear, waveforms require
inductive, short, and capacitive loads for classes J*, B and J, respectively, at the second
harmonic, whilst the reactive component of the fundamental load is adjusted according to the
load impedance at the second harmonic. The principle of class B/J/J* continuum has been
applied to class F[5.2], class F[5.3] and class E[5.4] modes to alleviate the need for precise
load terminations with the resulting modes referred to as continuous classes F[5.5], F1[5.6]
and E [5.7] respectively. The continuum modes demonstrate efficiency above 60% over a wide
bandwidth [5.5][5.6][5.8][5.9][5.10] and allow the drain capacitance to be absorbed into the

output matching network thus easing amplifier design [5.10].

Interestingly, the class B/J/J* continuum and the continuous class F demonstrate state-of-the-
art high efficiencies at P1dB and at the back-off power levels, as summarized in Table 5.1. At
one extreme, a low power (27.4 dBm) GaAs amplifier demonstrated 62% PAE at P1dB [5.11]
whereas the continuous class F yielded a drain efficiency (DE) of 42% at 6.5dB back-off power
level in [5.12] with a performance similar to that of a Doherty PA. It appears that the
improvement of efficiency at back-off in Class B/J/J* can be attributed to the current generated
from intrinsic capacitances. For the case of class J, the improvement over class B is due to the
harmonics of current generated from the non-linear output capacitance Cout (2 combination of
the feedback capacitance (Cqq) and drain-source capacitance (Cgs)) [5.13], corroborated in
[5.14] and [5.15] by measured peak efficiencies 9.2% and 7% higher than class B respectively.
The harmonics from non-linear Coyt have been shown to improve peak PAE in continuous class
F [5.12].

However, no work, to the best of our knowledge, describes the conditions to obtain high

efficiencies at P1dB and back-off power nor has analysed the influence of the weak non-
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TABLE 5.1: Reported high efficiencies at P1dB and back-off power

Device

Ref. Mode Technology Psat(dBm) Merit Freq. (in GHz)
[5.27] |Class B/J/J* BiCMOS 18 31.5% PAE at P1dB 24
[5.11] |[Class B/J/J*| GaAs pHEMT 27.4 62% PAE at P1dB 5.25
[5.25] |Class B/J/J*| GaN HEMT 39.7 50% DE at 5dB backoff 2.13
[6.22] |Class B/J/J*| GaN HEMT 41.2 50% DE at 5.5dB backoff 2.5
[5.18] |Class B/J/J* GaN HFET 26.8 44% PAE at10dB backoff 2.5
[5.28] CCF GaN HEMT 40 50% DE at 5dB backoff 1.8
[5.12] CCF GaN HEMT 42.2 42% DE at 6.5dB backoff 2.14

DE and PAE denote Drain Efficiency and Power Added Efficiency respectively. CCF denotes
Continuous class F. Freq. denotes Frequency.

linearities (non-linear gm and non-linear capacitances) on the performance of a class B/J/J*
amplifier, as addressed in this work. A simple method that relies on an analysis of the influence
of weak non-linearities on the intrinsic drain current is illustrated for the selection of high-

efficiency voltage waveforms in the continuum.

5.2. Effect of weak non-linearities

The device selected for this study is a 10W GaN HEMT, CGH40010F. The device is biased in
deep class AB mode (Vdsq=28 V, lasg=150 mA) and the optimal loadline resistance (R.) found
to be 38.1Q. The equivalent circuit of the transistor used for the analysis is shown in Figure
5.1. Cgs is assumed to be linear and Cqq and Cgs are assumed to be dependent on the gate-drain
voltage (Vgd) and gate-source voltage (Vgs) respectively. The values of the extrinsic parasitic
elements of the device in Table 3.2 which are extracted from the vendor model from the
CGH40010 were used. The non-linear capacitors in Figure 3.12 are used in this chapter. The
non-linear current generator lgen is implemented via a table look-up as a function of the intrinsic

gate (Vgsi) and drain (Vasi) voltages.

5.2.1. Influence of intrinsic parasitic elements on intrinsic drain current
The influence of the currents flowing through the intrinsic capacitances on the drain current is
analyzed by dividing the intrinsic device into resistive and capacitive cores [5.16] as shown in

Figure 5.1.

118



¥

Resistive
lgen T Core
1
: Vdsu
laicry 1 - . Drain
. Ty Ry | La +
di(c) : i
o[ Ve
dst L = -
:Fl+i*)(i
Capacitive Rs J_
Core L. Intrn?sn::
device

Figure 5.1: Equivalent model of a transistor with capacitive and resistive cores; R+j*X denotes the
impedance at the fundamental frequency in parallel to Cgs.

The currents in the intrinsic device are calculated in the following way:

1) The current from the resistive core (lqiy) and the magnitude of the drain voltage in class

B (vs) upon application of a gate voltage (v ) with frequency f, is obtained by

gsi,fo

imposing the loadline on the resistive core[5.17].

2) The continuum of voltages, Vasi, from Class J* to B to J [5.18] is calculated using 5.1

Vasi = Vasq — 0;vs{cosmfot + ¥1) + kycos (4nfot + W;)} (5.1)

Where, 8, =V1+a% ¥ =tan"'(a) (5.2)
a s

k2=2miq’z=—5 (53)

Where, a € [—1,1], §; denotes the voltage gain over a class B, ¥, and ¥, denote the
phase of the fundamental and second harmonic components respectively, and k, is
defined as the ratio of the magnitude of the second harmonic to the fundamental
component. The values of Vi obtained from 5.1 for v, » =2V are plotted in Figure
5.2 (a).

3) Vasi and Vgsi are applied to the capacitive core to obtain currents through the parasitic
components of the intrinsic device. The overall current flowing through the device is
obtained by superimposing the currents through the resistive and capacitive cores [5.17]
[5.16].
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Equation 5.1 reveals that the magnitude and phase of the fundamental frequency increases as
we move from class B to J (a=1) and class B to J* (a=-1), as can be seen from Figure 5.2 (a),

with classes J/J* having the highest magnitude of the fundamental voltage (&;) and phase

mismatch (W¥,) given by v2 and |n/4| respectively. The effect of the magnitude and phase of
Vasi on the intrinsic drain current lasi(=ldgi()+lcgd) Where lega denotes the intrinsic capacitive

feedback current, is as follows:

(a) Its effect on lqi¢y can be ignored if the device is in saturation i.e., the minimum of Vs
remains above the knee voltage of the transistor (min(Vasi)>V«). The simulated lqi(r) is plotted
in Figure 5.2 (b).

(b) An increase in the magnitude of Vgsi with |a| causes the magnitude of Icgd t0 increase with
o/, as seen from the plot of simulated lcgq in Figure 5.2 (b).

(c) The phase difference between lgi¢) and Vasi decreases as o increases ( Figure 5.2 (a) and
(b)). This leads to a reduction of the phase difference between lgi¢) and Icgq, as seen in Figure
5.2 (b), thereby increasing the fundamental component of lasi (lasifo) flowing through the
device with o, as shown in Figure 5.2 (¢). For a=-1, the Icgq is out of phase with lqs), resulting

in the lowest drain current flowing through the device.

(@), (b) and (c) are valid if min(Vasi)>V«k otherwise, strong non-linear effects (clipping of drain
current) contribute to the intrinsic drain current. This condition is met only up to a certain
amplitude of vy, . depending on the device and R.. For the current device and Ry, an
amplitude of vy » <2.3V satisfies this condition. It can be inferred that as the frequency is
varied, the magnitude of lcgq varies whilst the phase difference between Icgs and lgigry remains
the same. Hence the difference between the fundamental components of the drain current

between a=-1 and a=1 increase with frequency.

5.2.2. Influence of intrinsic parasitic on output power, PAE and IMD3
The output power and PAE are obtained by a procedure, widely used in the literature: The
intrinsic impedances at the fundamental (Z.1,int) and second harmonic (Zv2,int) frequencies of

the continuum [5.18], given by (5.4), are translated to the extrinsic plane as in [5.8].

Ziame = Ry +jaR, (5.4)
3n
Zi2ine = _]'EO‘RL (5-5)

120



(a) 80 = i (1:—1 —— u=_0_5 T (X=0

T T T T T T T T T T T T T T T
0 100p  200p 300p 4Q0p 3500p 600p 700p
Time (s)
0.4 = = = : =
(b) 1 |ng(0£—-1) i |ng(0£—-0.5) Ing(a_O) 15
03 s Igy(0=1) —o—logy(@=0.5) =" =lqq
E-- 0.2 1 '/ N -

02 u , , B e

T T T 1 T T 00
0 100p 200p 300p 400p 500p 600p 700p
Time (s)
()
06 =N o=-1 =N
N N N
Z 02 a0/
% oo \ —+ =05
:g" 02 increasing o=l
T 04q * N7
064 )=
T T T T " U " | — T —T "
0 100p 200p 300p 400p 500p 600p 700p
Time (s)

Figure 5.2: (a) Intrinsic drain voltage versus time (b) Intrinsic drain current from the resistive core and

the feedback capacitor versus time (c) Fundamental component of the intrinsic drain (lgsif) current, at

Vs=20V and Vgsif, =2V as a is varied from -1 to 1 at a frequency (fo) of 2.6 GHz and R =38.1Q.

The optimal source impedance at a=-1 is used for all values of a so that a change in
performance of the amplifier (gain, P1dB, and PAE) is a direct consequence of a change in the

drain voltage with o. Matching networks are designed using ideal transmission lines.

Due to an increase in drain current with a, the gain of the amplifier and, thereby its efficiency,
increase with o as seen from a plot of output power and PAE in Figure 5.3 (a). The increase in
the gain from a=-1 to 1 is nearly 4 dB. Additionally, P1dB of class J is higher than class B
whereas the efficiency and P1dB of class J* is less than that of class B. The increase in P1dB
is because the 1dB compression is determined by harmonics from the non-linear Cgs and hence
achieved at nearly the same input powers for all values of a. Since the gain increases with a,
the output power corresponding to 1dB compression (P1dB) increases with a. The increment

in P1dB from a=-1 to a=1 is 4dB whereas the increment in PAE corresponding to P1dB (PAE
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at P1dB) is as high as 20%. These provide significant margins of improvement to amplifier

designers.

The additional contribution of Icgd to drain current for o=1 leads to a higher change in output
power for a given change of input power than for 0=0 because of which the AM-AM distortion
of class J is lower than for class B, as shown in Figure 5.3 (b). Since the flow of Icgq is out of
phase with respect to lgsi (refer Figures 5.2 (b) and (c)) for o=-1, it reduces the change of phase
with input and hence AM-PM distortion for class J* will be lower than for Class B, as shown
in Figure 5.3 (b). The contour of PAE with o and output power plotted in Figure 5.4 reveal that
PAE at back-off output power increases with a, due to an increase in gain with a. The difference
in PAE at 5dB back-off output power between -1 and 1 is approximately 6%. The plot of P1dB,
P2dB, and P3dB in Figure 5.4 reveals that the variation in P1dB with a is greater than that of
P2dB which is greater than P3dB. This is because, at higher compression, non-linear effects
due to clipping dominate the performance rather than weak non-linearities. It has been shown
that clipping of the drain current causes the output power and PAE of the amplifier to remain

constant with o under the assumption that Cgs is linear [5.8]. Recent work has shown that non-
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Figure 5.3: (a) Simulated Gain and PAE at 2.6 GHz for a=-1, 0 and 1 corresponding to class J*, class
B and class J respectively. The input power is swept until the minimum of the drain voltage grazes the
knee voltage. (b) Simulated AM/AM and AM/PM distortion for a=-1, 0 and 1 at 2.6 GHz.



linear nature of the Cgs results in an increase of output power and PAE at saturation for a range
of o values, as observed in Figure 5.4 [5.19][5.20][5.21]. Nevertheless, the PAE corresponding
to P1dB shows a greater variation than the PAE corresponding to P2dB and P3dB. This
observation is in line with the literature, whereby, constant efficiencies over broadband were
reported at P2dB [5.8] or higher compression levels [5.9], rather than P1dB, while [5.22] is an
exception. In [5.22], the impedances, which were selected based on extensive load-pull
simulations for efficiency near P1dB, in fact, correspond to o>0 (Figure 4 in [5.22]) which
corroborates the results of this work.

A plot of gain and P1dB with a in Figure 5.4 reveals that the output power decreases for o>0.5
even though the power generated by the intrinsic device increases due to increase in drain
current with a. This is because a reduction of R and |R/X| (to less than 1), given in equations
5.6 and 5.7, causes the power delivered to the load to reduce as a increases, where R and X
(shown in Figure 5.1) denote the resistance and reactance respectively in parallel with Cgs at

the fundamental frequency.

R,
R =BT +aB) (5.6)
R 1
X BA+ad)+a (57)

where B = 21 f,CysR;.

For B<1, |R/X| becomes less than 1 for a > a., where,

30 PAE

= Higher PAE 71.20
42 at backed-off
power 28 64.53
A0 26 @ || | 57.85
£ : T
m = |
=38 24°g || [ 5118
| 59
g =
©
o 44.50
236 25
a 9 37.83
£ 20 g
34
o % || 3115
18 -
32 | 24.48
16
17.80

-1.0 -0.6 -0.2 0.2 0.6 1.0
¢4

Figure 5.4: Simulated PAE contours as a function of output power and a. P1dB, P2dB, P3dB, Psat
(the output power at saturation), and gain for o between -1 and 1 at 2.6 GHz.
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q.=_05, [1=4B _
‘B 4B*

In Figure 5.4, B=0.68 and a,=0.26, and R/X gradually decrease from 1 at a=0.3 to 0.5 at a.=1,

1 (B<1) (5.8)

as seen in Figure 5.5, counteracting the increase in power generated at the intrinsic plane due
to the feedback capacitor and voltage gain (6;). Hence, the maximum output power and gain
are achieved at a balance point between a. and 1, in this case, 0~0.65. On the other hand,
|R/X|<1 leads to suppression of harmonics of the voltage delivered to the load for @ > . [5.23].
As we reduce the design frequency (B), a. increases whereas the effect of parasitics decreases.
For low frequencies (B « 1), leadingto R = R, and |R/X| = |1/a| > 1, which implies that
the power generated at the intrinsic plane is transferred to the load, independent of a. This
implies that at high frequencies, where B is close to 1, a subset of the continuum defined by
a>a. has a constant P1dB and a flat gain response.

104 : ! : ; ; .‘ ‘. : ; .
10 -08 -06 -04 02 00 02 04 06 08 1.0

Figure 5.5: Simulated R, X, and R/X with o, where R and X denote the effective resistance and
reactance respectively in parallel with Cqs at f,.

Simulated third-order intermodulation distortion (IMD3) shows small improvement for a>0.5
for Pout between 26dBm and 36 dBm, as shown in Figure 5.7 (a), because of the lower AM-
AM distortion as seen in Figure 5.3 in this power range, that results in a slight improvement in
ACPR (Adjacent Channel Power Ratio) of 16-QAM signal in simulation for average power
between 22dBm and 30dBm in Figure 5.7 (b). On the other hand, because of the lower AM-
PM distortion for a<0, seen in Figure 5.3, the EVM (Error Vector Magnitude’) improves over
class B (Figure 5.7 (b)).

The higher gain for o> 0 coupled with a slight improvement in IMD3 for Poyt between 26dBm
and 36 dBm, causes PAE corresponding to a given IMD3 (between -30dBc and -20dBc) to
improve by 10% and 5% for a=1 and a=0.5 respectively as shown in Figure 5.6. For lower
IMD3 (<-30 dBc), Pout <26 dBm, PAE is weakly dependent on a because the drain current is

comparable to the bias current and Icgq is negligible. Importantly, Figures 5.4, 5.7, and 5.6
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Figure 5.7: (a) Simulated IMD3 versus output power (using vendor model) for a between -1 and 1(b)
Simulated ACPR and EVM for a 16-QAM signal. Data rate (3.84Mbps) and channel bandwidth (5MHz)
of the input signal are same as in WCMDA. The peak to average ratio of the input signal is 2dB
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Figure 5.6: Simulated PAE versus IMD3 as a varied from -1 to 1 using vendor model. The frequency
separation between the tones is 200kHz.

reveal that for a set of waveforms in the class B/J continuum, higher P1dB, and higher
efficiency at P1dB and at back-off power levels is achievable than class B, without sacrificing
IMD3. For the current device, operating at frequency 2.6GHz, this set is defined as ¢ € [0.4,1].
The conclusions of this investigation can be extended to continuous class-F since continuous

F mode has a similar variation of the phase of voltage [5.5].
5.3. Implementation and experimental results

5.3.1. Amplifier design

Based on Figure 5.4 an 0~0.55 is selected as the optimum value for a high P1dB and efficiency
at P1dB without sacrificing the maximum output power. The extrinsic fundamental (Z.1) and
second harmonic (Z.2) impedances for a~0.55 are calculated using the method in section 5.2.
The optimal source impedance (Zs1) which maximizes P1dB without sacrificing gain, is
obtained from source pull simulations of the vendor model. The input and output matching

networks are realized using stepped impedance and double stub configurations respectively, as
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shown in Figure 5.8 (a), on a RO4350B substrate of thickness 0.762mm. The output matching
network consists of one segment to match Z.; and another segment to match Z2. The segment
matching the second harmonic impedance is placed close to the device to minimize matching
network losses [5.24] and the stub in it shorts the second harmonic. Hence, the segment
matching Z.1 does not influence Z.»; allowing independent control of the fundamental and

second harmonic impedances in the matching network, easing its design and optimization.

It is observed that the matching networks of this amplifier do not satisfy the stability criterion
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Wi i . Drai
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biasing network
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Figure 5.8: (a) Schematic of the de5|gned ampllfler (b) Photograph of the designed amplifier (c)
Measured and targeted source impedance at fundamental frequency (Zs1), extrinsic load impedances at
fundamental (Z.1) and second harmonic frequencies (Z.2), and intrinsic load impedances at second
harmonic frequency (Z.2,int)

discussed in chapter 2 at low frequency. This is because this GaN HEMT device has very high
gain at very low frequencies and hence is prone to instability. To make the amplifier stable, we
have placed a high pass filter close to the gate terminal of the device which will compensate
for the GaN HEMTSs high gain at low frequencies. This high pass filter is realized by a parallel

RC network in the input matching network and the values of resistor and capacitor are chosen
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to ensure unconditional stability while having a minimal effect at the design frequency[5.25].

The designed amplifier is shown in Figure 5.8 (b).

5.3.2. Measurement Results
The fabricated matching networks are measured individually and are compared with the

targeted values in Figure 5.8 (c), which shows that Zs; and Z.; are in close agreement. The
difference between the target and measured Z, > does not affect the performance of the amplifier
as the discrepancy in the corresponding intrinsic impedances (Zr2,int), in turn, in a, is small as

can be seen from Figure 5.8 (c).

The measured and simulated output power, gain and efficiency of the fabricated class J are
plotted in Figure 5.9 (a). The peak efficiency achieved by this amplifier is 72.3% and the output
power at saturation is 41.72dBm. The output power and efficiency at 1dB compression are
38.13dBm and 54.7%. Measured IMD3 and PAE with a two-tone signal shown in Figure 5.9
(b) reveal that IMD3 remains below -30dBc and -20dBc till 35dBm and 38.7dBm output power
respectively and attains PAE of 39% and 58.6% respectively.
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Figure 5.9: (a) Measured and simulated (using vendor model) gain, output power and PAE of the
designed amplifier. (b) Measured IMD3 products and PAE of the designed amplifier under two-tone
excitation centred at 2.6GHz with frequency separation of 200kHz
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The designed amplifier is compared with the state of the art high-efficiency narrowband linear
amplifiers using the same device in Table 5.3. Our design shows a higher figure of merit than
those reported in terms of output power and PAE at 1dB compression. The PAE at 5dB back-
off is nearly 45%, which is comparable to reported high efficiency at back-off power for the
amplifiers with Pss close to 40dBm given in Table 5.1. As can be seen from Figure 5.4, even
higher efficiency can be achieved by choosing a higher value of a but at the expense of output
power and P1dB. A comparison of the fabricated PA with saturated PA, optimized for peak
efficiency from [5.13], in Table 5.2 reveals that the designed amplifier achieves PAE lower by
3% at -35dBc ACLR whereas 13% higher PAE is achieved at ACLR of -22.3 dBc than the
saturated PA. The designed amplifier achieves 14% higher PAE than class AB at the IMD3
level from [5.26]. This shows that higher efficiencies than class AB and saturated PA can be
achieved for a given distortion level in the region dominated by the effect of non-linear
capacitances as shown in Figure 5.7, for this device between -30dBc and -20dBc.

TABLE 5.3: State of the art high efficiency linear narrowband amplifiers reported in
literature using GaN HEMT (CGH40010)

Ref. Mode Freqg. (in Peak PAE Figure of PAE at P1dB Psat

GHz) (%) Merit P1dB (%) (dBm)  (dBm)
[5.13] Saturated PA  2.14 773 113 4255%  35.06*  40.6*
[5.25] Class J 2.13 64.5 94 4757%  3573*  39.7
[5.23]" Class J 15 87# 106# 55.2# 35.6 39.5%
[5.26] Class AB 2.25 45 67.5 32 39 40
Thiswork  Class B/J/J* 2.6 723 116 54.7 38.13 417

Figure of Merit=Peak PAE*(Freq. in GHz)"?> where Freq. is Frequency
*These values are extracted from the figures in the papers; ” design procedure adopted in
[24] does not sacrifice efficiency at the reported frequency whilst achieving broad
bandwidth; # Drain efficiency

TABLE 5.2: Comparison of ACLR/IMD3 and average PAE with Narrowband Power
amplifier designed using CGH40010 reported in literature

Reference Mode Freg. (GHz) ACLR/IMD3 (dBc) Avg. Output power (dBm)Avg. PAE (%)
[5.13] Saturated PA 2.14 -22.3# 34.2 42.3

This work Class B/J/J* 2.6 -22.3*# 38.25 55.8

[5.13] Saturated PA 2.14 -35# 28 20

This work Class B/J/J* 2.6 -35*# 28 17

[5.26] Class AB 2.25 -21 40 41

This work Class B/J/J* 2.6 -21 38.3 56

# Bandwidth of input signal is 10MHz. ACLR in [5.13] is measured at offset 7.5MHz. *
ACLR estimated from measured IMD3 [5.29] in 5.9.
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5.4. Conclusions

The study of the influence of the non-linear feedback capacitance, on the performance of a
class B/J/J* continuum amplifier, shows that the gain, P1dB, and efficiency at back-off power
increase from class J* to class B to class J due to a variation of the phase of the voltage
waveforms across its non-linear Cgd. Based on this knowledge, a trade-off involved with the
choice of «a is analyzed in this chapter. It is shown that a subset of the continuum results in
higher PAE at P1dB than Class B (or deep class AB) and these modes can be replaced by the
class B/J/J*, at a higher frequency, without sacrificing linearity using the methodology
presented here. This work utilizes this additional benefit of the continuum, not previously
discussed, which is a remarkable 20% increase in efficiency at P1dB from class J* to J, to
prototype a high efficiency (72% PAE) power amplifier displaying 38 dBm P1dB and 55%
PAE at P1dB.
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Chapter 6: An Integrated on-chip flux concentrator for
galvanic current sensing

6.1. Introduction

On-chip current sensors are desirable components to provide inbuilt protection of power
devices against current overshoot and to enhance the short circuit capability of smart power
ICs and RF power amplifier MMIC. Galvanic sensors, such as the MagFET [6.1] and hall-
effect sensors, which detect the strength of the magnetic field can be used for current
monitoring [6.2]. MagFET and hall effect sensor utilize the change in the current and the Hall
voltage due to the deflection in the moving charges induced by the external magnetic field
respectively. The change in the current and voltage is proportional to the external magnetic
field. The magnetic fields generated by the electric current flowing through a metal strip either
power load current or the SenseFET current can be measured using these galvanic sensors and
the current from the conductor line can be estimated based on the measured magnetic
field[6.3][6.4]. Such a non-invasive method of current monitoring is highly attractive in a wide

range of applications because of easier integration and low circuit cost [6.2].

The sensitivity of a galvanic current sensor to the magnetic field depends on the carrier
mobility, hall factor and its geometry[6.5][6.6]. In this context, inherent polarization in GaN
gives rise to a high-density 2DEG even without the application of an external bias. Despite
bulk mobility lower than that of silicon, electrons in this 2DEG have the mobility of up to 2000
cm?/Vs, approximately 50% higher than that in silicon [6.7]. This lends itself to extremely
sensitive MAGFETS[6.8] and Hall devices [6.9] in GaN that are attractive on account of their
compatibility with integrated CMOS drivers for power management ICs in GaN [6.10].

The resolution and sensitivity of a galvanic current sensor to current can be increased further
by an arrangement consisting of two [6.5][6.11] or more magFETSs [6.12][6.13] at the cost,
however, of increasing the chip area. Alternatively, the induced current deflection or induced
voltage of a galvanic sensor can be increased by increasing the magnetic field at the sensor.
Increasing the magnetic field induced by the current to be sensed is more favourable and
achievable than an increasing number of sensors. This can be achieved by routing the metal
line around the hall device [6.14][6.15]. Alternatively, the galvanic current sensor could be
accompanied by its magnetic flux concentrator [6.4][6.16] which acts as a passive amplifier of
the magnetic field. By applying the concentrator, the magnetic field is enhanced while the
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current to be sensed remains the same, thereby reducing the current demand for the same flux

and reducing the conduction loss in the power module.

In this work, we propose a structure to amplify the magnetic field strength in a galvanic current
sensor, such as a MagFET or a Hall sensor, which relies on a combination of both the above

approaches: routing a copper line around a sensor as well as a magnetic concentrator.

(a) B; B; (b)

\/.

i .
iPaékage

Figure 6.1: Arrangement of Galvanic current sensors in on-chip implementations (a) On-chip
integrated current sensor [6.5][6.12] (b) Conductor loop [6.15] (c) Sheet magnetic concentrator [6.4]
(d) Tip magnetic concentrator [6.4]. (e) Integrated magnetic concentrator (IMC) at the top [6.16].

Moreover, this structure is much easier to fabricate than a conventional inductor [6.17].

6.2. Background and Methodology
Figure 6.1 describes implementations of conventional sensors for on-chip current sensing. In
Figure 6.1 (a), sensors surrounding a conductor carrying a current (I,) to be sensed, rely on its

magnetic field, (Bi), in a direction normal to the surface as [6.5]

B, = F1, (6.1)
Where, F; the conversion factor of the structure depends on the relative position of the sensor
with respect to the conductor. In Figure 6.1 (b) the current circles around the sensor increasing
the magnetic field, resulting in higher F; than in Figure 6.1 (a). F; can be further improved by
increasing the number of loops of the copper line around the sensor in Figure 6.1 (b)
[6.15][6.18]. Alternatively, a magnetic material is used to increase the field strength by
concentrating the magnetic flux at the sensor in Figures 6.1 (c), (d), and (e). These magnetic

material structures, referred to as flux concentrator, act as magnetic amplifiers with magnetic
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gain G. The G,, depends on the shape and the magnetic properties of the flux concentrator.
The magnetic thin film shown in Figure 6.1 (c) increases the component of the magnetic field
along the normal direction, whereas its tip implemented via a groove increases the flux density
in Figure 6.1 (d) even further. These require fabrication steps at the back of the substrate,
including substrate thinning. In contrast, integrated magnetic concentrators (referred to as
IMCs) are integrated on the same side as the sensor [6.16]. Integrated magnetic concentrators
(IMC)[6.16], shown in Figure 6.1 (e), utilize the fringing magnetic field at the edge to convert
the applied uniform magnetic field parallel to the surface into the vertical direction. The
magnetic field at the surface of the sensor in the normal direction can be related to the current

through it as:
BH - FIGMIO (62)

where F; is the conversion factor in the absence of the flux concentrator and lo is the current

passing through the metal strip.

The effective conversion factor (F.) in these cases can be expressed as

e (2)« (2)(2) <

Where, G, = By /B;, and By and B, denote the minimum normal component of the magnetic

field at the sensor with and without field concentrators.

In comparison to the above, we propose a novel structure in Figure 6.2 (a) with an underlying
sensor, in this case, a GaN substrate, which improves both Fy and Gm. Figure 6.2 (b) depicts
how a conventional loop inductor, with a copper line surrounded by a laminate of magnetic
material or an air core, might typically be integrated with the sensor [6.19]. Figure 6.2 (c) shows
the cross-sectional view of our novel structure in which the magnetic core does not extend
beneath the copper line (A-B). ®1qp, Prights Piesr aNd Pporrom IN Figures 6.2 (b) and (c) denote
magnetic fluxes in the directions identified as the top, right, left, and bottom, respectively, at
the junction where the magnetic via meets the magnetic layer at the surface “A” identified in
the figures. The magnetic field in both structures is normal to the sensor as required because of

the structural symmetry around the X-Z plane.

Typically a small proportion of the total current (lwota) to be sensed is diverted into the
conductor using a busbar with a notch [6.20] or a SenseFET [6.21] shown in Figures 6.2 (d)
and 6.2 (e) respectively. In the former, a proportion of the current flowing through the loop
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inductor is determined by the ratio of the width of the copper in the inductor and the bus bar
i.e., the ratio of the series resistance of the inductor and bus bar. In the latter case, the ratio of
the widths of the SenseFET and the power device determines the proportion of current flowing
through the loop inductor. In both cases, since the proportion is fixed and known, the overall
current can be estimated from the measured lo. Based on a current-carrying capability of Cu/Au

of ~108 A/cm?, loup to 50 mA can safely flow through a metal line of width 5 pm and thickness

1 pm.
(a)
40
c_ - Sensor - _C
A0pm
Dielectric (SiN)
(b) Magnetic Material

Sensor

(e)

Total IO
A 4 W

Power MOS| |SenseFET
(Width: W1)[ [(Width: W2

¥

Proposed > Sensor
Structure | B,

(d)
Proposed
Structure

v L

Figure 6.2: (a) Top view of a loop inductor integrated with a galvanic current sensor i.e. (a MagFET
or a hall-effect sensor). (b) Cross-sectional view across C-C* assuming a conventional loop inductor
with magnetic film below the Cu wire (c) Cross-sectional view across C-C’ of the proposed structure
without magnetic film below the Cu wire. (d) A schematic of a busbar with a notch to divert a portion
of the total current (I+ota) into the proposed structure. () A schematic using senseFET to divert a portion
of the total current (Itow) into the proposed structure.
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Two geometries of the loop inductor are compared using magnetostatic simulations in ANSY'S
EM suite (Maxwell) on a GaN substrate of thickness 80um with relative permittivity and
resistivity set to 9.5 and 6 Q-cm respectively [6.22]. We find that the resistivity of the substrate
does not affect the results within a range of 0.1-100 Q-cm. The passivation consists of 300 nm
of SiN of relative permittivity 7 [6.23]. The width and thickness of the copper line of the
inductor are 5 and | um respectively. The thickness of the magnetic film is 200 nm. Soft
magnetic alloys, CoZrO, CoTaZr, and CoTaZrB, which are widely considered for on-chip
inductors in CMOS, have reported permeability in the range 67-83 [6.24], 1000 [6.19], and
665-1080 [6.23]. Their corresponding resistivity is 600Q-cm [6.24], 99 Q-cm [6.19], and 115
Q-cm [6.23] respectively. Therefore, the permeability of the magnetic material is varied from
10 to 1080 in simulations, whereas resistivity is set to a nominal value of 100 pQ-cm,
representing the worst-case scenario for eddy current losses. The current through the inductor
(lo) is set to 20mA.

6.3. Results and Discussion
A change in the field distribution due to removal of the magnetic material below the Cu wire
between A and B is illustrated by a ratio of fluxes from the left, right and bottom, with respect

to the flux at the top Vviz., @yer/Prop, Pright/Prop: ANd Ppotrom/Prop respectively, plotted

in Figure 6.3.
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Figure 6.3: The ratio of fluxes (®right/®Prop: Prert/Prop, ANd Pporrom/Prop) and inductance of the

proposed and conventional structures versus L.

In the conventional structure, as | is increased, @ ¢ increases at the expense of @4 ttom, aNd

saturates beyond pr =200. For u>200, most of the flux induced by the current lo is concentrated
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within the magnetic material with nearly 90% looping around the copper winding, resulting in

an increase of inductance with pr while only 10% leaks into the magnetic film between the

2.27 M0 ——Conventional Structure 2.0
2.0 100 -—°— Proposed Structure -
1 . t——AirCore I 1.8
'c 1.6 £ 804 _ . )
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Figure 6.4: Conversion factor (Fc), magnetic field at the sensor (By), and magnetic gain (Gm) of the

conventional, air core, and proposed structures versus permeability.

conductors. This is because the magnetic material around the metal layer offers a low
reluctance path to the field lines through the copper with very little available to the underlying
sensor. On the other hand, in the proposed structure, due to the presence of the magnetic
material on the right coupled with an absence of magnetic material between A-B causes the
field distribution to shift towards the right and bottom as evident from Figure 6.3; ®g4ttom and
®Ppight are 80% of @, showing an opposing distribution of the field. ®pyerom is still a
considerable percent (at least 18%) of the overall flux induced in the magnetic via (®r,p) for
all values of pr. Hence, the magnetic field in the substrate is enhanced by the current flowing

through the copper as well as field penetration at the discontinuity A-B for all values of L.

Conversion factors (Fc) of the conventional, proposed and air-core structures with the
permeability of the magnetic material are plotted in Figure 6.4, indicating an increase of G,
and thereby Fc, of the proposed structure by the factor of 1.8. On the other hand, F¢ of the

conventional structure reduces from 52mT/A to 45 mT/A.

Recent work [6.25] has shown that the optimal length of the MagFET is 65 um which is longer
than the initial generation of GaN sensors proposed in [6.19], the single loop flux concentrator

in Figure 6.5 is modified accordingly and the corresponding dimensions are shown in table 6.1.

The relative permeability of the magnetic film p,=1000 (similar to CoTaZr) [6.17] is used for
simulation. The magnetic field induced by the flux concentrator (Bet) is at an angle, ® with

respect to the underlying sensor as shown in Figure 6.6 (a), with its z-component labelled (B.).
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Figure 6.5: (a) The top view of the planar flux concentrator of cross section and (b) the cross-sectional
view at A-A’.

TABLE 6.1: The dimension of the single loop integrated flux concentrator chosen for
the new generation of Sensors

Lmag Lw Sep Wey LL
7.5 um 22 pm 5um 5pum 65 pum

The contours of ® and B; in the single loop configuration of the flux concentrator (shown in
Figure 6.5) are plotted in Figures 6.6 (b) and (c) respectively. The ® remains less than 1° for
nearly 90% of the sensor surface and less than 5° throughout the sensor surface. Such a small
deviation cannot be obtained from concentrators which rely on fringing magnetic fields, such
as tip concentrators and IMCs unless their size is several orders larger than the sensor. The
magnitude of the field increases by 3-4 times as we move towards the edge from the centre as
shown in Figure 6.6 (b). Additionally, the conversion factor defined by (6.3) as the ratio of the
magnetic field to the current flowing through the loop is higher at the edge than the centre.
However, the conversion factor reduces from 96 mT/A for LxW=15 x 15 pm? in Figure 6.4 to
58 mT/A as the length increases and the magnetic field reduces due to an increase in separation
of the current paths.

Table 6.2 shows an improvement in the conversion factor of our structure in comparison to
reported structures also evaluated via simulation alone, by a factor of 12. The major drawback
of the tip and sheet concentrator is the fabrication required at the bottom surface of the substrate
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including substrate thinning. The IMC requires a large chip space (in the range of mm) and
thicker magnetic material, typically in the range of 20um, ideally equal to gap marked as “g”
in Figure 6.1 (e), in the magnetic material near the sensor. The permeability of the magnetic
material should be greater than 1500 and a minimum length is 250um to achieve Gn, of 1.5
[6.26].

On the other hand, the proposed structure achieves a gain of 1.8 at a fraction (~%) of chip space

and much lower permeability. Another major drawback of the IMC is a requirement of a
constant B field to be applied throughout requiring the width of the conductor to be of a similar
order as that of the IMC.

| BT
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Figure 6.6: (a) The schematic of magnetic field components on top of sensor, (b) contours of
strength of magnetic field along z-direction above the sensor, and (c) contours of angle between the
Bz and effective magnetic field. These contours reveal the proposed flux concentrator generates
magnetic field along the normal to the sensor as required with the angular deviation less than 5
degrees.
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TABLE 6.2: A Comparison of the conversion factor from this work with reported

literature
structure Ref. FI (mT/A) GM Fc (mT/A) pr t (um)
Magnetic sheet [6.4] 0.05-0.1 15 0.075-0.15 ~2x10* 1.5
Tip concentrator [6.4] 0.05-0.1 3* 0.15-0.3 ~2x10* 1.5
[6.12] 4.95 -- 4.95 - -
On-chip Metal line
[6.5] 8 - 8 - -
[6.16](a) - 5* - ~104 20
Integrated Magnetic [6.271(b) — 1 — 10° 7
concentrator
[6.26](c) | 0.02-0.5[6.28]* | 8* 0.16-4 >1500 20
This
work(d) 53.7 1.8 96.6 >500 0.2
Proposed Structure
This
32.2 1.8 58 >500 0.2
work(e)

*experimental

() Tanga shape; Length:1.1mm; width:0.5mm
(b) Tanga shape; Length:2mm; Width:1mm
(c) Two Circular IMCs; diameter: 1mm.

(d) Square shape; Length:40um; Width:40um
(e) Square shape; Length:85um; Width:47um

Even though IMCs achieve higher Gm than other structures, they suffer from low F, because
they are designed to measure the current in off-chip conductors. The proposed structure and
on-chip metal line perform better because the current conductor is separated from the B sensor
by passivation alone. It is to be emphasized that the proposed structure is intended only for on-
chip current detection, whereas the IMC is also versatile in angular sensing, e-compass,

position sensing.

6.4. Study of Induced Field and Conversion Factor of the on-chip spiral flux

concentrators
To increase the conversion factor back to its original value, a second copper loop in the spiral
structure is required, shown in Figures 6.7 (a) and (b). The effective conversion factor of the
single loop structure as its length (indicated by LL in Figure 6.7 (a)) increased from 20 um to
65 um is plotted in Figure 6.8. The result of this alteration on the predicted conversion factor

is shown in Figure 6.8 (red line). Two loops in a planar geometry do not improve the
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performance (and are not indicated here). The inductance of the single loop and spiral structures
are plotted in Figure 6.8. Inductance increases as the length increases, however, the value of

inductance is lower than 1 nH for the cases, which has a minimal impact on the rise time.

Air bridge or
nd metal layer

MagHEMT

etal (Cu)+ dielectric (Si
beneath Magnetic material

Dielectric (SiN)

agnetic Material

A

Passivation (SiN)

Figure 6.7: (a) The top view of the planar flux concentrator of cross section 15x15 microns and (b) the
cross-sectional view at A-A’. (c) Top view of the flux concentrator with the copper spiral for dimensions
> 15x%15 microns. (d) The cross-sectional view of the structure at D-D’.

Unlike a single loop, whose length (LL) can be chosen the same as the sensor, the spiral
flux concentrator needs to be longer than the sensor. This is because, at the air bridge (marked
E in Figure 6.7 (c)), the flow of current lies along the z-direction and the fringing fields from
the discontinuity of the magnetic film at E contribute to the magnetic fields along X and Y
direction, i.e. tangential to the surface of the sensor. This is illustrated by the contours of & at
the surface of the sensor in Figure 6.8. The direction of the fringing field is no longer in the z-
direction near point E, but remains as high as 60°, in comparison to 6° in the centre. As a result,
the double or multiloop structure needs to be longer than the sensor, by at least 15 pum in the

present case.

The proximity of the current loop to the sensor is limited by the quality of the SiN

passivation and can be increased as necessary to the micrometre range. The conversion factor
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Figure 6.8: (a) The conversion factor of the single and spiral loop flux concentrators as the length is
increased from 20 um to 80 um. (b)The contours of the angle between the Bz and effective magnetic
field above the sensor from the spiral flux concentrator. These contours reveal the proposed spiral flux
concentrator generates magnetic field along the normal to the sensor as required with the angular
deviation less than 6 degrees in the highlighted region.

is plotted as the distance between the spiral flux concentrator and the MagHEMT is increased
up to 5 um in Figure 6.9. The thickness of the SiN can be increased up to 2 um without
degrading the Fc. Additionally, Fc remains above ~79.5 mT/A (~94% of the maximum value)

even when the separation is 4um.

A comparison between the effective conversion factor, Fc, and sensitivity, S, of this work
with reported literature is presented in Table 6.3. The Fc and S given in this paper show
significant improvement compared to values previously reported [6.5][6.12]. The product of the
conversion factor of our spiral structure (85 mT/A) with the sensitivity of the GaN MagHEMT
(17.21 %/T) predicts that the presented structure can detect the currents almost 3 times smaller
than the CMOS metal line structure.

84 [
<
< 80 | =100 mA I
1 = m
L 784 0 I
26 Spiral flux concentrator
0 1 2 3 4 5

Seperation between the flux concentrator and MagHEMT (um)

Figure 6.9: The conversion factor as the function of distance between the flux concentrator and the
MagHEMT
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TABLE 6.3: A compastion of the Fc, Sr and FC*Sr from this work with literature

Predicted FC Measured Predicted Fc*S
(mT/A)
Ref. Technology [Structure S (%/A)
(%IT)

[6.12] Si-CMOS | On-chip Metal line

4.95 - 0.5
[6.5] Si-CMOS | On-chip Metal line 8 5.2 0.042
This work GaN Single Loop 58 17.21 0.998
This work GaN Spiral 85 17.21 1.46

6.5. Conclusion

This work demonstrates a method to improve the detection limit of a current sensor and its
sensitivity in a form factor that is compact and can be easily integrated on-chip. The magnetic
gain 1.8 is achieved with the permeability as low as 500 via simulations, much lower than other
flux concentrators reported by simulation, requiring less stringent specifications on the
magnetic material. This is mainly due to the way by which a portion of the field induced in the
magnetic material is diverted into the substrate via a combination of the current conductor and
the magnetic film. This combination is unsuitable for high inductance structures but works well

for sensors by diverting the field into the substrate to improve the sensitivity.

6.6. References

[6.1] Bin Xue and D. M. H. Walker, “Built-in current sensor for IDDQ test,” in Proceedings.
2004 IEEE International Workshop on Current and Defect Based Testing (IEEE Cat.
No.04EX1004), 2001, pp. 3-9.

[6.2] J. Lenz and S. Edelstein, “Magnetic sensors and their applications,” IEEE Sens. J., vol.
6, no. 3, pp. 631-649, Jun. 2006.

[6.3] K.Nose and T. Sakurai, “Integrated Current Sensing Device for Micro IDDQ Test,” pp.
323-326, 1998.

[6.4] R. Steiner, M. Schneider, F. Mayer, U. Munch, T. Mayer, and H. Baltes, “Fully
packaged CMOS current monitor using lead-on-chip technology,” in Proceedings
MEMS 98. IEEE. Eleventh Annual International Workshop on Micro Electro
Mechanical Systems. An Investigation of Micro Structures, Sensors, Actuators,

144



Machines and Systems, 1998, pp. 603-608.

[6.5] O. Aiello and F. Fiori, “A new MagFET-based integrated current sensor highly immune
to EML,” Microelectron. Reliab., vol. 53, no. 4, pp. 573-581, Apr. 2013.

[6.6] H. Lu, P. Sandvik, A. Vertiatchikh, J. Tucker, and A. Elasser, “High temperature Hall
effect sensors based on AlGaN/GaN heterojunctions,” J. Appl. Phys., vol. 99, no. 11, p.
114510, Jun. 2006.

[6.7] M. Shur, B. Gelmont, and M. Asif Khan, “Electron mobility in two-dimensional electron
gas in AIGaN/GaN heterostructures and in bulk GaN,” J. Electron. Mater., vol. 25, no.
5, pp. 777-785, May 1996.

[6.8] P.Igic, N. Jankovic, J. Evans, M. Elwin, S. Batcup, and S. Faramehr, “Dual-Drain GaN
Magnetic Sensor Compatible With GaN RF Power Technology,” IEEE Electron Device
Lett., vol. 39, no. 5, pp. 746748, May 2018.

[6.9] T.P. White, S. Shetty, M. E. Ware, H. A. Mantooth, and G. J. Salamo, “AlGaN/GaN
Micro-Hall Effect Devices for Simultaneous Current and Temperature Measurements
From Line Currents,” IEEE Sens. J., vol. 18, no. 7, pp. 2944-2951, Apr. 2018.

[6.10] A. Kumar and M. M. De Souza, “An E-Mode p-Channel GaN MOSHFET for a CMOS
Compatible PMIC,” IEEE Electron Device Lett., vol. 38, no. 10, pp. 1449-1452, 2017.

[6.11] M. Donoval, M. Daricek, J. Marek, and V. Stopjakova, “Power devices current
monitoring using horizontal and vertical magnetic force sensor,” in 2009 12th
International Symposium on Design and Diagnostics of Electronic Circuits & Systems,
2009, pp. 124-127.

[6.12] F. C. Castaldo, P. Rodrigues, and C. A. Reis Filho, “Shunt-zero based on CMOS split-
drain: A practical approach for current sensing,” IEEE Annu. Power Electron. Spec.
Conf., vol. 2005, no. 3, pp. 1745-1749, 2005.

[6.13] G. Busatto, R. La Capruccia, F. lannuzzo, F. Velardi, and R. Roncella, “MAGFET based
current sensing for power integrated circuit,” Microelectron. Reliab., vol. 43, no. 4, pp.
577-583, 2003.

[6.14] N. Jankovic, O. Kryvchenkova, S. Batcup, and P. Igic, “High Sensitivity Dual-Gate
Four-Terminal Magnetic Sensor Compatible With SOI FinFET Technology,” IEEE
Electron Device Lett., vol. 38, no. 6, pp. 810-813, Jun. 2017.

145



[6.15] M. Donoval, M. Daricek, V. Stopjakov, and D. Donoval, “Magnetic Fet — Based on —
Chip Current Sensor for Current Testing of Low — Voltage Circuits,” J. Electr. Eng.,
vol. 59, no. 3, pp. 122-130, 2008.

[6.16] H. Blanchard, L. Chiesi, R. Racz, and R. S. Popovic, “Cylindrical Hall device,” in
International Electron Devices Meeting. Technical Digest, 1996, pp. 541-544.

[6.17] D. S. Gardner, G. Schrom, F. Paillet, B. Jamieson, T. Karnik, and S. Borkar, “Review
of on-chip inductor structures with magnetic films,” IEEE Trans. Magn., vol. 45, no. 10,
pp. 4760-4766, 2009.

[6.18] A. Ajbl, M. Pastre, and M. Kayal, “A fully integrated hall sensor microsystem for
contactless current measurement,” IEEE Sens. J., vol. 13, no. 6, pp. 2271-2278, 2013.

[6.19] D. S. Gardner, G. Schrom, P. Hazucha, F. Paillet, T. Karnik, and S. Borkar, “Integrated
on-chip inductors with magnetic films,” IEEE Trans. Magn., vol. 43, no. 6, pp. 2615—
2617, 2007.

[6.20] Allegro MicroSystems LLC, “Application note 295045: Application Information Recent
Trends in Hall Effect Current Sensing.” pp. 1-7, 2013.

[6.21] P. lgic, O. Kryvchenkova, S. Faramehr, S. Batcup, and N. Jankovic, “High sensitivity
magnetic sensors compatible with bulk silicon and SOI IC technology,” in Proceedings

of the International Conference on Microelectronics, 2017, pp. 55-59.

[6.22] R. K. Crouch, W. J. Debnam, and A. L. Fripp, “Properties of GaN grown on sapphire
substrates,” J. Mater. Sci., vol. 13, no. 11, pp. 2358-2364, Nov. 1978.

[6.23] K. Koh, D. S. Gardner, C. Yang, K. P. O’brien, N. Tayebi, and L. Lin, “High frequency
microwave on-chip inductors using increased ferromagnetic resonance frequency of
magnetic films,” in 28th IEEE International Conference on Micro Electro Mechanical
Systems (MEMS), 2015, pp. 208-211.

[6.24] P. Dhagat, S. Prabhakaran, and C. R. Sullivan, “Comparison of Magnetic Materials for
V-groove Inductors in Optimized High-Frequency DC-DC Converters,” IEEE Trans.
Magn., vol. 40, no. 4, pp. 2008-2010, 2004.

[6.25] S. Faramehr, N. Jankovi¢, and P. Igi¢, “Analysis of GaN MagHEMTs,” Semicond. Sci.
Technol., vol. 33, no. 9, p. 095015, Sep. 2018.

146



[6.26] C. Schott and S. Huber, “Modern CMOS hall sensors with integrated magnetic
concentrators,” in Lecture Notes in Electrical Engineering, vol. 21, S. C.
Mukhopadhyay and Y.-M. Huang, Eds. Berlin: Springer, 2008, pp. 3-21.

[6.27] P. M. Drljaca, F. Vincent, P. A. Besse, and R. S. Popovic, “Design of planar magnetic
concentrators for high sensitivity Hall devices,” Sensors Actuators, A Phys., vol. 97-98,
pp. 10-14, 2002.

[6.28] R. S. Popovic and C. Schott, “Hall ASICs with Integrated Magnetic Concentrators.”
GMW Associates, San Carlos, California, USA, Tech. Report. TN Hall IMC, pp. 1-12,
2002.

147



Chapter 7: Conclusions and Future Work
Classes J and CCF! have already illustrated their capability in achieving high-efficiency

operation. Our new formulation (B/J/F* continuum) developed in chapter 4 demonstrates the
potential for a contiguous set of impedances between class J and continuous class F* which
enables the amplifier to achieve efficiencies greater than class J. This work unlocks this design
space to develop a methodology to design high-efficiency broadband amplifiers. Two
amplifiers were designed using a GaN HEMT CGH40010 at the same frequency 2.6 GHz as
demonstrators. It is observed that due to the feedback current flowing in the gate-drain
capacitance, a set of waveforms in the class B/J continuum can achieve higher efficiency at
P1dB. A simple method to calculate this waveform is presented and proved by an amplifier
also. As a step towards realising a fault-tolerant PA and MMIC, we have proposed a novel on-

chip flux concentration for improving the on-chip current detection capability.

7.1. Main achievements:

The major results of this thesis are summarized are:

> A new formulation which relies on the manipulation of the second harmonic of both
current and voltage is developed. The second harmonic manipulation reduces the
mismatch in the phases of fundamental components of voltage and current lower than
in class J. A wide set of voltage and current waveforms with efficiency greater than that
of class J is obtained. It is shown that the class J continuum and CCF* are special cases
of the new formulation at either extreme. A major implication of the proposed
continuum is a wide design space with simultaneous high efficiency and output power
in comparison to CCF* or class B/J, thus easing amplifier design.

> We report the benefits of Class BJF! amplifiers, i.e., high efficiency over an
intrinsically large bandwidth, and ease of design due to a wider choice of impedances
available in the design space of class BJF L. The matching is performed at a single
frequency to target high power and efficiency. By dividing the matching network into
segments, the matching at fundamental and second harmonic frequencies is performed
independently simplifying the design process. Two amplifiers designed by this method
demonstrated 600MHz and 900MHz bandwidth and achieve high efficiency in excess
of 72% at 2.6 GHz.

> Itis observed that the linearity of a GaN HEMT decreases as the impedance at second

harmonic is varied from capacitive to inductive. A study of the non-linear feedback
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capacitance shows that the gain, P1dB, and efficiency at back-off power increases from
class J* to class B to class J due to a variation of the phase of the voltage waveforms
across its non-linear Cgd. A major implication of this is a higher PAE at P1dB than
Class B (or deep class AB) without sacrificing linearity using the methodology
presented here.

» This work demonstrates a method to improve the detection limit of a current sensor and
its sensitivity in a form factor that is compact and can be easily integrated. The magnetic
gain 1.8 is achieved with the permeability as low as 500 via simulations, much lower
than reported flux concentrators in literature, requiring less stringent specifications on
the magnetic material. The concept is demonstrated for loop and spiral flux

concentrators.

7.2. Future work

> In Chapter 4, we have shown that the approximated voltage and current waveforms of
class B/J/F* continuum can be realized in simulation for a certain power level. These
waveforms need to be measured and compared with theoretical waveforms.
Additionally, the realization of these waveforms required utilizing both the knee region
and the non-linear capacitances of the device. The extent of the contribution of each of
these effects needs to be investigated. This would eliminate the need for load-pull
simulations used in this work. Also, this would provide additional insights into
linearity.

> The next step is to improve the bandwidth of the amplifier by exploiting class B/J/F*
continuum. The major challenge is to choose an appropriate set of impedances with
frequency from class B/J/F continuum and to design the matching network. A stepwise
methodology to design a broadband matching network needs to be developed.

> Doherty configuration can be used to enhance the efficiency of the class B/J/F*
amplifier at back-off power levels. The main aim is to combine the broadband potential
of the continuum mode with the efficiency enhancement of the Doherty approach. The
already realized class J Doherty amplifiers have demonstrated broad bandwidths. Since
these implementations have utilized the class B/J continuum, the efficiencies cannot
exceed 78.5%. The combination of Doherty with newly proposed class B/J/F*
continuum is expected to achieve an efficiency of class F* (90 %) with third harmonic
over a broad bandwidth.
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» The impedance of a matching network can be made to adjust according to the applied
power level via a varactor diode. This adaptive matching network can be employed
along with the proposed continuum to improve the efficiency at the back-off power
level. This method results in a much lower bill of materials than the Doherty
architecture.

» The amplifiers designed in this work operate at frequencies less than 3 GHz. On the
other hand, 5G has frequency bands at frequencies between 26 — 28 GHz. A prototype
of an amplifier operating at these frequencies needs to be designed to prove the
applicability of second harmonic manipulation at such high frequencies.

» The flux concentrator is analysed via simulation only in this work. It needs to be

fabricated and to demonstrate its benefits in practice.

150



