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Abstract

The current cellular network consumes a staggering 100 TWh of energy every year. In the
comingyears, millions of devices will be added to the existing network to realize the Internet
of Things (loT), further increasing its power consumption.R¥h power amplifier typically
consumes a large proportion of the DC power in a wireless transceivesyintpits efficiency

has the largest impact on the overall system. Additionally, amplifiers need to demonstrate high
linearity and bandwidth to adhet@ constraints imposed by wireless standards and to reduce
the number of amplifiers required as an anglifvith a broader bandwidth can potentially
replace several narrowband amplifiers. A typical approach to improve efficiency is to present
an approprite load at the harmonics generated by the transistor. Recently proposed continuous
modes based on harmomnanipulation, such as class B/J continuum, continuous class F (CCF)
and continuous class*F(CCF?), have shown the capability of achieving counttna
requirements viz., high efficiency, high linearity, and broad bandwidth (with a fractional
bandwidh greater than 30%). In these classes of amplifiers, the second harmonic is
manipulated by placing a reactive second harmonic load and the reactipenssrof 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 e#fitty at bacloff and 1dB compression. In this
thesis, we demonstrate that the variation of the phageeofurrent through the ndimear
intrinsic capacitances due to the variation of the phase in the continuum of drain voltage
waveforms in Class B/J/Xontinuum leads to either a reduction or enhancement of intrinsic
drain current. Consequently, a subdetaltage 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 doice of this subset is demonstrated with a 2.6GHz Class B/J/J* amplifier, achieving
a P1dB of 38.1dBm ahPAE 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 hejficiency modes of power gfifiers in
which both the irphase and otaf-phase components of the second harmonic of the current
are varied, in addition to the second harmoniogonent of the voltage. A reduction of the in

phase component of the second harmonic of current allaustren of the phase difference



between the voltage and current waveforms, thereby increasing the power factor and efficiency.
Our proposed waveformdfer a continuous design space between class B/J continuum and
continuous F achieving an efficiency aofip to 91% in theory, but over a wider set of load
impedances than continuous class Fhese waveforms require a short at third and higher
harmonic inpedances, which are easier to achieve at a higher frequency. The load impedances
at the second harmoniceareactive and can be of any value betwe#b and’®, easing the
amplifier design. A tradeff between linearity and efficiency exists in the newtlpposed
broadband design space, but we demonstrate inherent broadband capability. The fabricated
narronband amplifier using a GaN HEMT CGH40010F demonstrates 75.9% PAE and 42.2
dBm output power at 2.6 GHz, demonstrating a comparable frequency weidltied&f for

this device to that reported in the literature.

loT devices may be deployed in critical apptions such as radar or 5G transceivers of an
autonomous vehicle and hence need to operate free of fllanétoring the drain current of

the RF G&l MMIC would allow to optimize the device performance and protect it from surges
in its supply current. &vanic current sensors rely on the magnetic field generated by the
current as a nemvasive method of current sensing. In this thesis, our thirdrmoajgribution

is a planar orthip magnetic flux concentrator, is enhance the magnetic field at theatcurre
sensor, thereby improving the current detection capability of a current sensor. Our layout
utilizes a discontinuity in a magnetic via, resultingp@netration of the magnetic field into the
substrate. The proposed concentrator has a magnetic gainnxdéoBnparison to air. The
permeability of the magnetic core required is 500, much lower than that reporteecimpoff
concentrators, resulting in agsificant easing of the specifications of the material properties
of the core. Additionally, we explorerevel threedimensional spirathaped 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 detesrates as its size increases.
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Glossary
Baseband 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 Scheme%his referso the multiple access techniques which are required to
coordinate thelgring 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 weathee transmitted signal is never constant at a given location.
This varidgion 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 haif the maximum drain current from the device. Both the current

and voltag@ waveforms of this class are sinusoid.

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

The voltage waveform of thisads is sinusoidal.

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

current waveform is half sinusoidal.

ClassB/J/J* continuum: Refers to the family of a continuum of voltage waveforms between
the classes B, J* and J. The current waveform isdmalfsoidal.

Class C power amplifier: The transistoiin this class of amplifier is biased such that the
guiescent 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 clasf 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, thercent and voltag waveforms
are shaped to a square wave and adalifsoid 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
impedancest the fundameat 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 tgymplex and indctive
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 computig refers to theituation 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 an be performednly once and the consumption of power by the device reduces.

Continuous class Fin 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 secondit&neqaency

and complex load at the fundamental frequency.

Continuous class P In this class of amplifier, the voltage is half sinusoidal and a continuum
of current waveform in classFare obtained by a reactive load at the second harmonic

frequencyand complex loadt 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,-CGind Class B/J/J* continuum.

DC IV of a transistor: Refers tohe current frona 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 calate the impedamc at the intrinsic plane to
corresponding to the impedances at the extrinsic plane of the device is referred {0 as de

embedding.

Doherty configuration: A Doherty architecture is designed with a combination of an
amplifier, referred as theam or carrier mplifier 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

therebyachieving high #iciency 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 gfifier 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 poweonsumption.

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 @nverts the maggitic 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 harmonicsrbm the devicera 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#&lect transistor
in which the conduadin channel isdrmed 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 thewer of the sigal 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 througls the bia
point and is eferred to as the load line of the amplifier.

Load-pull technique: In the loadpull 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, et.,) for each othe 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 technologiesThe implementations which use the signal whose wavelength

is in the range of imetres 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 (SCIMA hybrid continuum contiguous with inverse
class B/J continuum and CCFs referred to as Series of continuous inverse modes

Series of continuous modes (SCMA hybrid continuum contiguous with class B/J continuum

and CCEF is referred to as a series@ftmuous modes.

TECR: Technologyrelated Empirical capacitance ratios (TECR)) is an algorithm to extract

the extrinsic capatances.

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

guantifies how effectivelyhe gate voltage controls the drain current.

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

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

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

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, vidaibscand cloud computing in itsdcth generation

[1.1][1.2]. This development isu# to improved modulation and chahaccess 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 60s alsepamted irsfreqgancy (Frequgisvision Multiple Access (FDMA)). The

second generation utilized digital modulation schemes (such as Gaussian Minimum Shift
Keying) and the userds data was separated in
The third (3G) and fourth (4G) generatis use amplitude and phase modulation such as
Quadrature Amplitude Modul ation. In the form
orthogonal code/s (a sequence of bits) assigned to them, such that seveudiliasdise same

carrier frequencyut 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 orthogonatesuier frequencies to mitigate chaai

fading (which occurs due to mujtiath 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 spactutilization and resulted in an provement 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

The nextgeneration mobile communication system ie., 5G, is expected to deliver data rates
higher than 4G with higispeed network connectivity in crowed locations with unlimited
connected devicgd.3]. An example of this use case is a stadium or an-apdestival with

a high density of mobile mimes and wireless devicesepent for a limited tim¢§l.3]. Sixth
generation mobile communications (6@present 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 ofosecond§l.4]. Additionally,

while previous gnerations (1G4G) were intended to connect people, 5G will allow machine

to-machine communicatioi.5][1.6].
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Figure 1.1: Infographics illustrating the applications enabled by the first to sixth generations of
network[1.2], [1.4]1 [1.10]. The badwidth in the figure includes carrier aggregation.

This new paradigm is often referred to as th
of devices (such as sensors, mobile phones, and actuators) communicate with each other to
aggregate infornteon for humans or Artificial intelligence (Al) to make informed decisions

[1.11]. A few applications of the loT are:

a) A smart home whose electrical appliances, fire alarm, and thermal management are
connected to the network and canréotely monitored and managddl2].

b) Smart factories in which equipment, machines, inventory, and people are connected.
The aim is to enhar® machinenachine collaboration for the creation of cortawtare
systems to minimize human error and human intervention in the production line. The
secand aim is to improve the humanachine collaboration by aggregating information
from sensors, devicesnachines, and people in rgahe, to make informed and
decentralized decisiorj$.13]. This is ofen referred to as the industrial revolution 4.0
[1.13]and is envisioned to improve the productivity of factofies].

c) Inasnart grid, information regarding power generators (nuclear plants, coal plants, oil
plants, wind turbies, 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 informatioris used to generate and deliver electric energy in an efficient,
reliable, and sustainable maniier4].

d) A network of wireless sensor nodes can be deployed¢otdetest fires and landslides
to provide early warning or to monitor water pollution and air pollution. Each sensor
node typically consists of one or meosensors, limited computation power, a
transceiver, and/or an actuator. The network of sensor naol&s together to gather
and compile measurement based on local decision processes and transmits the compiled
information to the users via a mobile netiwfi.15]1.16].

e) Connected autonomous or sdifiven cars, which make use of drivassistive
technologes such as cruise control, speed adaptation, and Vabielerything
communication (vehickko-vehicle and vehickko-infrastructure) for collision

avadance, to improve road safety and fuel efficigacy7].

The data from and to the mobile phone or user equipment (UWE)odndevices enter the
cellular network via a basestation (BS). The block diagram of a BS is expanéigudire1.2

(a). For data transfer from the cellular network to the UE, a transmit path in Eigueg is

used. In the transmit path, the bdsad 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 (ferred to as multipkenput 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 consistirgf 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 Ubalstsad a similar

transcever 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 bstaions (BS), mob# switching

networks, and data centers is shown in Figu2gb). The baséand 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 reque®f 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
Acel |l o. Each cell assi gnedegiorsreerreBtSasmersy f ur t

(typically 3 sectors) and the radio signal transmission and reception in each sector can be via

3



several antennas or antenna arrays. Depending on the number of sector and antennas, the base

stations contain several transmitters and receivers.

(a)

i_ ................................................................. I-':-Ar'r;y'o_f'_'-!
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Figure 1.2: (a) The block diagram of a typical base stafibri8][1.19]. (b) A simplified architectul
of a 4G network1.20].

00

Base stations, based on their output power level, are categorized intare@dBS (or Macro
BS), mediumrange BS (Micro BS), local area BS (Pico BS), and small BS (Femto BS) which
are detailed in Tale 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 Bfepleyed in aowded areas

to handle large data traffic.

By 2023, it is estimated that nearly an additional 5 billion wireless IoT devices will be
connected to the 5G netwofk.22][1.23]. Hence, each cell is expected to be connected to

50000+ devicefl.24]. To handle massive data coming from a large number of devices in the
loT and mobile phones, thousands of additional small dellskemto basstations) will be

added to the existing cellular network rather than macrocells.-8agsens will employ
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massive MIMO (greater than 128 antennae) to improve the spectral efficiency and milimetre

wave technologies to improve the bandwidbhis represds 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 impriog both the cst and capacity of the resource deployment as well

as resource ugé.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 Wi 160 W (40 W) Macro >1 Km
Medium Range BS 2Wi 20W (5W) Micro 250 mi 1 Km
Local Area BS 250 mwWi 2w Pico 100 m-300 m
Small BS 10 mWi 200 mW Femto 10 mi 50 m

1.2. Motivation

The current cellula mobile network is estimated to consume 100 TWh of energy

worldwid€g1.26]. The percentage share of energy consumption of veadomponents of the

cellular network is shown in Figure3 (a). Nearly 57% of the energy is consumed by base

statons with thePA being the dominant consumer at 34 % to 67% of the base station power as
highlighted in Figurel.3 (b). Additional 10T devices and bastations that will be added to the

network to realie 5G will further increase the power consumption of the cellular network. The

PA in a recatly published statef-the-art 5G transceiver consumes approximately 50% of the

tot al

trandic2é)i videmse ,pomwiemi mi zi ng

t he

PAOS er

for reducing the overall power consumption. Therefore, it meisiese the highest possible

efficiency. This necessitates attention to methodologies tmrddsghly efficient power

amplifiers.

The continuous growth of cellular applications has led to thexiience of multiple cellular
standards such as 2G (GSM aBBGE), CDMA 2000, 3G, and 4G. Each of the wireless

standards imposes a strict requirementfee linearity and output power of a transmitter over

the operating bandwidth. The traditional emaeioperband architecture of the wireless

transceivers, whichages a power amplifier (PA) for each band and wireless standard, is

ineffective from the papective of cost and fonfactor. Another architecture, known as

6converged?d,

empl oys

5

PAs whi

ch cover

mul ti pl



increasiy the interoperability and reducing the size and cost of transcdiv@®. This
architectre requires amplifiers to meet the linearity and output power requirements over the
desired broad range of frequencies. Broadband amplification will benefit nptfutore

wireless communication systems such as WiIMAX 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%

Mobile telephone ge

20%

Pico BS - 34%
Figure 1.3: (a) Breakdown of energy consumption in cellular networks (excluding antdar2ej)(b)
energy consumption of components in Base Station (excluding antennaahteena and sec
[1.29][1.22].

Power amplifiers
34% - 67%

power supply

ooling
5% - 10%

signal processing 10% - 25%

5% - 15%

Power amplifers 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 requirementsedpby the application. €h
Aconventional modes o, Vi require @ spacfiisloadnetwérlBas B, (
shown in Tabld.2. On the other hand, continuous meaéamplifiers viz., class J, contiows

class F, and continuous class €an 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 potarit achieve efficient operation ovebroad bandwidth, even

spanning near or over octave frequenfie30]1.31]. In these classes of amplifiers, the second
harmonic of the voltage or current is used to generate a sdicdrdfvoltage and current
wavefor ms. One of the focus of 't hiefficiencesear c

usingseond har moni c mani pul ati ono.

In class J and continuous class F (CCF), the second harmonic of the voltage waveform is
manipulaed. Whereas, in continuous class(ECF?), the inphase component of the current

is completely removed and the quadrature camepb of the second harmonic component of

the current waveform is manipulated. Continuum modes classes J and ré@Esent

extremities with respect to the manipulation of the second harmonic component of the current;
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in class J, the current remains unnpated whereas, in CCFthe inphase component is
completely removed. Another drawback of class B/J continuum and &@fat they require

a constant resistance or conductance component at the fundamental frequency which is difficult
to achieve over aroad bandwidth. Hence it is desirable to explore the design space beyond
these modes in amplifier design. Additionally, tamplifiers designed in classes B/J
continuum and CCF have been reported to achieve high efficiency aothamkd 1dB

compressio 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 apfand short at harmonic
Class B 78.5%
Class (1.40] 78.5%- 100 %
Class H1.28] 91 % Resistive load abf Short at 2f, and open atf3
Class F{1.28] 91 % Resistive load abf open at 26, and short at 3f
Class J1.40]1.41] 78.5 % any impedance from a wide range of complex loa
Continuous class F with a constant resistive part af feactive loads at gf
[1.42] 91 % and short at 3f

Continuous classE any impedance at from a set of a wide range of
[1.43] 91 % complex loads with constant conductance, reacti\
) loads at 2§, and open at 3f

fo denotes the fundamental frequency

The performance of a power amplifier is sensitiwghe fabrication process, applied drain
voltage, and its operating temperature. In this conteamitoring the drain current of the power
amplifier allow us to minimize the effect of these variations @ptimize the performance of

a power amplifier by @usting the gate voltage to accommodate these variatio82].
Monitoring the drain current can allow to keep the power amplifier within its operating
condition limits by controlling the gate and drain voltage.h&t éxtreme, the power amplifier

can be turned offior 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 aent collapse phenomenon typically demonstratedsan
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HEMTs and the drain voltage can be modulated to improve the efficiency of the power

amplifier (Figure 2.1 (a) ifil.33]); this technique is referred as envelope tracking.

In general, monitoring the current flowing througk tritical subsystems of an 10T device is
desirabé. This is because loT systems are deployed in smart houses, connected autonomous
vehicles (CAV), smart grid, and WSN have critical functionality and their failure may result in
catastrophic consequencEsr example, autonomous cruise control, early vaysystem, and
autonomous emergency braking functionality of a connected autonomous vehicle depends
upon the radar and 5G transceiver of the VekHigleverything communication systgi17]

[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 cruisel éemtited high

[1.35]. Hence, these 0T systems need to be daldgrant. Condition monitoring, fault
detection, and annunciation are requiredtfa@ system to be fadlblerant[1.36], a way to
accomplish this is by monitoring the current flowing through the critical connection in an IoT

device.

Galvanic currat sensors, such as the MagHET37] and halleffect £nsorq1.38], detect the
magneic field generated by the current, without any direct electrical connection with the
sensor. Such a nanvasive method can be employed for current monitoring in a wide range
of applicationg1.38]. Sensors could be placed close to adcwtor carrying a current to be
sensed, the currenoain be estimated based on the magnetic field from conductt [883. A

focus of this work is to improve the magrsiield 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 theghase component of the second harmonic
frequency is partially removed.

2) to investigatethe reason, for high efficiencies at P1dB and baftkpower, and to
utilize such knowledge to design an amplifier thandastrates high efficiency and
output power at 1dB compression.

3) to propose a structure to increase the magnetic field strength itvanigacurrent

Sensor.



1.4. Organisation

This thesis is organised into seven chapters.

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

chapter.

Chapter3 presents an extraction procedure to obtain the parasitic elements of a small signal
equivalent circuit of a GaN HEMT. The parasit@mponents of the CGH40010 are extracted
from the vendor model. This chapter reviews the basics of EM simulations aparesnthe
ensuing result with the measurement of the amplifier. The extracted parasitics and EM concepts

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

In Chapter 4, we present a formulation for new hybrid continuum nwkiies are contiguous

with class B/J continuum and continuous class F. The output power and efficiency of these
modes are analysed boi theory and in simulation using the Vendor model. A simple
methodology to design an amplifier in this mode is presefiv@d amplifiers are designed in

the proposed mode and their measurement results are presented.

In Chapter 5, we have investigated te#ect of weak no#inearities on the class B/J
continuum. The analysis reveals that due to the combined effect-tifneam capacitances and

the extrinsic parasitic elements at the drain terminal, a subset of class B/J continuum
simultaneously achievdsoth high efficiency and linearity ie., P1dB (output power at 1dB
compression). A design of an amplifier based on a waweflvom this subset and its

measurement results are presented.

In Chapter 6, a novel integrated-ohip flux concentrator for enhangrthe 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, conclusbns 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 @odes of amplification consider only the fundamental frequemcy i

the design procesas 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) mode is an extended version of class B that relies on thedseaomonic manipulation

to achieve high efficiency over a larger bandwidth. A further improvement in efficiency in the
continuous class F and‘Empilifiers is achieved by considering uphe third harmonic in the
design. This chapter contains a revisad the basic amplifier design concepts and a literature
review on class J, continuous class F, and continuous clasalifiers. Before reviewing the

class of amplifier, an active devite., 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 transistof2.1] whose DC drain current 4fl vs. drain voltage (M) (I-V)
characteristics are shown in Figié (a). In the figure;O 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 transistdoreedperated
within the physical limits irposed on the current and the voltage defined by the maximum
saturation current hy) and breakdown voltage respectively. The quiescent voltage of a
transistor @ ) is typically 23 times smaller than therdakdown voltage. Within the
saturation egion, the transistactsas a gate voltage ¢y dependent current source between
the threshold (W) and saturation (}sat) voltages shown in Figurz1 (b). The drain current
l4 in this region is dependent on thate voltage only as:
T W W
0 M w o O 0 W (2.1
N w W W W

Where,"Q is known as th transconductance defined as
a0

o (2.2)

0
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This relationship between thi® andw is known as transfer characteristics. It is shown in

Figure2.1 (c).

Gate Drain
max_-_-____l + Ids
l}ime_ar —— Saturaion— _
egion |, Region vgs
2 | )
P |
E 1
5 |
o | . | e A
_% | Increasing VGS max
1
a : s
1 E
' e
: 3
: 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 reg
Transfer characteristics of an ideal device.

The IV of a device can be represented as a product of the device transfer characteristics and

the knee profile’Qw ) which represents a variation of the drain current with drain voltage

as
T W
O Now 270 o W W (2.3)
Qo 2 @ @ ®

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

T W T
o w , :
Qw -— T W w (2.4
()
p W oW

Where,w dendes the knee voltage of the transistor.

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

generates an AC drain curref@)( given by
Q Qo (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 @ain
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However, a real transistor exhibits a Horearrelationship between the gate voltael drain
current due to nonlinear transconductance, nonlinear parasitic components, and clipping of
current[2.1]. These effects result iImrmonic generation leading the distortion of the current

in an RF power amplifier.

1. Nonlinear transconductance The gate voltages and drain currents in tharaton
region are not linearly related, an example is illustrated in F@@r@), and hence the

Normalized gm of CGH40025
- = —ldeal gm

----- ideal device 12
—— CGH40025 ‘

0.8

0.6

gm

0.4 4

0.2 4

Normalized drain current

Voltage
v 0.0
0.0 T T T T T 1 T d T d 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 normalizeddfoevid (b
Om (transconductance) normalized to peak value, of an ideal and a real device (CGH40025)

corresponding transconductance exhibits a-lim@ar rdation with gate voltage as
shown in Figure2.2 (b). The nonlinear transconductance of the transistor can be
modelled s8ing the Volterra series as

Mo Qo Qo E Qo E o o oiood

o
n el v o (26

Where, "Q denotes the Volterrgoefficient of order n. The values of Volterra
coefficients depend on the transistor and the bias conditions of the transistor. Because
of this nonlinear relationship between current and controlling gate voltage, the

generated currémlso consists of mtiple 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 amplifierpnoves due to a reduch 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 aevis performed to listrate the clipping

of the current. From the current waveform in Figi& a large dip in the drain current

can be bserved even when the drain voltage goes marginally below the knee voltage
of the transigir.

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

polynomial form a$2.2]

T W i
’r W ®
o -— m —
Qw i w w P (2.7
. w
1P
. p o P

A magor benefit of the Nmodel is that a closefdrm expression fodrain 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 for0 whereas for
GaAsl ¢ 1[2.2].

T
104 Voltage

(=}

— clipped
= =not clipped §

T T T
o o (=1
S @ o

Normalized drain current

o
o
Normalized drain current

T
o
[N

o
o

o
o

T e B B s m a e e — 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 un
current waveforms.

This model of device IV is referred to as tharddel. IV for N=6 and N=24, which
represents approximate IV of GaN and GaAs devices usingpdil, are plotted in
Figure2.4. 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
guiescent dain voltage. General higéfficiency amplifier implementations keep
guiescent current close to zero to achieve high efficiency and maintain the drain voltage

above the knee voltage to achieve linearity.
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GaN has higher knee voltage — GaN (N=6)
: ~ - GaAs (N=24)

VgsNgs(sat):]'

o
U

Vie/Vgs(ay=0-75
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VeV gs(ay=0-5

N

Normalized Drain current

¥e!
VoV gssay=0-25

00 02 04 0.6 08 1.0 1.2 1.4 1.6 1.8 2.0

Normalized drain voltage

Figure 2.4. (a) Clipped drain current versus drain voltage (b) Voltage, and clipped and un

current waveforms.

3. Nonlinear parasitic elements:The parasitic effécarises due to the structure of the

device. The equivalent circuit of the transif2d8]i [2.6] considering the parasitic

effects is shown in Figur2.5. Of these the draipad capacitance (&), gatepad

! Extrinsic 1
1 . |
! = s T T T T T T LT T T I T T | Device,
: ! , Current! Intrinsic! gncIEdlng :

I I 1Generator, Device: ackage) ,
Gate, Ry Lg! Coo Ry ! ; Ly Ry \Drain
o H ) - S : o

| 1 |
1 1 g8 | 1 1
: ! : I '%R TCq : I
I 1 R I ds | |'*ds ° | I
 — 1 n === - — 1
' [Cq -~~~ -—-—-—-—-F5------ ! TC. .
| P Rs pd,
| I
I LS 1
|- - - - - -—----------Z-=< F----------—----- I
Source

Figure 2.5: The equivalent circuit of the transistor
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capacitancéCyg), resistances (source §Rdrain (R), and gate (B resistances) and
inductances (source d).. gate (lg), and drain (k) inductances) are bias independent
whereas the intrinsic capacitance (dragurce capacitance {§; gatesourcgCys), and
gatedrain capacitance(dg) ), output conductancedd), R, and Rq are bias dependent.

The value of intrinsic capacitances degienpon the instantaneous voltage across them
leading to the generation of harmonics.

The device model of the transistor in Fig2.5 is shown to be accurate only up to 6
GHz [2.7]. The accuracy of the model cae mcreased by additional elements to
accurately model the parasitic effects in the deviceel@thent[2.7] or 22element

[2.8] models of the transistor were shown to be accurate up to 20 GHz. Alitelyat

the accuracy of the model can be increased by modelling the extrinsic parasitic effects
originating fom the metal lines at the gate, drain and source terminals and the package
by transmission lines to account for their length rather than lumpegdaants. The
transmission line will model the phase variation along the fingers of a transistor, which
are maked in Figure2.6 (a). Hence, these models can accurately model transistor at
frequencies higér than 100 GHz. An example of atlibuted 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 acsl is modelled by the intrinsic model of the
transistor with parasitic elements, similar to intrinsic device marked in FRy&re
These intrinsic models are connected by 6 transmission lines; 2 transmissiat lines
gate, source, and drain terminals of the intrinsic device. The length and width of these
transmission lines are dependent on the number of slicdh@mddths of gate, source

and drain terminals of the transistor respectively. These transmissienchmebe

modelled by passive elements as f29]. The gate and drain terminals of the device

(b
Flnger#l\
passive
netwvork

to mode
gate fee

4

-
1
L

1
Source

I 1 |
Slice#1 #2 © ® @ #n

N

¥

=

/

Finger#

Slice#1 Slice#r

o

intrinsic device mode

Figure 2.6: (a) Top view of a simplified layout of a GaN HEMT transistor (b) High frequ
distributed modeof the transistof2.9]
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to which the fingers connect are modelbgdpassive networks. This model was able to
characterize the device up to 150 GBE2] by using 8 slices. Similarly, the transistor
is madelled in[2.10] as the interconnect of 3 sections; one section is the-seasi®n
with air bridge (slice#2 in Figre 2.6 (a)) and the other two sections are ohaitside

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 amplifisrshownin Figure2.7. The transistor is biased with

the DC powessupply at a preelected quiescent point of the transistor characteristic. The RF
signal is superimposed on the quiescent bias of the transistor. Thesttrarrequires
appropriate impedances to be presented at its input and output, to obtain thed require

performance.

The input and output matching networks enable the maximum power transfer from the
preceding (represented by a sourcd-igure 2.7) and succeeding (represented by a load in
Figure 2.7) components respectively. @hnput 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 smartiee amplifier ie.,

the reflection codicient of the source3( ) and the input reflection of the amplifies () are
conjugates of each other (i@, 3°). Similarly, the output matching network presents
optimal impedance at ¢hdrain terminal of the device asd 3° , whee3 ands

denote the reflection coefficient of the source and the output reflection of the amplifier

respectively.

Apart from achieving the required matching, it is desirabl¢hi@matching network to achieve
minimal insertion loss and the raged 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

0o .
‘00 ——h 2.
U = (2.8)
where,0 and0  are the input and output power of a matching network.

The quality factor of a matching network is defined as

0 —h (2.9)
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Figure 2.7: A block diagram of aypical singlestage RF power artifier

where,"Q and 6 w 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 wilresult 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. Heaaghdices matching
network topology and the number of components is dictated by the inherernffradeveen
‘O@ndod w.
If 3 3”, the power delivered to the amplifier at the input from the sourcg i6 only a
portion of the available power from the sour®e (). Similarly, in cases 3° ,onlya
portion of the pwer generated from the anfr will be delivered to the load (the delivered
power to load is denoted by in Figure 2.7). Transducer power gain which takes into
account the mismatch from the source and Isaykiically used for characterizing the amplifier
and defined 48.11]

O T (2.10

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

- 0.,
Ol GWEQQHQQ 6 (2.11)
DO Gaian L O P
LEVLROQQVWOQW Q(bsQoeS—T (2.12)

21



Where,0 denotes the DC power consumed by the amplifier. PAE takes into account the input
power to the transistor and hens@&imore accurate measure of efficiency than drain efficiency.
The efficiency othe amplifier depends on the impedances presented to the transistor and losses

in the matching networks.

The nonlinear transconductance and nonlinear parasitic componemgi@frisistors generate
relatively small harmonic components than current clipping, hence these are regarded as weak
nonlinear effects compared to the clipping of cur{2rit][2.12]. Under the cumulative effect

of the nonlinearities of the transistor, applying a single tone sinusoid at tlo# tfegeransistor

leads to harmonics in the current waveform as
0— O 0AT1) 'O OEd— (213

Because of the spreading of the power in the harmonics, the gain of an amplifier decreases.
The output power levels athich the gain is 1dB (P1dB) and 3dB (P3dB) less than its value at

a small signal are called 1dB compression point and 3dB compressibrgspectively. P1dB

is generally choseas the metric of linearity of an amplifier because of the large harmonic
corntent in the output voltage and current waveform beyond this power level. P3dB is the metric

of the output power of the amplifier at sattion.

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 reasortiferamplifier instability can be
understood by representing the amplifier in terms of scattering parameters oftstdramd
matching networks as shown in Fig@®8. For example, the output power from the devicé (

will get reflected from the load matching network, denoted by R in Fig8reR will be fed
back at the input of the transistor™i 1t and this power will be reflected by the input
matching netwrk and amplified by the device by a factdtr , contributing tod . If this
contribution from R increases, this increase will lead to an increase in R which in turn leads
to further increase 0 . This amplification of reflectios due to mismatches at the gate and
drain terminals of the device due to forwardz(band reverse (22) gain of the device will

eventually lead to an uncontrolled increas® iand destruct the transistor.

The conditions of the unconditional iisty 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 nawork connected, denoted BY in Figure2.8, should be less thanid.,

sY s p.°Y isgiven by

Y Y 3
"y Y _ (2.14)
p Y 3
2) The magnitude of the reflection coefficient at the output plane of theedeith input
matching network connected, denoted ¥y in Figure2.8, should be less than 1 ie.,

sY s p.°Y isgiven by

v a3
YooY —— (219

Input
matching

Output
matching
network A network

Transistor

Figure2.8: An S-parameter representation ofiagte-stage RF power amplifier

3 anda which satisfy the conditions i{2.14) and(2.15) respectively needs to be seted for

the design of the amplifier. A closdédrm solution fora and3 exist and are referred as
st abi | i[2t1Y)] Theistabdity erdidion needs to be satistaall frequencies not just
at the design frequency. Muof 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 an be categorized into classes A, B, AB, and C basetthen 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, whicimdifie

way the harmonics are considered in amplifiesign.

24.1.Class A
Biasing the gate halfway between thg ahd Vysisanmaximizes the linear output power of the
amplifier by avoiding the clipping of current. Quiescent drain current flowing through th

transistor is had2 at this gate bias. Since the maim 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 therfantid frequency should
be resistive because it has thighest 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
O .2
— TA | © (2.16)
The maximum swing allowed by the drain voltage is
W w w » Al & (2.17)
The optimal load resistance that will have the voltage swing given in eq{@ti@hwhen the
current given in equatiof®2.16) flowing through it ig[2.1]

: Cw
Y (2.18)

The efficiency of this amplifier can be calated as
W W
- o (219
This class of amplifier can at the most achieve 50% efficiency, which is achievedovhen

TL

2.4.2. Reduced conduction angle modes: Céses 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 increaseiefiwy is by reducing the DC power consumed by

the transistor, without affecting output power. One method is to reduce thHaaB®f the
transistor, as in the case of the reduced conduction angle modes viz., class AB, class B and
class J2.1][2.13].

The transistor is assumed to be biased at the quiescent drain to source and gate to source
voltages of Wsqand \esq respectively with a drain current afsk. The idea is to reduce the
DC power consumption by reducing the quiescent drament flowing through the device.

Based on the gate voltagedd) of the transistor, amplifiers are classified into classesB\B,
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Table 2.1: classical reduced conduction anglenodes

Class of amplifier Vesq I psq
Class AB Vin<Ves<Vessal2 O<Ipse<Imax2
Class B Vi 0
Class C Ves<Vin 0

and C[2.1][2.14] as shown in Table 2.1. Since the gate bias of classes AdBC is close to
the threshold voltage, the device conducts

which is dewted by the conduction angle)(] can be calculated as

| QAT O— (2.20)

The optimum resistive load should maximize bothuwbkage and current swing, thereby the
output power. The maximum current is limited taxand minimum voltage to ¥ The current

waveform can be computed as

‘0 0 Al -OF % —%
mé BQI 0Qi Q (2.21)

O OAI© E TWOAI H— E

0 |

Where,

0COE} | AT D

0 - — (2.22

G p Al @

o 2 OFIT
<5 Al % (2.23

. (O] I DV
(0] — Alo Al e Al O—Q— (2.29)
“ o Al % S
The voltage waveform will be sinusoidal because the harmonics are shorted.

W — o o oA O— (2.25)

The voltage and current waveforms of these classes are plotted inZ&{&e Since the load

is purely resistive, the current amdltage are in phase and the plot of the drain current with
drain voltage is a straight line, passing through the bias poird.lifilki is known as the load
line of the amplifier. The load lines of these classes of amplifier are shown in Eigibg.
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Figure 2.9: (a) The Current and Voltage waveforms in reduced conduction anglesnfio) Load lin
of the class A, AB, B, and C amplifiers superimposed on the IV of the transistors

The efficiency and output power can be obtainef@ 43

w O

5 (2.26)
C
0 “w w0
0 cw O (2.27)

The output power and efficiency GlassA, AB, B, and Care shownn Figure2.10. Class A
demonstrates theghestinearity because of the sisoidal current waveform but has the least
efficiency. At the dber extreme, class C has thighestefficiency but, has theutput power

and linearity less than that of class[Al]. Classes AB and Cés B have efficiencies in

bet ween those of c¢classes A and C at the same
AB (Vasqghear to \h) and class B are preferred as they representdtedff between output

power and efficiency, but if linearity tsken into account, class AB prevails. The maximum

efficiency that can be achieved by classBmoddisa 7 8 . 5 %) whi eh mM24]. achi e\

1 . r . T 110
— Output power
‘ = =gfficiency I
0=
_ 100
-

14 -
— 90 =
2 2 2
g =
s - Leo =
g 21 Class AB ————s<—Class C =
Q rl d:.)
S 44 , @0
a 70 2
3 g -
O 54 ’,

ClassA .~  ClassB 60
64 ~ N\
/ -
/ - \
a7 " L 50
/ N

1
6 5 4 Ta 2 1

Conduction angle («) (rad)

Figure 210 Out put power and Efficiencyl[2dlnder a

26



2.5. Tuning of harmonics

The clipping of the currergannot be avoided because, with an increase of input power, the
drain voltage swing increases and output voltage goes below therddtesge. However, the
input power at which this happenstire reduced conduction angle mode can be increased by
placing appropriate impedances at the harmonics of the current given in eq@dat®n (
thereby improving the linear output power of an amplif#ei]. This also leads to afficient

set of noroverlapping voltage and current waveforms to reduce DC power consumption.

The complexity of the matchinnetwork grows with amcreasen the required number of
harmonic terminations. Moreover, the dramur@ capacitance @) presents bow impedance

to higher harmonics making them difficult to tune. Hergamerally,up to thethird harmonic

is consideed to be practically feasib]@.15], [2.16] Even though, tuning harmoniiceproves

the efficiency because of the large combination of fundamental, second and third harmonics,
obtainng the impedances required om amplifierrequirestime-consumingoad-pull/source

pull simulations or mesurementf2.17]. Such an approach lacks any generalized procedure to

look into the tradeff between effiaéncy,linearity, and bandwidth.

The most general approach is to formulate an efficient set of voltageieedtovaveforms,
based on which impedances can be calculatedhé following section, we illustrate a

formulation for the manipulation of the sexbharmonic of the voltage.

2.6. Manipulation of the second harmonic of voltage

The main purpose of the secondrimonic component is to increase the magnitude of the
fundamentatomponent. The minima and maxima of the voltagelmaimcreasetly adding

the secad harmonic in phase with tHiendamentatomponent as shown Figure2.11 (a).

The minima can be restored to #ageof saturation by increasing the fundamental component,
as shown irFigure2.11 (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 lowakrof thecycle 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 voltageloawritten as [2.18]

w — 0w ] Q w w Al E1Q w w Al ©f (2.29)
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Where] Q is the gain in voltage over a-manipulated waveform, given in equatip25,
andQ controls the magnitude of the second harmonic voltage. The output ppwen @nd

efficiency ¢ ) of the second harmonic manipulated voltage can be given as

Veow 1 Q0 (2.29)

- 1 a- (2.30)

The output power and efficiency will be higher than in class B as langaas p which can

. . N ~ . %, .= . . .
be achieved it ¥  —=hm [2.18]. The maximum value af Q is V¢ which is obtained
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Figure 2.11 (a) The effect of addition of second harmonic on class B voltage waveform (
increase in the fundamental component due to second harmonic.

However, to generate the voltage waveform as given by equ2a@& with the current
waveformin equation2.21, requires a purely resistive load at the seeoatnonic. The
termination to second and higher harmonics needs tedative so that no power delivered

at these harmonics. Possible waysdisi@ve this manipulation are:

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

2) It can be observed that equati@i28 is restricted to the #phase second harmonic
component. A relevant phase shift in the fundamental componerd wbliage can be
introduced based on the magnitude of the second harmonic compdueimta mode

of thepoweramplifieris calledas chss J2.1].
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The first solution is less versatile than the second, as it depends on an uncontrollable harmonic
generation of input capacitee. Whereas the second method can be easily implemented by

proper termination at the outpdthis approaclis discussed in the Howing 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 desspAB or in class B.

Class J mode is characterized by complex and reactive impedances at the fundamental and
second harmonic fregncies respectively. This contrasts with conventional classes where the
load is purelyresistive at the fundamental frequency

The current is hal§inusoidal as in the case of classSSBice the second harmonic is terminated
by a reactive load, the phadeference between the second harmonic component of voltage

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

a quadrature component to the voltage wavefdime. voltage across the drain and source can
be definedas

W () w OEF+ 0w AT S o OEJ— (2.31)
Where,®o andw are the quadrature components of voltage at fundamental and second
harmonic frequencies respectively, aad is the inphase component of voltage at the
fundamental frequency. It can be observed that the magnitude of the quapretseeof the

fundamental voltage componetit () adds another degree of freedom to the voltage waveform

given in equationZ;28), which iscontrolled by the complex load at the fundamental frequency.
Thew in equation (2.22) should satisfy the following conditions:

a) For the linear operation of the amplifieg,; should remain above the knee voltage to
avoid clipping of the cuant waveform. The clipping of current leads to a drastic
reduction of output pwer and efficiency.

b) The inphase componend ) of the voltage should be maximized to increase the output
power and efficiency of the amplifier.

The analysis presented j@.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 clefeeth expression for the voltage obtained in
[2.21]is
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Where) v  pip .

The current and voltage waveforms of Class B/J/J* continuu@léss J') are plottedn Figure
212 It can be observed that U=0 dassiiep)ponds
is much higher than in class B because of the considerable second harmonic compbeent i

voltage waveform.

Since the irphase component is independent| gfthe output power and efficiency are the

same for the family of voltage waveforms, which can be calculated as
; w ©0 . (2.33)

S R (2.34)

Intrinsic voltage and current waveforms
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Figure 2.12: (a) Class B/J/J* continuumo | t age and cur r en t0.5vaRc.dHe
wavef or msorrdspondo tlasDB. Tie peak of the voltage increasesh an increase in tl
magnitude of , and asymptotically tends to a half sinusoid| for p. (b) Loadlines of clasg
amplifier forU= 1, €0.55ndd. A spreading of the loadline ofass J amplifier can be observe

Each of these waveforms, given in equat2B2), requires a specific set of fundamental and
second harmonic impedances. The impedance required to maintain the voltagerant

waveforms gven in equation$2.32) and @.21) canbe calculate@s

A » e QY QY
w o] P Q [ (2.35)
C
lEven though the initial definition of class J corres

family of waveforms as class J
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® *—C0 ST (2.36)
O.H
Where, Y ——— is the optimal load line resistance of class B for maximum

linearity [2.1]. The set of fundamental and second harmonic impedances in eqai8i)s
and(2.36) are plotted in Figur@.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 fundaméand second harmonic load aetated as

od (on

od & W (2.37)
It shouldbe notedhat the impedanceshownin Figure2.13 are at the current gerator plane
(shown in Figure2.5) and are independent aahsistor/ device technology. The influence of
the device output package parasitics and the intrinsic drain capacitances (which are shown in
Figure2.5) needto be accounted for to obtain a representation of the impedances presented to
the internal current generaf@122]. Very few vendor models allow suchcaess with only one

major vendor Wdbkpeed, an exception (since 2014).

—¢—Impedances at fundamental frequency
—e—Impedances at second harmonic frequency
a=-1 B ~ d;jZ.O

+0.5,

502 ST ws0
o/ o,

0.0¢a=0—o L o | o0

0. a=-‘| f:r:iff_ |7 “_j5.0
20

§1.0

Figure 2.13 Fundamental and second harmonic impedance of class B/J continuum amipdifieer
generator plane

The general expressioft class B/J impedances as a function of conduction anetkerived
in [2.23]. Since class i$ biasedas in class B or deep class AB20], these expressions have

little application in the practical design of the class B/J amplifier than those deriy2@%h
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and(2.36) which are based on the class B biasdition. 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 fomulation in equatior(2.38) assumes that the third and heglharmonics are terminated
with a short. A generic voltage formulation for the class Binaotmwas presenteih [2.21].

w — o p ATOS p | OEd—1t poijQnN plp (2.39)
Where| is a design parameter which controls the magnitude of the quadrature component of
the fundamental and second harmonic components, simultaneouslgf #iese voltage

waveforms have the same effic@gnand output power. Maintaining the drain voltage for n

requires a matching network to the (n+harmonic.

In particular, n=2 provides another practically feasible solution as it requires matching up to
the 3% harmonic only. However, ivas observeh [2.24] that this implementation requires a
significant reactive component at th&*2and 3¢ harmonics, which is difficult to realize due to

low impedance presented by tein-sourcecapacitanced ) at a higher frequency. As a
solution, the current waslaled 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 exi the design space of class J. The voltage under these conditions

can be written as

b — & »AID ol Lo 04N ppie
q o (2.39)

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

linearity of the amplifief2.19].

The class B/J/J* continuum h&gen extendedh [2.25] by adding an arbitrary harmonic
element to the voltage formulation in equat{@r32) as
w — o p ATS p | OEd—p [ AT O—N
p IR prEha N O (2.40)

The added empiricgdarameterr() contributes to irphase and quadratdpdhase 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 ahingtmetwork to

avail of the improvement which require§ 8nd higher terminations.

2.7.2. Effect of lossy second harmonic termination on the efficiency of class J
In the theory of class #he load to the second harmonic termination is assumed to be purely
reagive. 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 bandwidtio, due
losses in the matching network. The discrepancy with theory leddsetiaoration of efficiency
and output power. For the practical case, the drain voltage in class J can be expjf22&}d as
O— © © o p A6 p | OB+
(2.41)
wheremt 1H ¢ and p | p
Choosing OAT| and  mwill resultin the class J voltage waveformsagivin(2.32).
Sweeping 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 nework, albeit in analytical fashioj2.26].

This analytical expression is used for a rigorous investigation into the effetcagihg offof

the secod harmonic load impedance from ideal for a given fundamentalgvad in (2.35)
using the concept of s e c226]fR.2H dhesecand harmdnc!| | pp i
clipping contourrepresentshe second harmonic load impedances at which the voltage
waveform grazes thieneevoltage for a given fundamental load i®.— ® in (2.41). The

second harmonic clipping contour divideSraithchart into two regions: a clipping region and
alinearregion. Impedances in the clipping region cause the drain voltage to gotbhelknee
voltage of the transistor whereas impedances in the linear region maintain the drain voltage
above the knee volge but with a reduction in efficiency. The linear operation of clagas]
achievedver a broad bandwidth by avoiding the clippingioa while taking into account the
practical difficulty in achieving reactive termination at the second harmonic logd2n).
However, this analysis is computatidgahtensive as they require at le@strt calculations

per contour that can be reduced td ift@umerical rootfinding methods are usd@.27].

Conventionally, apping contours are used to only distinguish the load conditions for which
voltage grazes or remain above the knee regiorie— @) and those that do not. The
effect of the clipping of drain current as the drain voltage goes hglam the output power
and the efficiency of a class J were studiefRi@8][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 perfomanceof 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 pf. However, real devices show an increase in efficiency and
output power above class B, for a range @hlues, ad deterioratiomn performance for other
values of . The range of values pffor which the performance of a PA improves over class

B is dependent on the device; inductive loading at the fundamental frequency (ie., for
[2.30]2.31][2.32] whereas capacitive loading at the fundamental frequency (ig., for)

[2.33] can be observed to enhance the PAE and output power. The harmonics generated from
Cds have been reported as the reason for theease of peak PAE and peak output power in
[2.30][2.31][2.33] and wehave shown that nelinear Gs plays a role in the improvement of

PAE and output power at bacif power leveld2.32].

The harmonics generated from the dioiear Gis were incorporated in eéhdesign process in
[2.34]to reduce the phase difference to increase the efficiensyllustratedor a GaN HEMT

that the harmonics from the output capacitance (a combinatiom ah@ Ggd) are significant

at high output power \eels only because they{is stronglynorinear only in the knee region
[2.34]. The harmonics generated froras@t high power levels have been utilized tbiage
class J operation usingurely resistive and reactive loads at the fundamental and second
harmonic frequencies respectivedyresistive load at fundamental frequency reduces the phase
mismatch between the voltage and current in a class J amiiding to improvement in the
efficiency. This load condition referred to as saturated PA, has been claimed as a further
optimized version of class $ince harmonics generated froras @re usedthe tolerance of
harmonic load increases, thereby addingtaaal flexibility to the matching netork design.

It canbe observedrom Table2.2 that this amplifier has thieighestreported efficiency so far

in narrowband class J amplifeer However, the analysis tife effect of the nonlinearity over

the bandwidth and theroadband capability of classnbde is absent.

The nonlinear Gsresults in an additional second and higher harmonic components at the gate
node apart from the appli@aput signal2.18]. A study of the influence ad seconeéharmonic

voltage component at the gate node of the device on the optimum load impedance, output
power, and drain efficiend@.35][2.36] reveals that the drain effemcy and the output power

canbe improved by proper second harmonic terminations. Additionally, source impedances at

34



Table 2.2: Efficiency of the class J amplifier reported in literature

Center Frequency Output power
Reference Mode Device type PAE (in GHz) / at saFt)uraFt)ion (in
/ Year YPE | (o) Bandwidth (in
dBm)
MHz)
[2.34]/2010| classJ | GaN HEMT 77.3 2.14 ¢) 40.6
[2.83]/2010| classJ | SirLDMOS 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 A (InGaP 62 0.814 (100) 34
(cascade) .
Emitter)
InGaP/GaAs| 40.5
[2.86]/ 2016 | classJ HBT 558 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 teobpltage

with the fundamental voltage, leading to auetibn of the conduction argbf the drain current

and a loss of efficiencf2.34][2.36]. However, the second harmonic source impedances that
deterorate the efficiency are obsred to be confined to a small region on the Smith chart
[2.34][2.36]. The design methodology adopted2rB4]is simply to avoid the second harmonic
impedance of the matching network to fall within this region. Rather than relying on the
harmonics generated by4{fo shape the gate voltage for high efficienciwe-stage cascaded

PA is poposed wherein the harmonics generated from the PA in the first stage are utilized to
shape the voltage at the gate of the seconfB3X]. In the case dR.37], both the devices in

the wo-stagecascaded mode operate in class J.

In addition to norlinear capacitances, harmonics are also generated from tHmeandrain
source resistance §fr[2.38]. This study of the effect of ndimear drain resistance on the load
impedance, output power, efficiency and bandwidth of clasq4d.88] has revealed that nen
linear Ryslimits the maximum bandwidthver whidch 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 J239, na 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 harmorm injecion has been shown to improve the efficiency and output power of the
amplifier [2.40]. For the case of an amplifier designeddm0], 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 owipet p
regectively. 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 ibdmdeomes 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 architecturf2.39] can achieve bandwidth above octave frequencies.
However, this configuration underutilizes the secondary amplifier as it is used only for the
amplification of seond harmonic frequency.

2.8. Benefits of class J mode

A wider range of impedances facilitates broadband desigheasovement of the impedance

of the output matching network with frequency can be easily incorporated into the[@eXjn
[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 {13GHz
GHz) [2.41]. Additionally, the requirement of aeactiveload 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
secondharmonictermination can beealisedby the drain capacitance its¢#.23]. Also, the
bandwidth of the classical classes of operasdmited by the device and package parasitics.
The drain capacitance and parasitic elements of the package can be aivgorhedoutput
matching network in druitful mannerto ease the abs J amlifier design[2.44]2.45]
[2.22][2.46] thereby simplifying the design of matching network for ineadbandamplifier.

Such an approach has allowed to achieve efficiency over 60% across the frequencies ranging
from 1.4GHzto 2.6(Hz class J PA with simple single stub matching netw@Hi9].

Alternatiely, loadpull simulations cae performedt the intrinsic device by dembedding
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the parasitic element to obtain efficiency contours over the normalized fundamental and 2nd

harmonic reactive plarn@.47].

A generalized method was proposei5]to match impedances at fundamental and second
harmonics over breband.A large pool of matching networks of the same topolo@s
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 notedn [2.48] that selecting a higher resistance value, in equdfi@5), reduces the
power dissipation in parasitic elements and the dimensions thtisstowereoptimized to

meet the requirement. The higher quiedadrain voltage achieved in the process moved the
optimal impedancedase to theeentreof theSmithchart providing an opportunity to minimize

the losses in the matching network through the realization of low Q matching network. Such
an integrated approach allowedoptimize the transist@nd matching networkimultaneosly

to realize ahigh-efficiengy 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
implementatiorj2.39] with efficiency above 69% using second harmonic injection, though, in
another implementatiof2.49] 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 if2.50] and [2.24] respetively. Class J operatiohas also been
demonstratedt 2527 GHz[2.51]. It was shownn [2.52][2.53][2.54] that the efficiency of

class J can be maintained even at the lodickower level of 10 dB by varying the reactance

of load in accordnce to the input power, which can be accomplislyeal\mractor 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 configurgitf].

A typical class J amplifier employs second harmonic to extend its bandwidth. Recent high
efficiency implementationf2.55]i [2.57] have emloyed class F/E 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 amfler in

literature
Reference Mode Device type Frequency PAE (%) | Psat(in dBm)
/ year Range(in
GHz)/
Bandwidth (in
%)
[2.19]/ 2009 class] GaN HEMT | 1.4-2.6/60 | 6070 40
[2.20]/ 2009 classd GaN HEMT | 1.352.25/50 | 60-70* 40
[2.39]/ 2011 (Cgiz'egagg) GaN HEMT | 0.6-2.4/120 | 6975* 40.3
10x75pm . *
250112011 | Classd | cond hEL e | 7.0012/52 | 6365 26-28
[2.47]/2011| class J GaN HEMT | 2.302.70/16 | 5865 40-40.79
BICMOS with .
[2.88]/2012| Class J W@ 0.5-0.9/57 | 62:68.9 30-30.9
[2.45]/ 2012 | class J hybrid| GaN HEMT | 1.602.20/31 | 5568 40-41
[2.45]/ 2012 | class J hybrid| GaN HEMT | 0.5-1.8/113 | 50-69* 39-40.8
[2.44]/2012| Class J GaN HEMT | 09-2.3/87 | 5363 47.848.4
[2.89]/2013|  class J GaN HEMT | 165 2.7/48 | 5572* 405
[2.48]/2013| Class J GaN 2.253.08/31 | >50* 26.8
[2.24]/2014| Classd | GaN HEMT++| 9.2010.80/16 | >50% 37.8
[2.49]/ 2014| Class J GaN HFET | 1.0-4.0/120 >12 20.3+
[2.00]/ 2014 |  class J GaN HEMT | 1.6-25/44 | 5570 40
class J 120-nm SiGe
[251]/2014 | o0 BICMOS 27-29/7.14 | 33.8353| 1818.9
class J (Bias 32.2 at 10V
[2.91)/2014 | (00" ony| AlGaN/GaN | 18-2.7/40 >60 413 ot 40V
AlGaAs
[2.38]/2016| Class J InGaAs 3.5-7.0/67 >50 26.227.8
pHEMT
—
[2.25]/ 2016 g’/‘jecngri?nﬁf‘; GaN HEMT | 2.854.25 /39 5‘;2)/? 40.68 41.99

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

2.9. The second harmonic manipulated Glss 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 harmoancsopen for odd harmoni¢2.58].
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This configuration has neaverlapping current and voltage waveforms, and zero dissipation
at harmonicsleading to 100% efficiency. However, from the praaitigperspective, achieving
precise terminations at an infinite harmonidificult if not impractical Hence, up to the third
harmonic is typically considered in the design process. However, an angdifign process
using up to the & harmonic has beedemonstrated if2.59]. Raab[2.15] has shown that
efficiency canbe maintainedabove 90% by considering up to the third harmonic frequency.

The voltage of class F truncated up fbHarmonic frequency can be written as

, C ~ .. P~
P o oo (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 Figur€.14 (a). As in the case of eend harmonic manipulation
illustrated in sectio.6, this enables an increase in fundamental component and a reduction in

the overlap between the lt@ge and currenehding to an increase in the efficiency.

On the other handky the class ¥ amplifier, the current and voltage waveforms straped to

a square wave andhalf-sinusoidrespectively by presenting a short to odd harmonics and an
open to even harmonics. &lideal and truncated current and voltage waveforms of a class F
inverse amplifier are shown in Figuzel4 (b).
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Figure 2.14: The ideal andrtincated (up to'8harmonic) current and voltage waveforms of (a) «
F and (b) inverse class F amplifiers.

However, the requirement of the precise harmonic terminations such as short at second
harmonic andpen at third harmonic require high resonant laigtk-quality factor structures
[2.59]2.60]. Even though thesstructuresenable therealizationof the higher efficiency
amplifiers, this comes at a cost of limited deudth. 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 voltag.55] and currenf2.56][2.57] waveforms to class F and class

F1, respectively, allow reactive terminations at the second harmonic frequesigjing in an
increase in the bandwidth of the amplifierlmihe same advantages during the amplifier design
process as discussed in seco® These continuum of waveforms to class F and classé&
refered to as continuous class F (CCF) and continuous clagCEF?'). 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 oénhe cur

waveform in the continuum modes of class F

2.9.1. Continuous class F mode
The current is half sinusoidal asdlass Jnode and voltage in the continuous class F is given
by [2.61][2.62]

o — p SAio roer Loei— LAaie _oei
Vo oo o/lo oo
C
b SAi6 p LAIS p 1 OEL (243
No o
Where, g s p

The formulation in equatioR.43 has an additional reactive component in the second harmonic
frequency over thaaditional class F given in equati@¥2. This reactive second harmonic
component flowing through the device is compensated by a suitably phased fundamental
frequency component. Various values ad thesign parameterlead to different waveforms

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

o Y ro QAT

r o
o q
@ ’é(—m‘ ry
CT
@ H
These impedances are plotted in Figuié. All of these impedances have the same efficiency

(2.44)

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 broadimartithuous class
F[2.61].
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2.9.2. Secondharmonic manipulation of the current: Continuous class F
Continuous class Fis obtaine by shaping the current waveforof class B whilst
maintainingthe constant voltage wavefol@57][2.56] by placing a reactive load impedance

(& ) at the second harmonic.

© — @ (2.45)

In [2.57], the quadrature compent of theseconcharmonicwas addedo the class ¥ current

waveform by multiplying an extra operator
D— QO VAT S QAT G- QAT ®& p -OEF
(2.46)

Where,Q mXxQ M ¢Q mQ mdro p - p

Alternatively, the second harmonic component of current in the case of the class B mode, given
in equatior.21, can be eliminated to obtain the @mt waveform in continuous class F inser

[2.56] as

0 » ATS o OE+ (2.47)
Where,

0 — (2.48)
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G 0- — ;0 — (2.49)

G om0 — (2.50)

~
¥

®w @ —;, 0 —— (2.51)
The voltage waveform of classtFgiven in the equation below (i{2.52)), is the second
harmonic manipulated voltage in equati@®28) atE T@® v This value of kcorresponds
to the maximum voltage gainp (€ ), as shown in Figur2.17 (a).

. , — Ve 2 w
w — Ng w w Al ©

Al o (2.52)

It can be seen that only the quadrature components of the cuorént fro 8) vary with the
reactive impedance at the second harmaoniy 4nd the fundamental impedance needs to be

adjusted according  as

o o

08 U o 0 (2:53)
The ideal voltage and current waveforms of continuous claaadthe corresponding required
impedances at fundamental and second harmonic frequencies are plotted i@.E&)ajeand

(b) respectiely. The current is seen to be peaking to the right or to the left depending upon
whether the second harmonic impedance is indudtive (rtie.,c0 ) or capacitive®

mie.,® 1. All these waveforms achieve the same efficiency as ctasrportantly, this

mode does not require an open at the second harmonic frequency and the designer can choose
from a range of ipedances illustrating the flexibility in the design process. The range of
impedancesd ) of CCF!is limited to waveforms such thé @ [2.56]because any

further ncrease in the impedance results in the peak of the drain current to exceed the maximum
device current ), as carbe seen from the FiguBel6 (a) which shows the limiting case

The set of impedances in class ClQfesign space can be traced with frequency in a clockwise
direction at fundamentaind second lenonic frequencies whereas class J or CCF will require
counterclockwise rotation on th&mith chart. Since the passive netwoltkave clockwise
impedance traces with frequency as formulated by the Foster reactance tfebigncCF!

is easier taealisethan class J.
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Figure 2.16. (a) The theoretical current and voltage waveforms of continuous cl4€F?) (b) The
theoretical impedances GICF!

2.10. Extended Continuum Modes

Even though the continuum modes (class B/J continuum, CCF, and) ®@&¥ a range of
impedances to choose from, their fundamieimi@edancedie on a constant resistance in the
case of class B/J continuum and CCF whereas the fundamental impedances' it@GR
constant conductance circle, as seen from Figife3; 2.15, and2.16. However, designing a
matching network to match a constant resistance or conductance is difficult if not impractical

over a broad range of frequencja5].

2.10.1. Extended CCF*!

A series of continuous class Fodeg2.63][2.64] were obtained by using the geigeroltage
waveform given in equation28), by varying k between-0.18and-0.35. The values df

less than0.35 are avoided, even thougte p as can be seen Fgure2.17 (a), because

the overshooting of the voltage for these values leads to reliability issues. These extended
series of CCF have efficiencies less thafass F because of theatrease in the idamental
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 dlass plotted in Figure

2.17 (b). An alternative form of a voltage formulation for the extended continuum is proposed
in [2.64] as

Where] 1 pforp | - (2.54)

— 1 pforic | -
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Figure 2.17: (a) Magnitude of the fundamental component of voltage witfibk The family of voltag
and current waveforms of continuous classsEries (c)The fundamental{Zand secod harmoni
impedances (%) of continuous class¥

From the voltage, given in equatiohZ8), and current waveforms, given equatioBgg)-

(2.51), the conductance at a fundamental frequencybeacalculateds

N I

Oc @ ¥ o (2.55)
10 0 w

The impedances required at the fundamental and second harmonic frequencies are plotted in
Figure 2.17 (c). From the ratio of the reactive components of second and fundamental
admittances, given in equati@®b6, it can be observed that clas¥Fmode requires a much

higher reactive compeent in conductance. In other words, a less reactive component in
impedance at a fundamental frequency is required by this mode than in class J.

o4 g, o
o4 'O clic

(2.56)

A smaller ratio leadso a much smaller range of fundamental impedances than the class J

continuum,as can be observed in Fig@é&7 (c).

The output power and efficiency for extended continuous cltassef2.63]

. 120 o op U (2.57)
C c o
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The efficiency of continuous classt s 91%when =0. Even though extended continuous

(2.59)

class F achieves efficiencies less than this, it can achieve-éifitiency operation over a

broad range of frequencies as observed fromeTal.

Table 2.4: Performance of continuous class F and class'feported in literature

Frequency Range
(in GHz) /
Reference Bandwidth (in

/ year Mode Device type %) DE (%) | Psat (in dBm)
[2.56]/2011| Continuous classF |GaN HEMT 3.5/- 65 47
[2.92) 2011 Continuous F GaN HEMT]| 0.55- 1.10/ 66.7| 65-80 39.341.2
[2.61]/ 2012 ContinuousF GaN HEMT| 1.45- 2.45/51.3| 70-81 40.4142.25
[2.80]/2012| Continuous A¥*  |GaN HEMT| 1.30- 3.30/86.9] 60-83 40-41.76
[2.75) 2013 ContinuousF GaN HEMT]| 0.53- 1.33/86.0] 70-80 3941.4
[2.64]/ 2016 |extended @ntinuous P |{GaN HEMT| 2.40- 3.90/ 47.6| 62-75 39.6341.4
[2.63 / 2016 |extended ©ntinuous P |{GaN HEMT| 0.50- 0.90/ 57.1| 75-84 40-41.05

Psat= Output 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 exanfigigoh a mode is class BJF which uses

the design space that lies between the class B/J continuum and contiassug2.65]. For

this mode, the drain current is the same as class B, giv&®it) while the dain voltage is

formulated as

@ p AT S 1AT® 2z p 1OEF
Where) for -
| T pforp | (2.59)
| - - - — pforl -
The voltage waveform of class B/J continuum and CCF desrwal fort p,1  mand

== 1

- > respectively. The values|oflie between 1 anﬁlz and choosing a valuelofwhich

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) ..154*Ropt (optimal load impadce of class F). These waveforms are

referred to as a series of continuous modes (SCM)

Series of continuous inverse modes (SCIM) was proposdaé] where he 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
| AT 1AT®&zp 1OEFN p T »p
C o » Poo -

—Al © —-Al

g C ©- (2.61)

0 p (2.60)

w P

| andf are free parameters and the constraints on them are sam@a&®)n The design
t he
could achieve high efficiency over fractional bandwidth as high as 120 %, as obsérabtein
2.5.

space lies between the CaAF a n d not mucB/ dJtcbnsedudmaoay

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

Frequency Range
Reference (in GHz) /
/ year Mode Device type |Bandwidth (in %) | DE (%) | Psat (in W)
[2.65) 2014 SCM GaN HEMT 1.42.7/63.4 |70.478.3 10.7-16.6
[2.68) 2015 SCM GaNHEMT 1.62.8/54.5 |(70.381.9 10.217.8
[2.66)/2016 SCIM GaN HEMT 3.23.7/14 70-83 10.516
[2.69)/2018 SCM GaNHEMT 0.83.2/120 57-74 9.319.5
GaN HEMT

[2.70)2019 SCM (MMIC) 4.2-7.0/ 50 4452 2.64.4
GaN HEMT

[2.70)2019 SCM (MMIC) 4.6-6/ 264 4554 2.954.17

Psat= Output power at saturation

2.10.3. Resistiveresistive extension of continuum modes

The continuum modes (Class B/J continy CCF, CCR, SCM, and SCIM) require a retive
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 seamarmonic frequency that theoretically li@s the3=1 circle on the

Smith char{2.67]to sacrifice the efficiency.
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2.10.3.1. ResistiveResistive Class J

An analysis into the effect of lossy second harmonic impedance on the performance of class J
was presented if2.71] through aformulation which is validated by experiments on a GaN
HEMT device. The formulation of voltage is given by

© p Al & p |OEH p TAI &
(2.62
The impedance required g@nerate this waveform is given by
. - r.
w p 1 Q p T Y (2.63)
” - o"
® I Qp 1 =Y (2.649)

g
These impedances are plotted in Fighi3(a). It can be observed that the resistance at the

fundamental frequency needs to be reduced due to the increase in losses at the secoied harmo
frequency. Thidgs to maintain an appropriate phase between the fundamental and second
harmonic frequencies. The output power and efficiencyearalculateffom equation$2.62)

and @.21) as

el
¢¢ f (2.66)

It can be noted that an efficiency gierathan 70% can be maintained as long asn& from

the plot of efficiency with shown in Figure2.18(b). This efficiency can be achieved even

with a resistance as highas¥ll at t he s e c on y Everathoogb the resistive e q u e
extengon 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 GHz[2.72].

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

harmonic termination is studied [2.55]. The formulation ofhis extended mode is given by
) p |ATS p 1 OE+ p [ ET—
Wheren v |  p& - T —and p [ p (2.67)
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Figure 2.18. (a) The fundamental impedances of class J with resistive loadingoatdskarmoni
frequency (b) Deterioration of efficiency due to losses in second harmonic.

Comparing(2.67) with the votage of CCF given in243), it is seen that andf are the new
free parameters and = andf e results in CCF. Increasingand! increases the real

part of the impedances at the fundamental secbnd harmonic frequencies respectively,
resulting in a larger design space for amplifier design. However, as the valaadf depart

from thoseof CCF, both efficiency and output power decreases. The efficiency remains above
78.5% (ie., above claB) if| andf lie in the range given i(R.67) [2.55]. Alternatively, the
resistive second harmonic for CCF can also be formulated similar to the resistive extension of
class B/J continuum i(2.62) as[2.73]

S
Vo

p

W o ATS »p %ATQ p OE+ 2z p 1 AT S
(2.69)

Wherem | p,and p [ p

As1 increases from O to 1, the resistive component of the fundamental load impedance
decreases and the resistive component of the dd@monic impedance increases, resulting
in an increase in the design space. The resulting impedances at the fundandeséaioad

harmonic frequencies and the corresponding efficientyigawaried is shown in Figurz19.

However, the efficiency deeases ds increases and it remains above that of class B (78.5%)
for7 1@ @2.73]. The major benefit of this formulation is that the second harmonic and
fundamental impedances have the same resistivégpart 1@ twhich allows the design of
multi-octave amplifier$2.74][2.75].
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Figure 2.19: (a) The fundamental impedancesCCF with resistive loading at second harma
frequency (b) Deterioration of efficiencyd tolossesat second harmonic.

2.10.3.3. Resistiveresistive SCM and SCIM

More advanced modes such as the resis@aetive extension of the Series of Continsio
Modes (SCM)2.65] and Series of Inverse Contious Modes (SICM[R2.64] represent further
evolutions of this approach that is gaining increasing populgi#b]i [2.78]. These design
spaces are easily defined byaseshifted waveforms in hybrid continuous modes of voltage
shifted waveforms that enable the @ed harmonic terminations to have both real and
imaginary part§2.79]. The design space corresponding to the modes discussed is plotted in
Figure2.20.

@ u

CIass—J——rr ‘ V

/7. X 4—=a Class B/J continuum
== \BM_wCiass Fitle—a CCF
i =0 | |¥// Ext. CCF

/ Res. i Res.
— SCM

Res.- Res. SCM
o—o CCF!
Ext. CCF?
=—= Res. - Res. CCF*

Class J <

Figure 2.20: Design space aflass B/J continuum, CCF, CEFClass BJF (SM), Resistiveresistive
SCM/CCF, and Resistivesistive SCIM/CCE (a) Load impedances at fundamental frequencie
Load impedances at second harmonic frequencies.
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2.10.4. Mode transferring:

Some amplifier designs exploit mode transfer ie., design the amplifiaeinlass for a certain
range of frequencies and a different class for the remainnggraf frequencies. An example

of this is an amplifier designed to operate in C@6r frequencies between 1233 GHz and

in CCF for a higher band of frequencies-3.3 GHz by setting an appropriate drain bias
voltage[2.80]. This moe transfer concept between CCF and C®Es been used for the
design of 23.841 GHz mwer amplifier intended for the use of 5G applicair81]. At an
extreme, an amplifier is designed to transfer the mode to classgsF,,JE and B at selected
frequerties, which corresponds to LTE and 3G bands in the frequency range of 1.9 GHz to 2.7
GHz [2.82].
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Chapter 3: Tools to design an RF power amplifier: Device
characterization and EM simulations

3.1. Introduction

A typical anplifier design flow consists of two steps: calculation of optingource and load
impedances and design of the matching network. The optimum impedance can be obtained
using a loaepull/sourcepull measurement of the device. In the Igadl/sourcepull
technique, the impedance presented to the device is swept throaghgeaaf 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 salettde® matching
network is designed to match these impedanciisodgh the loagbull measurements provide
accurate optimum impedan¢24], the application of this approach is limited to fundamental
frequency as a large combination of harmonic impedances tieadsrbitantto 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 ofamplifier. Apart from that, lhe

major advantage of this approach over the Jpalli technique is that the optimal impedances

at fundamental and harmonic frequencies are predicted simultapeasishe have seen in
chapter 2. However, the theoretical formidat of the waveforms does not consider the
influence of parasitics and the nbnearities of a transistor (mainly ndimear capacitors and
device V). Therefore analytical expressions wagaved by our groufB.3]i [3.6] for class B

and class AB which takes into account the influence of parasitics and device IV. However,
deriving such expressions for nbnear capacitances is cumbersome, even considering one
nontlinear capacitance (nehnear input capacitang®.7]. Alternatively, noHdinear
capacitors cabe simulated in a nelinear simulator while the influence of device IV can be
obtained from measuremej®.8] or from the simulation of the current generf8d]. The

former has only beedemonstrated 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, weorm engineering is often coupled with lgall and this

designapproach 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 intrinko@
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2) Calculate the impedances at the extrinsic plane correspptadihe impedances in step
1. This process is called Aembeddingo. Ar
consisting of the parasitics at the drain terminal is embedded.

3) Perform loadpull simulation/measurement around the impedance values obtained i
step 2.

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

simulations.

This approach cabe considere@s an extension of the lo@dll technique wherein gtel
minimizes the number of impedances at the fundamental andhiarfirequencies that need
to be swept in step 3. Such an approach using expensiveputladquipment used in
conjunction with waveform measurement setup haen demonstratesh the designof
broadband andigh-efficiencyamplifiers[3.2][3.10][3.11][3.12]. This aproach has also been
demonstrated using a transistor model. Howeire 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 nonlinear models of the device in a CAD environment allowstipie design iterations

to be performeadvithout having to fabricate an actual amplifier. Additionally, the vendor model

of the transistor (CGH40010F) used in this work provides the imtrimgrent and voltage
waveforms which are necessary to confirra thass of the power amplifier; simplifying the
design process. However, calculating the extrinsic impedances corresponding to the required
intrinsic wavef or ms ieqires appraximatebvalukbs of thegparasitin s t ¢
elements of the equilent 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 embdthg process and discuss its accuracy. The extraction presemiéesl in
chapter is based on the work done by our group.bi, [3.13], [3.14]

Another critical step in amplifier design is performing EM simulations of its layoutstep,

4. The device models cée simulateédlong with the electroagnetic (EM) simulations of the
layout allowing to finetune the amplifier performance before fabrication. Because of the ease
of integration with transistors, microstrip technolagysedfor the realization of the layout.
Electromagnetic simulations catcurately 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 netwo[R.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 ofa GaN device

A 16-element smalkignal equivalent circuit of a GaN device at a bias point is shown in figure
3.1. This approximate model is obtained by replacing the-lim@ar parasitics (intrinsic
capacitances (s Cgo, and Gs and Gs by linear capacitance and g Gwith values
corresponding to those at the bias point. Addélyn the nonrlinear 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 smallsignal equivalent modedf a transistor may be extracted from itp&ameters at
the bias point by optimizing the component values until fparameters of the model matches

with sparameter§3.16]. The optimal values of the component obtained by this approach will

[ Extrinsic 1

: e e e Device |
______ | . .

: ! , Current! Intrinsic* (including :

I | 1Generator,  Device, Package) |
Gate, Ry Lg! Coa Ryy | ! tLe Ry \Drain
orr-H— Tl : o
: 'Cgs = Vys : IE 1! |
! ! i 1 ImVgs "R _T:d I !

1 1 R, 1 | s S 1
1—= | e ------ : L 1

e e e -

: pg Rq de:

| 1

| L I

e D e e e e e e - - - — <2 _'I'_ _______________ 1
Source

Figure 3.1: The equivalent circuit of the transistor below pinch off.

depend on the optimizain method, error function and the starting val@et7].

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

following two step43.17]:
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1) Extraction of the extrinsic parasitic element from tipasameters of the device at cold
condition (Mis=0). The extrinsic pad capacitances argasted fromcold pinchoff
condition(Vgs< Vin and Wis= 0). At this condition, the equivalent circuit of a device is
simplified as the intrinsic device can be represented Withetwork of three capacitors
(Cgs, Cga,and Gis) [3.17][3.18], as shown ifigure 3.2. Whereas the extrinsic resistances
and inductors are extracted frald forward conditior(Vgys>Vi and Wus=0).

2) The extraction of tl intrinsic parameters from theparameters of the device biased

at the quiescent point QY= Vasgand Vs = 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 inductamsl resistors can be neglected
[3.18][3.19]. The equivalent circuit of the device at cold piuthcondition is as shown in

figure 3.3.

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

04k Q6 0 0 Q6 0 3.1)
‘Oaw Q6 3.2)
‘Oaw Q6 0 0 Q6 0 (33)

Where the total capacitanbetween the gatsource terminals and dragource terminals are

denoted by andd , given by:
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Source
Figure 3.3: Equivalent circuit at cold forward condition

o
Os=
o

(3.4)

(3.5)

The capacitances ,0 andd can be extracted from the slope of the Y parameters of the
device with frequency, . The extraction of these capacitances for the vendor model of
CGH40010 deiee is shown in figure.4. However, the 4 unknown capacitances cannot be
evaluated using the two relations given in equat({@m8 and(3.5). Cydis assumed to be equal

to Gog owing to the symmetrical gate and drain pads in GaN HEMTI8][3.20][3.19] and

this assumption is assumed in the extraction of CGH4{®5D The additional relationships
between the capacitances such as the ratio of capacitances can [®2@eHowever, these

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

2% o |m(Y ) Vendor model of
22/ |cree CGH40010
00307 & - -Im(Yy,) 10W GaN HEMT
00254 ¢ Im(Yyy) ~
§ Slope =6.314 pF
< 0.020
> Cyso=slope  €,,=5.540 pF
-
€ 00154
- ‘ Slope 2.079 pF
0.010 Cyso Slope €y4=1305 pF
0.005 -

25 30 35 40 45 50 55 6.0
w (X10° rad/s)

Figure 3.4: Extraction of the branch capacitots (,0 ,andd ) from the simulated Yparametel
of the device at coldinch-off condition (0  Vwand®w  Tw)
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hence cannot be applied to different devif®49]. To extract the extrinsic capacitances,
instead, we use a simplified version of the TECR (Technetef@ated Empirical capacitance
ratios) algoithm [3.18][3.20] shown in figure3.5.

In this algorithm, the pad pacitances (s and Gg) are swept and the err@r § between the
S-parameter of the equivalent circuit () in figure 3.2 and the Sarameter of the vendor
model undecold pinchoff condition("Y) is calculated. The pad capacitances that resuiein t
minimum error i( ) is selected as the value of the capacitance. The eriois(defined as
[3.20]

i £ §0s (3.6)

EXtr icddd Cagsd (
(refer3.speclt i

Dee mbeéedanda , an
Extraqalgt alpd L
(ref er3.spe.ct i

Dee mbksds, adpdalb
( refe3. pedt Cpo>Cado2

Or) p&GJo

Eval uaparamet 81 Cal culfat

f r q36)
mo dien f32¢Y)r e

Figure 3.5: The flow chart of the algorithm used for extractiorttef pad capacitances.
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Where0 denotes the total number of data poiffisjenotes the frequency of the nth data point

and the error between@rametersy and"Y at the frequenciQis defined as

~ 3Y O Y 0 rl
Hop Y O i AQY QRY Q °
g o P T o 37
1 Y Q Y Q i
17— o~ i . " ™ I’,I
J A@Y QfY pY Q ¥

Where,

33 YQYy "Q Y Q oayYy Q Y Q (3.8)

The output of the TECR algorithm ie.,as pad capacitance is varied from 0 to 600 fF is plotted

in figure 3.6. Based on this plot, thealues of Gy and Gg are cheen 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 tletrinsic inductances aneégistance is the same
reported in3.5].

3.2.2. Extraction of extrinsic inductance

The extrinsic inductances are extrachen the Sparameters under cold forward«¥0 and
Vgs>Vpinchoff) condiion [3.19]. The equivalent circuit of the device w@rdhis condition after
de-embedding the pad capacitances is shown urdig 7. The Pi configuration of the intrinsic
capacitances is convertado a T configuration to ease the extraction proc¥ssin the figure

denotes the channel resistance.

3.0
Vendor model of CGH40010F
2.5+
2.0+ _
Cpq €,y =0.460 pF
&15
1.0 /
0.5+
0-0 T T T
0 200 400 600

Cyq (fF)

Figure 3.6: Error { ) as the pad capacitance varied from 0 pF to 660 fi¢2J. The Sparametel
of the device at cold pinebff condition (0  Vwand®  Tw)
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Source
Figure3.7: Equivalent circuit aicold forward condition

The Zparameters of this equivalent circuit can be expressed as

6 Y Y Y oo o L P
C 16 16 (3.9)
v Y oL p
®  ® < YV 3 (3.10)
o e e PP
© Y Y Y Rv v gy (31

Extrinsic inductances ,0 and0 can be determined from the slope] ofO&b plotted

against as shown in figur&.8.

3.2.3. Extraction of resistances

There are four unknown resistances in equations-(3.9), but only three relationships can

be obtained by equating real parts of these equations. This has been overcome in the
formulation proposed if8.18]. First, extrinsic capacitances and inductances assrdedded

from themeasured-paraneters to obtain the Z parameter . The® can be related to

extrinsic resistances §3.18]

Y QD P 1

O (’X (’A’) -I oY 'O('l w ( )
v« . l .

.Y .a-': _| | -| .Y -Y 3 4

-,O rooar 14 IY uo 7o ( -l )
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Rscan be obtained from the slope-ef—— plotted against———. Similarly, Riand R

can be obtained from the slopes-ef——— and———] respectively. The extraction of

the resistances is shown in figla8.

1.25

o W*lm(zzz) Vendor model of

Cree CGH40010
100 & WIM(Z11)| 10w GaN HEMT

0.759 sjope = 0.815 nH
Ls=slope +,=0.812nH .

0.50
Slope =£.796 nH
L, slope +,=0.794nH

9
0.25 +

w*lm(Z) (X10% rad- &)

y L= Slope = 0.002 nH
0.00 + ¢

00 25 50 75 100 125 150
w? (X10%° rad?/s?)

Figure 3.8 Extraction of the inductance$ (, 0 , and0 ) from the simulated parameters of t
device at cold forwardonditon (@  Vw andw  Ttw). For this figure, G=C,=460 pF is used

0.5

. WRE(ZZZRCOId)/lm(ZzzRCOId)
, WRE(leRCOId)/lm(ZzzRCOId)
. vkae(zRCOldlz)/lm(ZZZRCOId)

P | & b o

0.0+

Slope =.858

R, slope R=0.793W

-0.5 +

Slope =1.551 Vendor model of
Ry slope R=1486W  Cree CGH40010
o 10W GaN HEMT

-0.5 -OI.4 -0|.3 -d.2 -Ol.l OiO Ofl 012
W/IM(Z,,7) (X10*? rad/(Ws))

w*Re(ZR)/Im(Z,,R) (X10* rad/s)

Figure 3.9: Extraction of theaesistance from the simulateeparameters of the devieg the coli
forward conditon @ Vw andw  Tw). The pad capacitances and extrinsic inducte

obtained in figure8.6 and3.8 respectively are dembedded.
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3.2.4. Extraction of intrinsic parameters

Thecalculated extrinsic elements areelabedded from the-Sarameters of the device at the
bias point to obtain the Y parameters of the intrinsic device. The equivalent circuit of the
intrinsic device is sbwn in figure3.10.

Source
Figure 3.10: The equivalent circuit of the intrinsic device

The Y parameters of the intrinsic device)(¥an be expressed [517]

. Y01 . 6 @ Q6
o — 3.1
@ o Q o © (3.19)
. QAgpPpQ t._, ® M g6 o6

WhereO p 1 06 Y.

Sinceg 0 'Y mfor low frequencie$3.18][3.17], the admittanced§ , ® , & , and® )

of the branches of the equivalent circuit can be approximated as

® O ® YO Q6
(3.17)
® & Qo
o (3.18)
) QAgPQ t
W ®w ® o a6 (3.19
O ® ® Q Qo
? (3.20)

The individual elements from equations were separatfRi H[3.19]
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[ Y ' Y '

16— Oakd  0ad  p (3.21)
Oaw 04k 04k

16 04k "0a® (322

16 04k 0ad 04k (323

QY@ YD YD (3.24)

1Y g éfg 5 Yé?w Yc?;)w (3.29

Using the approximation that 6 Y Tt for low frequencies, following3.18], "Q andt

can be obtained from the relationships:

p . PH (3.26)
) 5 ®

PTomwmEe g (327)

The extraction process 0fg§ Cas, Cga, Gis, R, gm, andt of vendor model of CGH40010 at
V=28 V and bsq= 150mA is illustrated in figur8.11. The paraitic elements ga, Cog, Ls, Ld,
Ly, Rs, Ry, and R, obtained in figures3.6, 3.8, and 3.9, were deembedded 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 mM@d&)[3.18]. Rather than optimizing all

the components ingingle optimization step, we timize elements in an eigistep procedure

shown in Table3.1 [3.16]. This partitioning of the optimization problem into steps is based on

the relative serivity of the S parameter to theariation of elements. For example, the output
reflection coefficient of the device £% is the most sensitive to a change i &hd Gs[3.21]

and hencewhen these two elements are varied or optimized, the target is to minimize the error
in S2. In each step, a selected combination of components, shown in3Bbike varied to

find a leastsquares fit of arls-parameter of the equivalent model with thea&ameter 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 $parameter at the bias¥=28 V,
Ips=150 MA (@) g (b) Cos(C) Coa(d) Cusl€) R (f)  (9) Gus

relative percentage error between thpafameters of the vendor model and equivalent model

(O ) is minimized. O

is calculated as

p

T0

(3.29)

Where,"Q denotes the nth sampling frequency.
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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 Ras, Cds o All
2 Cgs S11 all
3 Cgd, Rs Si2 all
4 Om S all
2 R, Ld, Cod So2 upper half
6 Ry, Lg, Cog, R Su1 upper half
7 Ls Si2 upper half
8 T Sa upper half

The extracted parasitic elements before and after optimization are summarized iB8.Z.able
The percentage change of &d Ls is the highest becse of the shortfall of the extraction
procesg3.5]. The large percentage changd isnd R can be attributed to error propagation as
their accuracy depends on the accuracygf O before and after optimization are 8% and
5.9% respectively over the frequency range 0.5 GHz to 6 GHe. Sparameters of the
extracted equivald model after optimization and the vendor model over the frequency range

0.5 GHz to 6 GHare plotted in figre3.12. It is seen that they are in close agreement.

3.2.5. Extraction of intrinsic elements at gate anddrain voltages other than the biagpoint
Nonlinear capacitances are extracted from the vendor model of CGH40010 as they were
required for a qualitative study in chapter Sp&@ameters of the device are generated for the
gate and drain voltages in thenge of-4 to-1 V and 0 V and 28 VThe extrinsic elements in

Table 3.1 are deembedded to obtain-garameters (¥) of the intrinsic device. Rather than
extracting the intrinsic amponent by datétting followed by optimization, we have used
analytical expressions for the intrinsic component value that minimizesribenh of the error
between the equivalent model and vendor m@gleR][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 giveg.322][3.23]:

B Y - —B ®]Q
BYMDR gy oo 8l (329

B & ; B 04w ; ]Q

B YD, j'Q B 086
WalRp  PB D405 (339

B pQ ¢ B'Q

B &0 B &rpp @0 Y j0Q

5 P i o hPp Q J (331)

¢"B 04w  jQ B p7Q
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TABLE 3.2: The extracted parasitic components of the equivalent model from the
vendor model of CGH40010 at Idsq=150 mA and Vdsg=28 V

Cpg (in pF) | Cpd (in pF) | Ls(innH) | La(in nH) | Lg (in nH)
Before 0.460 0.460 0.0020 |0.812 0.794
Optimization
gﬁe.r o 0.404 0.404 0.0040 | 0.790 0.798
ptlmlzatlon
% Change 122 12.2 100.0 2.7 0.5
Rs(inY) |Ra(inY) |Rg(inY) | Cgys(inpF) | Cas(in pF)
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
Cod (iN PF) | Ras(inY) | Gm(inS) |Ri(inY) | Tau (in ps)
Before 0.234 126.582 | 0.565 0.640 1.845
Optimization
After 0.215 113.730 | 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 3.122 The Sparameters of the equivalent model after optimization and {rer&neters «
vendor model at ¥+~28 V and &s&150 mA

However, these expressions are derived for a transistor operating as ge-cwoitaolled
current source. Hence for the extraction of bias point for which device is @&\(M), data

fitting as in sectiorB.2.4is used. The extractedy>Cya, and Gs are plotted in figureS.13.
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Figure 3.13 Extracted values of (a)4£(b) Cus (€) Cys from the vendor model for y¢between2 V
and-3 V and \isbetween 0 V and 28 V.

Since these naofinear capacitances are required only for qualitative analysis, we have not
performed the optimization as in secti@2.4 to improvethe accuracy of the &acted
component valueg:or all the amplifier simulation during design in this thesis, we have used

the existing vendor model.

3.3. Embedding andDe-embedding procedure

The simulation using the vendor models are performed at the device plane whereas
theoretcally calculated impedances are at the current generator plane of the device. Hence the
obtained impedances need to be translated to the cuyesrator plane to obtain the
corresponding i mpedances at the extgindginc ap
similar fashion, the impedance at the extrinsic plane of the device needs to be translated to the

intrinsic plane to confirmtheclassf ampl i fi er, whiembeidsi ngberre

The approximated parasitic modmnsisting of Gs, Rd, Lg, and Gg, shown infigure 3.14, at

the drain of the device is usg110][3.24][3.25] to gain access to the current generator plane.
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This isvalid because & is one order of magnitude less thag &hd, Ls and R are negligibly
small, as can be seen from TaBl2 However this paragic 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 contiased amplifiers. Additionally, the

aim isto estimag¢ approximately the impedances at which {pad needs to be performed.

For the deembedding process, the approximate parasitic network is simulated by placing the
load Zxwrinsicat the package plane to obtain the corresponding impedareeiatrinsc plane.
Vendor models (from Cree) provide the current and voltage waveforms at the intrinsic current
generator plane, upon simulating the model wighrigic In this case, accuratendnsic can be
obtained directly from the model itself ederthelessthe estimation of irinsic IS required for

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

The embedding can be performiada CAD design environmebly using the negated version
of the parasitic mael ie., using the negative value for the parasitics, as shown in figite

[3.10]. The Zxwinsiccan be calculated from the simulation of thigated version of the network

Current

Generator Package Current
plane |_ plane Generator Patl:kage
. Ry d plqne - -L P

ZintrinSiC extrlnSIC |ntr|n5|c Zextrinsic

Figure 3.14: (a) Approximated parasitic model at the drairmdsaN HEMT(b) Negated version
the parasitic model. iinsic and Zxwinsic denote the impedaas at current generator plane and de
plane respectively.

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

the cree modelss they do not allow to place the impedance at the intrinsic plane.

An example of the embedding and-@®beddingprocess is illustrated using the CGH40010
for the fundamental impedances of classes BlJafd CCF in figure 3.15 (a) and (b). The
theoretical optimal load line resistances for CGH40010 are reporteddre2mnand 38.1m
and hence the theoretical impedances are calcufamtedhese values. The calculated

impedances are plotted in figu8els (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 figure3.15 (b).
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Figure 3.15. The theoretical impedances at the intrinsic plahelasses B, J, J* and CCRt the
fundamental (Zinvinsig frequency are in (a). The corresponding impedances at extrinsic plar
embedding at fundameal (Zy extinsig are in (b).
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Figure 3.16. The theoretical imgdances at the intrinsic plane of classes B, J, J* and'@Cthe
second harmonic &arinsio frequency are in (a). The corresponding impedances at extrinsicgita
embedding at second harmonic frequencyefsi) are in (b).

In the similarway, we have performed the embeugiprocess for the second harmonic
impedances, the theoretical calculated impedances are plotted in 3idéréa) and the
corresponding impedances at the extrinsic plane at frequency 5.2 GHZt@ ipligure3.16
(b). It can be observed in figuBel6 (b) that some secdrharmonic impedances have negative
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real part indicating that arctive 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 togRHence 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 in3fitfife).

o Theoretical Z, ; yinsic
—_— fromVM o0

1,intrinsic

\X:\J(32) / J(38.1)

,ﬂ\‘,,,i

10 250

 CcCEY (381
cP 381

0 NN
& F(38.1) \
& 100 250

\
1 sy
— e

W CceFl(38) |
S —

-10 O 4

~ Inotation: )
PA mode(R,)

-50
Figure 3.17: The impedances at the intrinsic place of the vendor model in sionutaampared wit
the theoretical (target ifigure 3.15 (a) and3.16 (a)) values. The impedances at the fundam
frequency (Zinrinsi) are @mpaed with theoretical values.

228"

We simulate the vendoradel with the fundamental and the corresponding second harmonic
impedance in figur8.15(b) and 3.16 (b) respectively. We sweep the input power todbeéce

in the harmonic balance simulation and the intrinsic impedances are calculated as the ratio of
the intrinsic voltage andurrent waveforms generated by the vendor model. The intrinsic
impedances calculated from the vendor model are compared withebretical impedances

(in figure3.15(a)) at fundamental frequency in figuB4.7. The fundamental impedances from

the vendor modecan be seen to heery 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 fig&&6(a)) at the second harmonic frequencyifénsic)

is plotted in figures3.18 (a), (b), and (c). The simulated &insic change quite considerable

with input power inhe case of the second harmonic frequency. In the case of class B in figures
3.18(a) and (b), and CCEin 3.18(c), the real part of Znrinsicbecomes egative. This indicates
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that the device may become unstable liese power levels.itinsicand 2 inrinsicchange with

input power because of the harmonic #ioear capacitances gg£and Gs) at low power level

[3.26] and the knee region at a high povevel. The simplified parasitic network fails to
predict the second harmonic impedances. The discrepancy betweeac.Zrom the Vendor

model and the simple parasitic network is muchdamwhen Zintinsic IS greater than zero ie.,
Zointinsic IS inductive. This larger discrepancy for inductivendnsic can in part be attributed to

the larger discrepancy between the required and realized impedance for the inductive than the
capacitiveZaintinsic in figure 3.16 (b). Hence, in this work, we slightly adjust the impedances at
fundamental frequency whereas we use-palisimulation at the second harmonic frequency

to choose the send 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 simulatiqracedwitl
the theoretical (target ifigure 3.15 (a) and3.16 (a)) values. The impedances at the second harr
frequency (Zinvinsi9 for classes BJ, and J* for R=32mand R,=38.1mare compared in (a) and
respectively whereas the comparison for @@&Fin (c). The arrows in the (a), (b), and (c) denot
direction of change in impedances as power increases.

3.4. EM simulation methods in ADS
ADS has three EM simulatiomodes viz., momentum RF, momentum microwave and FEM
(Finite element method). Momentum is based diveion ofthe layout into 2D cellésquare

or trapezoid) using a 2D mesh and thethodof 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 tlectric and magnetiefii ds f or each cel |
equations. The meshes used in FEM and Momeatershowrn figure3.19. Themeshshould

be fine enough to discretize the smallest structure in the 1E8:@if to obtain accurate results
However, the time of simulation increases witlegreasén cell size. Hence, starting with a
coarsemesh, simulations should be performed by decreasing the size of the mesh until the

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

Momentum can provide accurate predictions for planar structures. FEM can provide accurate
results for 3Dstructures as well. Howeveit is computationally intensive and requires
considerablesimulation time than momentum microwave. EDA software such as EMPro and
CST can perform FDTD (finite difference time domain) simulation wiscs accurate than

FEM [3.27]. However, FEM is foundotbe accurate enough in predicting the performance of

microstrip lines.

(a)

Figure 3.19: Mesh used irfa) Momenturmand (b) FEM

Signals in microstrip linesare evaluatedas electromagnetic waves in EM simulations.
Whereas, signals through lumped elerseahd transistorare evaluatedis voltages and
currents.This requires the conversion of voltages and currents into EM waves andevgze
at some point in the circuit. ADS handles this conversion by extractingpgheageters of the
laid out microstriplines. The evaluated-garametersare usedn the simulaton of the entire

circuit with lumped elements.

The S-parameters of the layout are calculated by AlySexciting the layout witHictitious
currentsourcesconnectedo the layout at points whetke lumped elementse connecteth

the schematic. The eiation 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 respBgtia fictitious current generator
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connectedo the inpu and output needs to be specified as the RF source. On the other hand, a
fictitious current generataronnectedn the placef biasing voltage source needdtodefined

asDC currentgenerator. Brts and pins are used in ADS to define the excitatioergéed by
thefictitious current generator.

3.4.1. Pins andports

Pinsare placedat the location where componemtie connecteth the layout. The terminal
fictitious current generator monnectedo the pin. The pincan be ainglepoint or can have

finite length. In thecaseof point pins, shown in figurd.20 (a), the excitatioms appliedover

the entire width of the edge of themicrostrip line. This is not an accurate physical
representation of thactualcircuit if there is arappreciablaifference between the widths of

the package leads of the component and microstrip lines. Even with tlusuriate
representation, the performance of the RF PA can be predicted accil3&&]yThe effect of

this difference is more pronounced in the case of active defld@3. Edge pin is avay to

define the width of the package leads in ADS. Edge pins, shown in 8@0réb), in ADS are
simulatedwith a constant voltage throughout the pin. The EM simulaf@88] 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
inaccuray in the result. In the absence of knowledgé¢hef package and connections of the
transistor, the simulation cdre performedvith the edge pin with an understanding that the

accuracy of the results limited.

Portsconsistof two or more pins. If onlgne pinis assignedtb the port, the other pin &ssumed
to be the ground pin, which lies on the bottom layer of the microstrip line, as shéwuias
3.20(a) and3.20 (b). For the components connectedhe top ayer of the microstrip, both the
pins are orthe toplayerasshown in figure3.20 (c). This configuration is called a differential

port.

3.4.2. Port Calibration

EDA softwareallowsa range of setting® accurately mogl thecoupling effects arising from

the connected lumped componenklisis handledn ADS by calibrating the ports. Before
performing the simulation, each port is calibrated to remove or consider the parasitic effects.
The calibration techniques shold chosnaccording 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 inteiesmnected to the port as shownfigure 3.21

(a). The EM effects of the inserted calibration transmissiondneeremovedby deembedding

its sparamegrs. This calibration shouloe usedvhen a transmissioline is connectedo the
port. The transmission line of zeftength,i.e., a currentsourcedirectly connectedbo the port,

can be used if the transmission line extension used in TML calibratiosdaots with metal in

the same layer.

2) Delta gap andSMD calibration: When an SMD (surface mount device) comporient
placed in the layout, mutual coupling arises between the pads thadneighbouring
components. A delta gap shoblel usedor the SMD components if the parasitic effeatising

due to theimpackages are nd&nown. Whereas, SMD calibration is used if those effects are
known. For example, this calibration can be usedaa&ameters of the component are obtained

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

Caltbration

. 1
I line 4

Ground
_______ layer

e —

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

Delta gap calibrigon is performed by extending the metal inward into gap between the
ports as shown ifigure 3.21 (b). This extended metal crudely models the parasitic effects
arising due to the pads of the surfabeunt devices. Whereas in SMD calibration, the
calibrationstandard (extended metal) is simulated separately, as shown inJigiife), and

deembedded. As dembedding the calibration standard only removes theimpkdance
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arising due to the extended metal, only the coupling between the extended metal and other

componentss taken into account.

3) None: This refers to an uncaliated port.This canbe usedwhen none of the above
calibrations is suited for the componehhe 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
portis les than ondgenth of the wavelength at maximwmulationfrequency. It hadeen
observedhat finoneo cali bration can givel[38Hre acc
In [3.32], it has been suggested to use SMD calibration if the number of surface mount

comporents is large.

Table3.3 summarizes with calbration 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 knowi
SMD Surface mount devices (when the package pgarase known)*.
Direct (or None) All components.
Auto Software will select calibration automatically.

* None calibration can give more accurate reghiéé SMD calibration

3.5. EM simulations results

EM simulations of an output matching netw¢810], a class AB amplifier designed by our
groud3.5], and a class J amplifi@:15] were performedto illustrate the process. The layout
of an output matching network reported [110] is shown in figure3.22 (a). The close
agreement ahe simulated reflection coefficient and insertion loss with those reportgd 0}
can be observed.

The layouts of the class AB amplifier and the class J amplifier are shown in f&j28end

3.24(a) respectively. The edge piase usedor atransistorand the width of the edge pins is

set equal to thevidth of theleadof transistor (1.28mm[3.33]. ANoneo calibrati
to the ports corresponding to ttnansistorand DC supply. The point pinsstead of edge pins

are assigreto capacitors and resistors even though they have finite width because the use of
edge pinss foundinaccurate foSMD component§3.31]. Figures3.24(b) and3.25(b) reveal

a close match between simulated and measured gain and output power. The predicted and
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Figure 3.22 (&) Layout of an output matching netwdix 10] (b) Comparison of simulated reflect
coefficient reported if3.10] with the simulabn in this work (c) Comparison of the measuygeti0]
and simulated insertion loss

measured-parameter®f the class AB amplifier are in closeragment as shown in figure
3.25@a).

PAE is accurately predictefdr the class J amplifier, as observed in figBi24 (b), whereas
large discrepancy between measured and simulated PAE of the class B8atemervedn
3.25(b) using FEM and momentum. THiscrepancy in PAE cape attributedo themodelof

the deviceconsidering the similarity between the layouts of these two amplifiers and the

accuracy of th EM simulations of microstrip lines.

3.6. Summary

We have extracted the smalfnal equivalent citgt of the device consisting of 16 elements
from the Sparameters of the vendor model of 10W GaN HEMT (CGH40010F). We embed
and deembed the parasitic elemeatshe drain viz., &, Rd, Cog, and Lg to simplify the design
process. Embedding and {enbeddag process in the CAD environment using this
approximate parasitic network is illustrated. It is observed that an approximate parasitic
network fails to predicthe second harmonic impedances at the intrinsic plane. Hence, the load
pull simulation at secahharmonic frequency is used to select the optimal second harmonic
impedance in future chapters. The basic insights are provided into how EDA software perform
EM co-simulation viz., simulating EM fields in layout and voltage and current of lumped
componats together. The configuration used at pin and port of the layout depending on the
connected lumped component to them is established. EM simulations ofi@ammptiticate

that device models may be incapable of predicting its performance, especially PAE.
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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 Ci#hpa$ 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 ofgiidier because of

the corresponding increase in thesmatchbetween the phase of thenflamental components

of voltage and currerj.2]. This can be illustrated by-keriting the class J continuum voltage
waveform[4.1], given in(2.32), in the form of equatior?(28) as

® ® 1 o wAld y 10 o Ae—y (4.2)
Where,
1 denotes the voltage gain over the class B emanipulated condition
w  andw denote the phase difference o ftindamental and second harmonic
components of theoltage with the current in class B (given(#hl)) respectively
E is defined as the ratio of the magnitude of the second harmonic to the fundamental
comporent.

Comparing equation@.32) with (4.1), the values can be evaluated as

1 Mo | ;uw OAT| (4.2)
. | i

Q cm—|l’1u4 c (4.3)

- -1 AT @ (4.4

Where,—~ and— denote the efficiency of class J and class B respectively.

An increase in the magnitude of t hv[-§1l,second
increases the fundamental component oivitieage by Mp |  butalso increases the

phase difference between the voltage and currentjpy; . Voltage gaini( ), the magnitude

of the phase difference between the voltage andrdurtg ), power factorA T @ ),

and the ratiof efficiency of class B/J continuum over class-Bj & ) are plotted in Figure

4.1 as| is increased froml to 1. It carbe seen from the figure, that an increasaun

with $ s reduces the power factoA( O ), and this reduction in power factor

compensates the increasg inwith ¢ sresulting in the same efficiency as dds 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 gaini( ), the phase difference between the voltage and cuggnt ( 9, powe
factor @1 O ), andthe ratio of efficiency of class B/J continuum over class B« ) versus

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

only benefit of class B/J continuum is iteXibility of design spee, as shown in Figue2 (a).

On the other hand, continuous clags froposed by Kinfi4.3] 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 currentiass J. The voltage waveform of continuous classF

the same as that in class J for | U|=1 but w
phases hi fted by "~/ 4 and "~/ 2 respectively. This
42(b) and (c) . This shift reduces thel phase
thereby increasing the power factor. As a result,ditaén efficiency of class Fis 91% as

opposed to 78.5% in class J with arlad third and higher harmonics.

These classes represent two extremities, of manipulating the second harmonic of the current
with an intermediate set of current waveforms shawvexist in[4.2]. We propose a new
contiguous set of current waveforms between these classes wherebyltasencomponent

of the seconcharmonic 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 vettagtolled current source
with unit gain, is assumed in w&ng the formulation. The knee voltage and peak current of

the transistor & Vk and hrespectively. The second harmonic manipulated current waveform
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Figure 4.2: (a) Fundamental and second harmonic frequencies of class J and continuou¥Clag:
1y at the current generator plane. (b) Voltage and cuwwawneforms of class J (c) Voltage and cur
waveform of contimous class HCF?Y)

is derived from conventional class B, consisting of a resistive load at the fundamental

frequency, wittharmonics shorted.

4.2.1. Current waveforms
The drain current in a class B/J contiim is[4.1]
o ©° .. . 0o .. . x
o J & —Aio CO—AAl@ E (4.5)
Where, O is the maxinnm current of the device. The fundamental and second harmonic load
impedances result in the removal of the second harmonic comp{en) from™© |

[4.3]. The resulting drain curreof the device© [ ), is given as

. ” p p
0 | o J Q— cDE/\ — CDE/\ (4.6)
Tt £ 0QI Q
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Wheren is an integerWe expresQ — as in(4.7), wherein, the irphase component of the

second harmonic of the current in class J is partially removed by a factor (k).

Where G is an arbitrary real number. The minimumgsf sis zero and the maximum it can

attain is such that the peak current@f |

QJ

.. GO
022
oA

CAT @

iS Im. k

whereas k=1 in continuous clas$ [B.3]i [4.5].

we getO [ as

0 |

Where,

¢6 OEqr Nm Q p

=6

) 0 wéf 6 I " 0 wéEc[ 6 i O
6 Al ©— 6 OEd —
. 0
O -
’F‘QI\ LL#
o "OE LIJ_r](j ki
¢ oA
. ¢O .
o] — p QNHo #
A
YET: p- OET p:
OE le pc OE lg pq
e p e p
oo OEIE ¢t OE it ¢t
4 1 8 c
o € C € C
c# OE le cE OE lg qE .
1] é c 8 C

(4.7)

T, in class B/J continuurf.1]

(4.8)

(4.9)
(4.10)

(4.11)

(4.12)

(4.13)

The dependence of quadrature componentg,(in (9)on# demonstrates flexibility in the

choi ce

of

t he

reacti ve

component

of

t he

as— to express the quadrature components of the current relative tephigase component.

b i s

dent df ¢hp @evicenaximum currentO.

The magnitude od ando askis increased from 0 to 1 is plotted in Figu8 (a). The

value ofk cannot be Iss than zero as negative values wouldgseathe peak of th® [ to
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exceed the maximum currenty)l Furthermore, to realize values of k >1 would require
negative resistance or a harmonic injection at the second harmonic frequency. arie A
redwe as k increases from 0 to 1,a@ be inferred fron4.10) and(4.11). We define this
reduction of the irphase fundamental component of the curremhfclass B/J as current loss,

denoted by , given by:

0 0 7
2 0, r@ (4.14)
0 s 0OJ ¢ o
The current loss allows the flow of quadrature components through the device. However, the

magnitude oft e quadr ature components (whinalkotalar e pr

current higherthaml( devi ce maxi mum current). The all ow
k plotted in Figuret.3 (b), is obtaned by simulating the current {#.8) for each value of k
until the peak oftie currentO — is equal to . The all owed range of

increases, because ofpinase componen(d ando ) flowing through the device decreases.

Typically, an RF power amplifier is matched at most up to 3 harmonics. The apptaxi of

‘O [ up to 3 harmonics in class BIFare compared with those of Classes J andOGF

Figure4.4. Figure4.4 (a) shows the unmanipulated Class J/B current waveformeatehe

Class CCE waveform in Figuret.4 (c) may eitler peak to the right or the left depending upon

whet her b >0 dinthebcen@e (Figuré.4 (b)sretain8tdefbasic characteristics

of CCF?, but the waveforms are, under our ideal conditiorarensmoothly paked on either

side depending upon the magnitude and sign o

A A &

COO00O00
coORNMWwhWL

00 0.2 024k 06 08 1.0

Figure 4.3; (a) The inphase fundamentab ( ) and second harmonio () components of the curre
waveforms versus k (b) The allode val ues of b (which indi
component) versus k
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However, this manipulation changes the phase of the fundamental and second harmonic
frequenciesThe phases of the fundamental)and second harmonif () components ofhe

current are

Axr U
INOAIG—A (4.15)
o 1Q
LA T T PR T
JO0AT — 2% OAl +— (4.16)

o TP
| varies betweenl6 to 16 whereas| varies from 0 in class B/J to 9 class F.
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o

6
rad

—_
=
—

4.2.2. Voltage waveforms

We propose drain voltage waveforms with a phade of at2he second harmonic frequency
so that the load ahé second harmonic is purely reactive for all values of k in the following
equation(4.17) as:

®© 6 © 6 p A& — | OEL —
R R
| OBd— — (4.17)
C
N |Eoo o OBEj— —

Where] N  plp is proportional to the magnitude of the second harmonic of the
voltage;] Wp | is the voltage gain and OAT1| is the phase difference

between the current and voltage waveforms es€Ul retaining its usual mean[ddL].

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

components of the voltage waveform of class B/J continuuth By and| respectively,
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giving an overall phase difference between the fundamental components of the cutrent an

voltage waveformsy as:

= 04l Poar .o 1
“oou I C | C p Q1 o - (419
As k is increased from O to 1, fro(d.16), 2idncr eases from O to ~/ 2
decreasesfromOto /i2f b i s negative. Hence by choosin
(418, it can benedaste v etdh ¢ heafOh edther band, thoosimy

U and b with oppomreasein tiseiphpsesliffereace duk to an increaseaim |
—. Sincethe variation of , which is betweenrl6® and 18, is considerably smaller thdn,

which can attain phases betwe®&@® and 96, wj can be lower thamy benefitting he
efficiency and output powerThe voltage and current waveforms in class J and our proposed

class are plotted iRigure4.5 for k=0.52, to demonstrate the reduction in phase differegce.

islowertharwyas) decreases (ie., k increaseflpl. provid
4 1.5
--m-Ak=0.52, a)=-01Bk=0.382, agF-1,0b
1--4- Class J(kk= 0, a=)-1,b=0
3 Reducing Y |
-1.0 @
8 _D
> 3
o N
g E
< 0.5 =
= 2
o
zZ
-0.0

Figure 4.5: Normalized voltage and current waveforms for k=0.5. Voltage and current wav
obtained by setting 36=1, In=1, and \{=0.

4.2.3. Output power and efficiency
The output power( ) and efficiency £ ) are expressed in terms of the output power

(© s ) and efficiency{ ¢ ) of class B respectively as:
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4 5 (pt

0 0 <11 p TAT@ 0 OAT @ (4.19)
- - 11 P (25‘—1/3\1'@ - JOAT@Q (4.20)

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

calculated as

LXK or
w‘ p p wl
The power factorA | @ ),"O and the efficiency with k are plotted in Figuré. The power

0 o T P Of jof (4.21)

factor increases due to a reductiorupf ask increases, wherea®) reduces with k due to

the reduction of A with k. The increase in power factor compensates for the redunti®
resulting in an efficiency and output power
marked inFigure4.5 achieve 2% and 9% higher efficnthan 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 bf#.19). On the other hand, adjustment of the loadline to increase
efficiency results in a tradeff with output power, which is not the case in this work. In the
extreme case off ikswHich/edvedporiddtp cortinuous dass(ECFY),

| s ~/ 2, causing the minimum phase differeni
1.4- | S | 93
1.3q—=—cos(Ypr)| Ty e - 90
s 124y XK T - 87
©) 1 _ i )
_- 1.1 Dashed line: b=0.3 g1 S
>& Solid Line: b=0.1 <

Figure 4.6: (b) Power factorA T @ ), CurrentVoltage gain 10 ), and efficiency as k increas
from O to 1 for =-1, and =0.3 and 0.1,
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voltage and current, resulting in an efficiency of 91% [3].] and’O increase with an
i ncr e a seenfiom4.16), (416), and(4.21) respectively, resulting in higher efficiencies
in Figure4.6. The increase ir— results in a lwer powe f act or for b=0. 3

approaches 1.

The maxi mum al | o éobalgigen k andl theecontodrs obeffigiemey with
U and k e plottéd=n Agurel.7. As k increases firm 0 to 1, the irphase

t

r

components{ andd ) decr eas eaiamodr ehaesnecse. bReduci ng | U]
constant k and b, reduces efficiency and
fundamental component of the voltage decreasesnlt e, t he mi ni mum | U]

d>78% decr eases \wretustion ohtcerfundamental compokentwof carrent
ie., Not all values df (ie.,] )in(4.17) but only a subset df will result in an improvement

of efficiency depending on the ; decreasing (ie., increasing k) requires higher values of

1 to compensate for the current loe efficiency can be maintained within 2% over a range

of waveformsdefineby k, U, and b .>0, Except fow@CE ddvenotroesen f o r
previously describedBecause these waveforms are contiguous with class J and @@F

both these classes at extremities, the linearity of these modes lies in between thesedsvo class

In (4.19) and(4.20), p @ jof p evenfor the maximum value df and therefore
neither benefits the efficiency nor the output power. On the otine,hdy AT @ can be

greater than 1, resulting in higher output power and efficiency than clagé.®/Jhs can be

seen in Figure4.6 and4.7. This presents an interestinggsibility; sacrificing the fundamental

1.0 0.4

= = = = = L T] (0/0)
0.5¢ " *=— | @ Class B/J Continuum|[ 0.2 91
30.0 & . A& Continuous Class F' '_0 0 X1 boct 89
/ _ Bmax R T Bmax I " é %86
-0.5 70 / /// e -0.2 183
A << << AAAAA DR, o 4 <81
02 04 06 08 10 |

Figure4.7. The maxi mum al |l owabl e v aelfufe cofe nbc yv swi

bmax calculated fron(4.20). Voc=1V, In=1A, and =0V were used for this simulation. Shaded rec
demonstrate design flexibility in comparison to continuous clasm# class B/J.
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componenof the current]( p) for a lower phase shifty W ) and reaping the benefit

from voltage gairi(  p) due to second harmonic manipulation of the voltage.

The impedances at fundamial (0, ) and second harmonid®{ ) frequencies, required to

maintain the waveforms are calculated fr@hi7) and(4.8), are

|

Dk Y _ Q
T p o1 jd
‘ 0 Q- (4.22
Y 1Q :
P Ot ju 1
) QY
@
e ¢ orQw
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These calculated impedances are plotted in Figidor k=0, 0.5, and 1 usin(4.22) and
(4.23). For each value of k, the values of

higher efficiency than in a umanipulated second harmonic class B. Incredsinfe., the

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

Figure 4.8: Theoretical fundamental (Z1) and second harmonic impedances (Z2) for k=0, k=l
k=1 and varying U and b. All thesedi88peda
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magni t ud eonlpihcredsds tha magnitude ©f;, but also its phase, leading to an

increase in the reactive componenéxf . Increasg the magnitude ¢f results in very small

variation in the magnitude @by ,as p @t jof is 1.04 even for the maximum value

of b but it increasd®@s. Itidseenthat rdudiigsndinaeaimyp on e nt
|b| moves the second harmonic impedance towards a short circuit. The variation of the

i mpedances wi tmiar td) classnBd) cdntinuurg4.1] samd CCF [4.3][4.5]

respectively, from where they are dedve

Decreasing results in an increase in the magnitude ofdhe , as can be inferred from

(4.22), and in the reduction off , as can be fierred from(4.18). As a result, the design space
shows the shape of an increasing resistive component and decreasing reactive component of
@f . This increment of the resistive component implies an impticiteoff between
maximum efficiency, and linearity if no other considerations are taken into account in the
choice of DC bias of the ampl i fi efficiencB®ecause
greater than in class B decrease with increase iadtédse in ), a purely resistive impedance

at the fundamental frequency cannot be attained for k=0.5 in Hdgiréhis shows that &
proposed formulation differs from the effects of a simple increment in the load line resistance.
Similarly, decreasingy reduces the denominator Gf;; resulting in an increase in its
magnitude. The higher value af; leads 6 a reductin 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)flexibility in the design.

The continuum of waveforms for k=1 as U redt
with CCF!, same as the extended G@B.7]. However, the proposed design space differs

from the formulation of extended CCHn 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 fundameriand second harmonic impedances at k=1 plotted in Fdire
Interestingly, a combination of resistive loadc(times the impedance at class B) at the
fundamental frequency with larger inductive or capeeitsecond hanonic load is also
achievedfork=1p)=0. 16 and U=0.8. This |l oad setting i

demonstrated a class J amplifier with the peak efficiency beyond#.8%

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

in Figure4.9. Efficiencies for, adanhd posai el i vat uea
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Figure49: Cont our pl ot of the maximum efficien

resultant used tgenerate the contours. The extended 91% contour éahdk A) reveals that
the efficiency of classFcan also be achieved through a combination of k)| , and , and

not just for k=1, as in clasCCF?, further providing an additional aspect ofillity of design.

4.3. On the realizability of the proposed waveforms
The current waveforms proposed for this mode require the partial removal ofphase

component of the second harmonic component, as can b&ceef.7) and(4.6), whereas

the complete elimination of the second harmonic frequency is the starting point for-tlass F

[4.3]. Some ways of achieving this 44e2]:

1) by injecting harmonics by external circuitry (such as by the use of a varactor diode)

andbr
2) utilizing the harmonics arising due to the Aorearity of intrinsic capacitances or using

the knee region of the transistor ieg tholtage 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 theobtel of the knee profile given

equation (2.12), iselatedto the drain voltage 44.9]

W —
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Where,06 — denotes the baseline current the device would generate without tHd lajéz,
0 —isequaltdO [ in equation4.6) where the knee region is not considered. Equation

(4.6) can be rewritten as

0
0N — b—p o (425
0 J—
Where, ¢ B - A — ¢b - al pv Z From(4.25), it is evident that the proposed
current waveforms can be realizable ip . This condition is certainly not
valid for L pie., for small input signal at the gate,which caseQ — O —.

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

including CCF. However, a the input power increase, tde — ventures into the knee

regionresulting in ageneration of harmonics due to the factpr . Additionally,

nortlinear capacitances also generate harmonics as the input power increases. These two

contribute to the factor—.

To illustrate the role of kneeegion and no#linear capacitances in realizing the current and
voltage waveforms, we have simulated the following two models for two condition® (K,

i 0.3, 0.6)and (k 0.7] 0.3, 0.6), and compared them with the formulation
which repesents 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 m#i¢ drain current. The vendor model
outputs the intrinsic rin current; thus eliminating the need foratabedding the
extrinsic resistance which is otherwise requiféd.0]. The obtaied pulsed IV are
plotted in Figure4.10 and a tablédased model in ADS is created to read this IV to
emulate the current generator of CGH400Tte nonlinear gn and the knee
characteristics of a specific device (CGH40010) are captured by this model.

2) The vendor model d CGH40010Q This model includes the effects of the knee voltage

and nonlinear capacitances.

We have biased the device model in near class B conditiga 28 V andbsg 6 mA) for
these simulations. This bias condition is selected for illustratioa \Wavefoms for the actual
bias of an amplifier (¥so= 28 V and bso 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 IV is obtained for the puls
1.2° s and pulse period 5& with the device biased ab¥%= 28 V and \éso=-3.8 V

0.7} 0.3/ 0.6)and(k 0.7]) 0.3) 0.6) arecalculated fron{4.22) and(4.23)

and these lie betweenethtesign space of class B/J and GCBsing 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, withghdor model, an open circuit is
presented at the extrinsic plane. This results in the shorting of the higher harmonics at the

intrinsic plane because ot

The obtained load cycles of both the models are plotted in FHgliteThe power levels are

chosen such that the ratio of the minimum of the intrinsic drain voltage sneeY—is

same for all the devices— is indicative of the knee incursion ihé device.

The current waveforms from both the models are compared with formulatier-for 0.05

are plotted in Figurd.12 respectively. The ideal theoretical waveform correspantb this

case is predicted from equatiof@s8), (4.17) and(4.8). The current waveforms from the CG
model show a sharp transition when gared with thevendor model. This can be due to a
difference in the gatsource voltage; in the CG model it is sinusoidal whereas thdimesar

Cgs in the vendor model introduces harmonics, causing a deviation from the sinusoid

[4.11]/4.12]. Additionally, the Gsand the extrinsic parasitelements athte drain terminal act
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1.6 — Vendor Model (P;, =22 dBm)
--e-- CG model (P, =11.5 dBm)

“ - .i- o:: paN——
1< Viin/ Voe=0.05——4
0 1XO 2XO 3XO 40 50 60
Vos (V)

Figure 4.11. Load cycles of vendor model and CG model for the power level is adjusted such t
are similar knee incursiopr{— T3t ).

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

the knee region but also thenlinear capacitances.

Figure 4.13 shows a comparison of the current and voltage waveforms (up to the third
harmonic) fran 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 miateb 3avhereas a

slight reduction in the voltage is observed{for 0.3.

1.8

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

Normalized time (q) (rad)

Figure 4.122 A comparisonof the current waveforms from the formulation, vendor model an
model for k 0.7} 0.3, 0.6 fo— T18tvu
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Figure 4.13 A comparisonof the voltage and current waveforms (upto third harmonic) fror
formulation and the vendor model for (a) k0.7, 0.3, 0.6 and (b) k 0.7, 0.3,
0.6.

However the magnitude and phase of the second harmonic component of the cuyewitiva
input power, as illustrated in FiguBel6 Hence, using the harmonics generated from the non
linear capacitances and the knee region, an approximation of the current amge volta

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 correspends tor@gt v The

approximate shape of our cent characteristics can be derived by extending the analysis of
knee characteristic presented for class B4i@][4.13] and by considering the effect of non

linear capacitances as [#h.14] [4.15]. Alternatively, we rely on the vendor model to explore

the impedance regiohdt lies between class B/J continuum and E@Fthe amplifier design.

We simulate the vendor model for all the impedances in the new design space and select the

impedances which benefit theieféncy and output power.
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4.4. Implementation and Results

A 10 WGaN HEMT from Cree, CGH40010F, is chosen for this study. The device is biased in
deep class AB mode =28 V, kis¢&150 mA) for this implementation. The optinlaadline
resistance () isfomd t o 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
equationg4.20) and(4.19) areobtained by presenting impedances from the design space to
the vandor model. The theoretical intrinsic impedances are calculated(#@®2) and(4.23)

for alll v &). The sorrespondifiglextrindic,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 extrimgnpedances 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 impedares in Figuret.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-ar®irf@E s

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

+ V1 x V2
+ V1 x V2 < —

N ) [ X ) [ \
N AN i 10] N - T 250j

81.7 < o1

77.4 41'9

73.1 41'7

68.9 415
64.6 | 412,
60.3 | 41.0|

56.0 40.8

2100j

Figure 4.14: Simulated PAE and output power over the proposed design.{padehe contours
PAE overlaid on the intrinsic design space (b) The contours of output powexid\@rlthe intrinsi
design space. The source impedance is set {f2dbtained from the source pull simulation of
vendor model. The selectedimpe nces for the amplifier d@&&
0.3, 0.7) and-0.5,0.1,0.6) are arked in both figure as V1and V2 respectively.
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region lies in between these two classes, the lineasty lees between these two classes.
Additionally, placing inductive loads at the fundamental frequency results in higher efficiency
than capacitive loads. This is because of thelmaar feedbakccapacitance, as we have shown
for the class BJ continuum 4.16]. The drain voltage across the feedback capacitance due to
inductive loading results in the current from the feedback capaeite added to the intrinsic
drain current from the intrgic current generator, leading to additional output power and
efficiency over capacitive loading. From the higher efficiency and output power region,
waveform parameters k0.6 68 0aha and ¢.5,0.100.6)f h e
referred to as V1 and V2 respectively Kgures 4.14 (a) and (b), are chosen for

implementation

4.4.2. Matching network desgn
An output matching network is designed at the centre frequency (f0) of 2.6 GHz in three
segments shown in Figudel5.

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

(3) an impedance transformer (IT).

(Ss)

Segment to (Sf) (lT)

match Z2
Impedance

I Mline : Segment to
Transformer
1 match Z1
I_ — _Tt (Zt to 50q)
Z1@f0 Z106 @f

Z2@210 21@f0

Figure 4.15. The block diagram of the matching network consisting of a segment to matc
impedance at the second harmonic frequency (Ssggaent to malc the impedance at th
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

harmont. As a result, succeeding segments, Sf and IT, do not affect the impedance at the
second harmonic frequency. The length of the microstrip line (I11) in thmes® is chosen to
match Z2 at 2*f0. The section Sf matches the impedance Z1' to Zt. Z1' ithatithe overall

103



matching network presents Z1 at the frequency f0 to the transistor. Zt is chosen to be closer to

LV TEI Q@ resulting in a lower change in impedance with frequency than when matched
directly to 50 ohmsAdditionally, Zt can be varied betweenQ @ and 50 ohms, so that the

width of the matching lines (Wline and Wstub) of this segmentiliein the specifiations of
the foundry. An impedance transformer is used to match Zt to 50 [@hh7$

To account for the noehinear nature of the intrgic capacitances, the second harmonic
impedance is obtained from log@dll simulations at the second harmonic frequency using the
vendor model of the device, while placing the calculated fundamental imgeedshown in
Figure4.14, at the load4.6].

The obtained load impedances at fundamental and second harmonic frequencies
corresponding to wer6s iamrl.6lpae@lottddin kiguré.167a). U=
The photograph of the designed amplifier V1 is shown in Figu(b). Sfis 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 thendesig
tool in ADS. It matches 50 ohms at a load of 35 ohms over the frequency rangei23GHz
GHz. The input matching networks use a stepped impedance topadlogysource impedance
at the fundamental frequency from source pull simulation is obtained -#89The input
and output matching networkse 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

(@) 20

o Target Zextrinsic
X Realized Z

extrinsic

/7 N\

Figure 4.16. (a) Theoretical and the realized fundamental (Z1) and second harmonic impedar
for versio@06ahdER=8) 7, (@HCEtheRidsigriedanplifier V1
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24). The measured impedances at 2.6 GHz and 5.2 GHz aneaednmwith the target
impedances in Figu#e16 (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 impedarscever the frequency range 2.3 GRI8 GHz and the corresponding
second harmonic frequency 4.6 GB6 GHz are translated to the intrinsic plane and are
plotted in Figuret.17. Eventhough the matching network is designed at a point frequency fO0,
a large range of available impedances over broad frequencies are found to lie in the high
efficiency region of Class BJF resulting inbandwidths of 600 MHz, despite being designed

narrowbad. This further attests to the ease of design of this class of amplifier.

Realized Z;

V1

intrinsic

\\ — 1
23GH 2.5 GHz

y 7V 4. 8 GHz 50j

10j

0j

Figure 4.17: The impedance achieved by the matching network at the intrinsic plaaémpedanci
that overlap with the Class BJEesign space are highlighted.

The intrinsic voltage and current waveforms obtained from harmonic balance simulation and
from the theoretical calculatiomeaplotted in Figur&.18. The peaking of current to the right

and the increase tihe maximunmof normalized voltage ds,in excess of a factor &, reveal

the manipulation of the second harmonic of both the voltage and current waveforms,

conforming with theory.

The target i mpedafc s afnar b D . (1R =@l9@), Tl ot t ed

fabricated amplifier is shown in Figudel9 (b). Sf is realized using two stulsne open stub
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Figure 4.18. The intrinsic voltage and current waveforms from simulation and the etfiea
waveforms. The voltage and current are redized to \bc and |, respectively. ¥c=28 V, Vi=2 V, anc
Rp=38. 1 q are usedpsam\wd he cal cul ation of |

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.

N E— 100i
® TargetZ

extrinsic

extrinsic

” X Realized Z

Figure 4.19. (a) Theoretical and the realized fundamental (Z1) and second hal
i mpedances (22) foO0r5vendiba021)k=0bp, P

The measured impedances at 2.6 GHz and 5.2 GHz of the output matching network V2 are
compared withthe target impedances in Figu4el9 (a). A closeagreement between these
target and measurement impedances can be seen, however, the difference between them is
larger than in amplifier V1, the difference betwetbie target and realized impedances at
fundamental and second harmonic impedances is 8.2d921ab % respectively. A possible

reason for this discrepancy is that the capacitor (highlightédgure 4.19 (b).) has a finite
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width (1.5 mm) wilereas 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 sodiscrepancy.

The measurednpedances with the frequency of the output matching network is plotted in
Figure4.20. In this caseémpedances over theequency range of 900 MHz are found to lie in
the highefficiency 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

o

ratios = : and . are 1.15° and 2, neither equal

o

and continuous class'Fshowing a paradigm shift from the conventional continuum. A strong
resistive component is observed in the trajectory of the secomibhi@rimpedance asdrops
from the ideal reactance, but this can be addressed via resistive second harmonic impedances
[4.4].

50j

. ‘x Realized Zintrinsic
25 | M 810)]

/><\ y \ ” [
10j / X |

~o=—  3.0GHz

50j

g o

| / 0\/’

100 2§ | 50 100, 250
2.1 GHz X /T

\
| S/ ~/ A
Qo ~ ./ T

-10 ~ AL 1

6.0GHz\ ~42GHz J girt
TN ~/  \|design
9-0-o ~ space

5.6 GHz-20) 5.2 GHz

Figure 4.20. The impedance achieved by theatching network (V2) at the intrinsic plane. -
impedances that overlap with the ClassBdEsign 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 impedab&sg1.9 and 6.6j*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 Parameters of the input and output matching netvand the obtainedogver gain

and the PAE are plotted in Figu#21. The gain of Amplifier V1 (using source match Vidan

load match V1) is ~1.4 dB higher than the gain of Amplifier V2 (using source match V2 and
load math V2). To understand the reason for a lower gain of amplifier V2, we have replaced
the Sparameters of source matching of V2 witlip&ameters of V1 in siatation and the
obtained gain is the same as V1. This clearly indicates the slight differencerbtte/esalized
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 pB&& of V1. This lower PAE is achieved

by V2 even if the source matching network of V1 is used, atiolig 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
+ O Source Match V1 + Load Match V1 - 70
18 {—8— Source Match V2 + Load Match V2
Source Match V1 + Load Match V2 - 60
—_ -50 —~~
% 164 e\o/
= -40
'S <
& 144 -30 &
-20
12 -
-10
10 T T T T T T T T T O
0 5 15 20 25 30

10
Input Power (dBm)

Figure 4.21: The simulated Gain and PAE of amplifiers at 2.6 GHz using the measyrad/S8etel
of matching networks.

4.5. Measured results of the amplifier.

The measured-Barameters of the amplifier V1 and V2 are plotted in Figh22. The smal
signal gain of amplifier V1 between the frequencies 2.2 &#& GHz is above 16.3 dB with
the maximum gain of 20.2 dB. On the other hand, the ssigaial gain ofthe amplifier V2
over the frequency range 2.1 GHz to 3 GHz is betweendb.dnd 19.4 dB, slightly lower
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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 Fig23 (a) and (b) respectively.
Amplifier V1 demonstrates a peak PAE of 75.9% and 42.2 dBm output power at 2 BlaHz.
response of the amplifier withefiquency is plotted in Figu423 (b), revealing a near flat
output power, and DE remains above 65% over a 600 MHz 24% fractional bandwidth, despite
being designed narrowbantza6 GHz. The average DE over tiendwidth (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 Figur&.23 (b).

Amplifier V1
(EL) 30 . —&S,
20 «———16.3dB < |Sg5| <20.2dB— ¥ —9-S,,
] ' . —A-S,,
10- i i ¥ Sp
0 e |5, |<21dB——»i

4———|Sp| <-7.5dB—»

<—D|rect|V|ty |812|

|521|>426dB—>
21 2.2 23 24 25 26 27 28 2.9

IN
o

Magnitude of S parameters (dB

Freq (GHz)
(b) Amplifier V2
.30 : —&S,,
@ e 154dB<[S,,[<19.4dB—»| o s,
o % vV VUV VN Yy v v vy |As,
10+ —¥— S,
0ol i syl<27dB—

Magnitude of S parameters (d

-20 «——|S,l<94dB—»

-304 4

40 <«—Directivity=|S,| - |S,;| >43 dB———»!
20212223242526272829303.1

Freq (GHz)
Figure 4.22: Themeasured 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 Figuré.21. However, at 2.6 GHz, the gain of amplifier V2 is around ~8.%ogver

than the gain of V1, whereas the simulation in FigL2é 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 investigain using loaepull 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 pahefficiency into
consideration whesas less attention has been paid to the gain. Since the gain is dependent on

the source matching network, as revealed in Figi2E the design of source matchingtwork

N
o
1

[o]

Triangle: Amp. V1 |
Circle: Amp. V2
Freq: 2.6 GHz

Gain, Output Power (dB, dBm)vm
N
(@)

5 0 5 10 15 20 25 30
Input power (dBm)

(b)

— 90 ] ‘—A— Amplifier V1 —6— Amplifier V2

X 80 -

£ 70+

-5_60- DE

o ]

T 50 -
UDJ4O_-9\Q§=6——‘——‘—@=H—Q
r 1 - Output power

[ ]

0”307 Gain
SNl o,
ST 22 T 24 7 26 28 30
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Figure 4.23: The measured Gain, output power, and PAE of the amplifiers at Z6(GHT he gair
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 rearkable flat output powers above 41 dBrspectively 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 aroutius frequency has a large real part pgased to the requirement
of class BJE. The peak DE of the amplifiers V1 and V2 is 80.4% and 79.7% respectively.

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

Frequency Pout PAE FE
Ref. Class of operatior] (in GHz) (in dBm) (in %) (% Mﬁ)b

[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 60.7 738
[4.21] SHT 2 40.4 80.4 95.6
[4.22] classF-1 2.655 41 73.9 94.3
[4.27] classF-1 2.55 41.4 73 92.2
[4.28] classF-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 93.1
[4.18] THP class EF 2.22 39.5 80 97.7
[4.8] Saturated PA 2.14 40.6 77.3 93.5
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* "Oi Q1&0'0g SHT = Second harmonic tuned; THP = Third harmonic peakin

The designed amplifiers@acompared with other higgfficiency narrowband amplifiers using
the same device reported in the literature in Tdhkle A third harmonic peaking class EF
amplifier [4.18] and a class F amplifi¢gd.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 designd amplifier with the state-of-the-art amplifiers
with comparable bandwidth using CGH40010F reported in the literature.

Bandwidth Output power DE (AE

Ref. Mode | 17 o) E’dBr'?]) %’((%)) FE
[4.31] J 2.32.7,16 40-40.8 60-69(63) 78.3
[4.23] SCM 1.62.8,54.6 40-42.5 67.581.9 (76.4) 92.5
[4.32] SCIM 2.4-3.9,47.6 39.6341.4 62-75 (68.1) 90.7
[4.33] CCF | 1.452.45,51.3 40.442.3 70-81 (75.9) 89.7

[4.34] HT 1.82.7,37.6 40.641.7 68-77 (73.3) 90
[4.35] E 1.7-2.4,34.1 38.941 71-87 (76.4) 91.3
Amp. V1[4.6] BJF! 2.2-2.8,24.0 41-43 65.979.7 (73.4) 92.4
Amp. V2 BJF! 2.1-3,35.3 41-43 60-80 (72.6) 91.7

AE = Average Efficieng, FE=AE* 0 Q¢ 0QRiQHEOOG HT = harmonic tuned, SCM = serir
of continuous modes, SCIM=Series of inverse continuous modes

Thecomparison of our work with the best cla$g.20], class H4.19], second harmonic tuned
[4.21] class F [4.22] and saturated PA4.8] reveal that our work represents a design

methodology yiading 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 Tab® FE of our amplifier is comparable

to others even though we have matched at a simglpudéncy. Additionally, the design
methodology presented here requires tuning of second harmonic only whereas other works in
Table4.2 require impedances up to th€ Barmonic, whilst designing the matching network.
Amplifier [4.23] designed based on a series of continuous modes which relies on the inclusion
of the resstive component hademonstrated 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 bclass B to class Fis proposed in this workAssisted by second harmonic
manipulation, the mismatch in the phases of the fundamental components of voltage and
current of thee waveforms is lower than class J. An amplifier designed based on the proposed
waveforms achieves 79.7B2E 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 ElassBJ, thus easing

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

5.1. Introduction

Wireless communication systems require power amplifiers with Higheecy 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 efficiengy.1]. These higkefficiency, 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 thedamental load is adjusd according to the

load impedance at the second harmonic. The principle of class B/J/J* continuum has been
applied to class[B.2], class F[5.3] and class [5.4] modes to alleviate the need for precise
load termnations with the resuitg modes referred to as continuous clas$éssF F1[5.6]

and E[5.7] respectively. The continuum modes demonstediciency above 60%ver a wide
bandwidth[5.5][5.6][5.8][5.9][5.10] and allow the drain capacitance to be absorbed into the
output matchingnetwork thus easing arifeer design[5.10].

Interestingly, the class B/J/J* continuum and the continuous class F demonstraté-tiate

art high efficiencies at P1dB and at the batfkpower levels, as summarized in Tablg. At
oneextreme, a low power (27.4 dBm) GaAs amplifier demonstrated 62% PAE ai®1dB
whereas the continuous class F yielded a drain efficiency (DE) of 42% at 6.5dBfbpolwer

level in [5.12] with a performance similar to that of a Doherty PA. It appears that the
improvement of efficiency at baaif in Class B/J/J* can be attributed to the curgemerated
from intrinsic capacitances. For the case of class J, the improvement over class B is due to the
harmonics of current generated from the4finear output capacitance,é(a combination of

the feedbek capacitance (§@ and drairsource capatance (Gs)) [5.13], corroborated in
[5.14] and[5.15] by measured peakfafiencies 9.2% and 7% higher than class B respectively.
The harmonics from nelinear Gu:have been shown to improve peak PAE in continetass
F[5.12]

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

efficiencies at P1dB and backf power nor las analysedthe influence of the weak nen
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TABLE 5.1: Reported high efficiencies at P1dB and backff power

Device

Ref. Mode Technology |Psat(dBm) Merit Freq. (in GHz)
[5.27] |Class B/J/J] BIiCMOS 18 31.5% PAE aP1dB 24
[5.11] [ClassB/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
[5.22] (Class B/J/J| GaN HEMT 41.2 50% DE at 5.5dB backof 2.5
[5.18] |Class B/J/J] GaN HFET 26.8 44% PAE at10dB backof 25
[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 backof| 2.14

DE and PAE denote Drain fiffiency and Power Added Efficiency respectively. CCF denote
Continuous class F. Freq. denotes Frequency.

linearities (nodinear gm and notinear 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 norlinearitieson the intrinsic drain current is illustrated for the selectiomigh-

efficiencyvoltage waveforms in the continuum.

5.2. Effect of weak nonlinearities

The device selected for this study is a 10W GaN HEMT, CGH40010F. The device is biased in
deep class AB mode M~28 V, las—150 mA) and the optimébadlineresistance (B found

t o b e TBeBquivajent circuit of the transistor used for the analysis is shoigure

5.1. Cysis assumed to be linear angu@nd Gsare assumed to be dependent on the dyatie
voltage (\4d) andgatesource voltage (y) 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 nbnear capacitors in Figurg 12are used in this chapter. The
nortlinear current genator kenis implemented via a table loalp as a function of thatrinsic

gate (Ms) and drain (\s) voltages.

5.2.1. Influence of intrinsic parasitic elements on intrinsic drain current
The influence of the currents flowing througje tintrinsic capacitances the drain current is
analyzed by dividing the intrinsic device into resistive and capacitive fafd as shown in

Figure5.1.
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Figure 5.1: Equivalent model of a transistor with capacitive and resistive core$XRtenotes th
impedance at the fundamental frequency in parallekio C

The currents in the intrinsic device are calculated irfdhewing way:

1) Thecurrent from the resistive corei}) and the magnitude of the drain voltage in class
B (U;) upon application of a gate voltagé)rdgm) with frequencyQ is obtained by

imposing the loadline on the resistive dér&7].

2) The continuum of voltages,a¥, from Class J* to B to [b.18] is calculated sing5.1

A ®w 10AT O™ QAT O (5.1)

Where, 1 o | Ny OAT| (5.2
] | .

Q cm—lﬂw < (5.3

Where] N plp ,] , denotes the voltage gain over a classygandw, denote the

phase of the fundamental and second harmonic components respectiveTg, iand

defined as the ratio of the magnitude of the second harmonic to the fundamenta

component. The values dfisi obtained fromb.1 for U+, F@P:ZV are plotted in Figure
5.2 (a).

3) Vasiand Vgsi are applied to the capacitive core to obtain currémtsugh the parasitic
components of the intrinsic device. The overall current flowing through the device is
obtained by superimposing therrentghrough the resistive and capacitive cqie$7]
[5.16].
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Equaton 5.1 reveals that the magnitude and phase of the fundamental frequency increases as
wemovefron ¢l ass B to J ( U&)ldscanedeenflom Sighém), t o J *

with classes J/J* having the highest magnitude of the fundamentabedl) and phase

mismatch ) given by ¢ a n d4] fespétively. The effect of the magnitude and phase of
Vasi on the intrinsic drain currentsi(=ldi)+lcgd Where tga denotes the intrinsic capacitive

feedback current, is as follows:

(@) Its effect on diy) can be ignored if the device is in saturatian, the minimum of \si
remains above the knee voltage of the transistor (raip¥V«). The simulateddly) is plotted
in Figure5.2 (b).

(b) An increase in the magnitude ofidvi t h | U] caus ecgtoindrease mithg ni t u
| U], as seen fr degainFigues2qd).ot of si mul at ed

(c) The phase difference betweesland Visd e cr eases as Us2iahadr eases
(b)). This leads to a reduction of the phase difference betwegsnid tqq as seen in Figure
5.2 (b), thereby increasing the fundamental componentiso{ldsif) flowing through the
devi ce wi hihFidures.2&)sF o rhlgthe bgais out of phase withsdg, resulting

in the lowest drain current flowing through the device.

(a), (b) and (c) are valid if min@¥)>V« otherwise, strong nelnear effectyclipping of drain
current) contribute to the intrinsic dmacurrent. This condition is met only up to a certain
amplitude ofv | depending on the device and.R-or the current device and.Ran
amplitude ofb j <2.3V satisies this condition. It can be inferred that as the frequency is

varied, he magnitude ofcyq varies whilst the phase difference betwegj and bi¢) remains
the same. Hence the difference between the fundamental components of the drain current

betweelU=l and U=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 fundamentali(#) and second haromic (Z.2,int) frequencies of

the continuun}5.18], given by b.4), are translated to the extrinsic plane abif].
Gr oY Qv (5.4

PR c AR (5.5)
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Figure 5.2: (a) Intrinsic drain voltage versus time (b) Intrinsic drain current from the resistive ct

the feedbaclkapacitor versus time (c) Fundamental component of the intrinsic diaig) ¢urrent, ¢
Vs=20V and‘)-mmf 2V as U i -4toVva afiequencyl{fof@mMGHzandR=38. 1 q

The opti mal sour-Xkis usédnig éld avnacleu esst o= U so t he
performance of th amplifier (gainP1dB,and PAE) is a direct consequence of a change in the
drain vol t age@newarks hre désigned asing itieal transmission lines.

Dueto anincrease indraincurrentwith t he gain of the amplifier
increase with U as seen fr om 58(@pTheihcreaseinout pu
t he gai itoflismearly@ddB. Additionally, P1dB ofass J is higher than class B

whereas the efficiency and P1dB of class J* is lkeas that of class B. The increase in P1dB

is because the 1dB compression is determigddhbmonics from the nelinear Cgs and hence

achieved at nearly the same inputpovee f or al | values of U. Sinc
the output power corresponding to 1dB compr €
i n P1dB-1f t om4dBwheréas the increment in PAE corresponding to P1dB (PAE
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at P1dB) is as high @&0%. These provide significant margins of improvement to amplifier

designers.

The additional contribution ot§at 0

power for

a given

current for U=1

i np u+AM disionienr

dr ain

change of

of class J is lower than for class B, as shown in Fi§l#¢€b). Since the flow ofdgqis out of
phase with respect tesi(refer Figures.2 (b) and (c)) folJ =1, it reduces the change of phase

with input and hence AMPM distortion for class J* will be lower than for Class B, as shown

in Figure5.3( b ) .

The

contour
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t %4 relealahatd

duatoarne a snecsr evaisteh

i Uh,

PAE at bacloffou t p ut
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gai

in PAE at 5dB bacloff output power betweeii and 1 is approximately 6%. The plot of P1dB,

t hat

t he

var.i

ati

on

P2dB,and P3dB in Figuré.4r eveal s

P2dB which is greater than P3dB. Thidbecauseat higher compression, ndimear effects

due to clipping dominate the performance rather than weakimesnities. It has been shown

n

that clipping of the draigurrent causethe output power and PAE of the amplifier to remain

constant

with U
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linear nature of the &results in an increase of output power and PAE at saturation for a range

of U \sabsarvedsin Figa®4 [5.19][5.20][5.21]. Nevertheless, the PAE cosponding

to P1dB shows a greater variation than the PAE corresponding to P2dB and P3dB. This
observation is in line with the literature, whigye constant efficiencies over broadband were

reported at P2d5.8] or higher compression leve]S.9], rather than P1dByhile [5.22] is an

exception. In[5.22], the impedanceswhich were selected based on extensive -fmsdd
simulationsfor efficiency near P1dB, ifact,c or r espond t o [5.02) Qhich Fi gur e

corroborates the results of this work.

A plot of gain ansreveéB|l withatl theFioogtupet po
even though the power generated by the intrinsic device increases due to increase in drain
current wit h dredetidrhofRand|RéX| (to éessdharnsly given in equations

5.6 and5.7, causes the power delivered to the | oa
(shown in Figureb.1) denote the resistance and reactance respectively in parallel syih C

the fundamental frequency.

(5.6)

el< <

(5.7)
whered ¢“"Q0 Y.

For B<1, R/X| becomes less than 1 for | ¢ where,

Figure 54: Si mul at ed PAE contours as a functi ol
(the output power at s alandleat2i6@Hzz , and gai
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