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Abstract

The power amplifier is one of the most important and crucial component of the
wireless networks due to its high power consumption. For this reason, in the last
20-30 years many scientists from all around the world have addressed the issue of
how minimising such power consumption, which means maximising the PA
efficiency as well as gain while delivering the expected power and the appropriate
linearity for the specified frequency. Nowadays due to the continuous demand of
wireless services, PAs with high power-efficiency for the specified narrow band
frequency are not enough. Such PAs have to be capable to deliver satisfactory
output performance for the wide spectrum frequency. For this reason, the work
presented in this thesis is focused around the PA stage and describes a new way to
design broadband power amplifiers used in the wireless communication systems.
For the first time this work presents what have been termed “Continuous Modes”.
It is known that for delivering high efficiency states, output high harmonic
impedances must be taken into account. However, the knowledge of where such
harmonic terminations should be once found the singular optimum fundamental
load would deliver the high efficiency condition but will not reveal information in
terms of bandwidth. In this work it is demonstrated that if varying the reactive part
of the fundamental impedance from the optimum condition and adjusting reactively
the high harmonic terminations in accordance with the Continuous theory applied
to the different PA classes, a new “Design Space” where the output performance
remains theoretically constant can be achieved. Furthermore, varying both
reactively and resistively the fundamental load and again adjusting the magnitude
and phase of the high harmonic terminations a yet wider design space would be
revealed with the output performance slightly degraded from the optimum
condition but still giving satisfactory performance. The degradation of such
performance is balanced to the fact that now new alternative solutions are revealed
allowing more flexibility in the PA design. Now the PA designer can decide which
new impedances to target if designing narrow band PAs or he can decide to target

more solutions for which broadband PAs can be realised.
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The research presented in this thesis shows the theoretical Continuous Mode
theory applied to the various PA classes supported by experimental measurement
results using the Waveform Engineering Time Domain Active Envelope Load-Pull
system developed at Cardiff University applied to different transistors technology
and sizes. Besides, a Continuous Class-FV PA delivering around 10.5 W of
average power, 11 dB of average gain and 65-80% of drain efficiency for an octave

bandwidth between 0.55 GHz and 1.1 GHz has been designed and realised.
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Chapter 1

Introduction

1.1 Introduction

In the past 10-15 years the development of wireless communication has
proceeded rapidly and could arguably, nowadays, be described as indispensable.
Consumer electronics such as cellular telephones and wireless computer
peripherals such as Bluetooth, Wireless Local Area Network (WLAN) devices and
satellite communication systems are just a few examples of the wireless devices
and technologies that have become part of everyday life.

In this Chapter the history of wireless communication is presented, from Morse
Code to the latest wireless technologies. Here a more detailed presentation of the
different mobile phone generations are presented starting from the first generation
(1G), where only voice data was transmitted, to the fourth generation (4G) where
mobile phones have become interactive devices capable of managing several

aspects of peoples’ lives.
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1.2 The History of Wireless Communication

Wireless communication involves the transfer of information between two
points without connection. The first wireless communication system was the
telegraph invented by Samuel Morse in 1838. Later in 1870, Alexander Graham
Bell invented the telephone [1-2].

The concept of transmitting signals without cables at high frequencies over large
distances was developed at the time where radar was under intensive development
as was the first major application of microwave communications during World War
II. Even if the theory was developed and applied many years ago, significant
developments have kept the field of wireless communications active and vibrant for
high frequency devices, microwave integrated circuits and broadband applications
of modern Microsystems [3]. The foundation of electromagnetic theory was
formulated in 1873 by James Clerk Maxwell [4] who hypothesized through
mathematical considerations that electricity, magnetism and even light are all the
manifestations of the same phenomena: the electromagnetic field. After the
discovery of this theory many important scientists have built upon Maxwell’s
theory from Heaviside to Hertz.

However, the first person to develop a wireless communication technology
using electromagnetic propagation was Guglielmo Marconi in 1894. Numerous
investigators had been exploring Maxwell’s theory in the previous years, but
Marconi was the first to be commercially successful. Initially such a system was
used to provide communications with ships at sea [2], and from this basic principle
additional developments had been made for military applications during the Second
World War. Later this theory was used for the development of radar, radio and
satellite communications which are now widely used for both military and
commercial applications. The invention of the transistor, coupled with the concepts
explained so far, opened the way for the wireless communication for cellular
systems. This had a very strong impact on our way of life; statistics show that in
United States more than 28 thousand people join the cellular phone system every
day, motivating competitive manufacturers to provide handsets with higher

performance at a lower cost.

Chapter 1 2



Introduction - Vincenzo Carrubba -

The increased number of services offered by mobile phones has resulted in a
rapid growth of demand, particularly in terms of both services and reduction of
weight and sizes of the mobile phone unit. In fact the present goals are to improve
quality of mobile phones services, reducing the size and weight, whilst still
maintaining low costs. The reduction in size is, in practice, accompanied with the
reduction in the size of the battery which must be achieved without compromising
the final performance. In each mobile handset, the power amplifier is required to
transform the DC battery power into RF energy. This results in the need to design
high performance amplifiers that operate efficiently with the aim of reducing the
DC power consumption as well as maintaining the linearity requirement. The
achievement of the high efficiency state is a very complex process especially when
targeting it for multiple frequencies. For this reason the research presented in this
thesis will show the possibility to extend the high power-efficiency state over

bandwidth.

1.3 Mobile Phone Generations

Communication is at the heart of human activity and the advent of wireless
technology has allowed communication to and from anywhere around the world
[7]. In particular, the last decade has witnessed a rapid growth in the mobile
cellular communications market. Mobile phone technology has been diffused
around the world faster than any other communication technology. The first
generation (1G) of cellular phones was born with the aim of carrying only voice
data. Nowadays mobile phones have become multi-functional and interactive
devices capable of various and advanced services: video call, text and video
messages as well as internet with all its services. As shown in Fig. 1.1, in 1995 less
than 2% of the global population used mobile phones while in 2010 subscriber
numbers increased to almost 50%, and therefore following this trend nowadays

(2012-2013) such number has definitely increased to more than 50%.

(O8]
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(a) Global mobile phone subscribers 1995 (b) Global mobile phone subscribers 2010

Fig. 1.1 — Global mobile phone subscribers in (a) 1995 and (b) 2010.

1.3.1 First Generation Networks — 1G

First generation (1G) mobile phone networks were the earliest cellular systems
to be developed. The first cellular network was born in Chicago (USA) in 1978.
This system used a technology called AMPS (Advanced Mobile Phone Service)
working at a frequency of 800 MHz [8].

In 1981 the Nordic Mobile Telephone System (NMT 450) from Scandinavia,
using the 450 MHz band (and later even working at 900 MHz), was the first one to
introduce first generation mobile phones in Europe. Later, in 1985 the United
Kingdom introduced a new technology similar to the AMPS called TACS (Total
Access Communications System) working at 900 MHz [9-10].

This First Generation phones were analogue, used for voice calls only, and their
signals were transmitted by the method of frequency modulation (FM) [10]. These
systems typically allocated one 25 MHz frequency band for the signals to be sent
from the cell base station to the handset, and a second different 25 MHz band for
signals being returned from the handset to the base station. These bands were then
split into a number of communications channels, each of which would be used by a
particular user. Each channel was separated from the adjacent channels by a
spacing of 30 KHz, which was not particularly efficient in terms of the available
radio spectrum. This therefore placed a limitation on the number of calls that could

be made at any one time.
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However, the system was a multiple access one, since a second caller could use
the same channel once the first caller had hung up. Such a system is called
"frequency division multiple access" (FDMA) [9, 11]. In addition, because the
output power of the transmitter's cell is restricted and designed to cover a specific
area, it was possible to use the same frequencies in other cells that were far enough
away to avoid interferences. This system is called frequency re-use, and enables the
network capacity to be increased. When the user passes from one cell area to
another it is important that the call is not interrupted, this is prevented by a process
called handover.

Although First Generation systems had a very important impact, they showed

some problems both in terms of privacy and user capability.

1.3.2 Second Generation Networks — 2G

Due to the rapidly increase of users, the Second Generation (2G) mobile
telephone networks were the logical next stage in the development of wireless
systems after 1G. Such increase of users, particularly in the areas with higher
population density, meant that increasingly sophisticated methods had to be
employed to handle the large number of calls, and so avoid the risks of interference
and dropped calls [8].

Although many of the principles involved in the 1G system also apply to 2G
there were differences in the way that the signals were handled. The 1G networks
were not capable of providing the more advanced features of the 2G systems, such
as caller identity and text messaging.

One of the successful 2G digital systems is GSM (Global System for Mobile
Communications), a mobile phone standard that was developed during the 1980s.
The GSM system is able to utilise any of the three frequency bands at 900, 1800
and 1900 MHz, and many GSM phones can operate as dual-band or tri-band
phones, whereby they adapt to the local frequency system in the region the user
travels through [11]. In GSM 900, for example, two frequency bands of 25 MHz
bandwidth are wused. The band 890-915 MHz is dedicated to uplink
communications from the mobile station to the base station, and the band 935-960

MHz is used for the downlink communications from the base station to the mobile
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station. Each band is divided into 124 carrier frequencies, spaced 200 KHz apart, in
a similar fashion to the FDMA method used in 1G systems. Then, each carrier
frequency is further divided using the TDMA (Time Division Multiple Access)
technology into eight 577 uS long "time slots", every one of which represents one
communication channel. The total number of possible channels available is
therefore 124 x 8, producing a theoretical maximum of 992 simultaneous

conversations [8-10].

1.3.3 Third Generation Networks — 3G

The data rates supported by the basic 2G networks were only 9.6 kbps, which
was inadequate to provide any sophisticated digital services [8-12].

The next step forward was the third generation (3G). Many countries, before
having 3G networks, had the intermediate stage of 2.5G [10]. The significant
features of 3G systems are that they support much higher data transmission rates
and offer increased capacity, which makes them suitable for high-speed data
applications as well as for traditional voice calls. In fact, 3G systems are designed
to process data and since voice signals are converted to digital data, this could be
easily handled, in the same way as any other form of data. [12].

The benefits of higher data rates and greater bandwidth mean that 3G mobile
phones can offer subscribers a wide range of data services, such as mobile internet
access and multimedia applications. Compared with earlier mobile phones, a 3G
handset provides many new features and the possibilities for new services are
almost limitless. This includes many popular applications such as TV streaming,
multimedia, video-conferencing, web browsing, e-mail, paging, fax, and
navigational maps.

The main 3G technologies include UMTS  (Universal Mobile
Telecommunication Systems) CDMA (Code Division Multiple Access) and later
WCDMA (Wideband CDMA) technology [6, 10]. It is generally accepted that
CDMA and WCDMA are a more advanced superior transmission technology
compared to the old techniques used in GSM/TDMA.

The Third Generation of mobile phones is also designed for global roaming

throughout most parts of the world. However, in some parts of the world there are
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problems due to different standards where there exists only a 2G or 2.5G network,
with the 3G service not available.

The operating frequencies of many 3G systems will typically use parts of the
radio spectrum in the region of approximately 2 GHz, which were not available to
operators of 2G systems. UMTS systems are designed to provide a range of data
rates, depending on the user’s circumstances, providing up to 144 kbps for moving
vehicles, up to 384 kbps for pedestrians and up to 2 Mbps for indoor or stationary

users.

1.3.4 Fourth Generation Networks — 4G

The worldwide ongoing development of 3G standards has driven research into
what will be the fourth generation (4G) of mobile communication technologies.
Here, one of the aims is to provide higher transmission rates, around 100 Mb/s for
high mobility communication such as from cars and trains and 1 Gb/s for low
mobility communication such as pedestrians or when stationary [12]. The 4G
standard is not only characterised by higher data rates but it is also characterised in
terms of user capacity, data convergence and in general more services with better
quality. Here the call is not interrupted in the case when a terminal moves from one
cell to another one thanks to the handover concept [13]. This basically means that
any user can move in freedom anywhere and anytime while using the same services
according to their specific requirements. In addition, 4G provides flexible
interoperability of the various kinds of existing wireless networks, such as satellite,
cellular wireless, WLAN (Wireless Local Area Network), WPAN (Wireless
Personal Area Network) [13] and systems for accessing fixed wireless networks. In
a few words, the main goal is to unify the different wireless communication system
networks such as computers, mobile phones and personal devices in order to
overcome the heterogeneity of the existing networks, which is meant to become a
major part of future mobile communication networks [14]. A 4G system is
expected to provide high Quality of Service (QoS), high security and reliability and
low power consumption in broadband applications. Wide bands of frequency are
necessary in 4G systems in order to transfer the high amount of data with the high

data-rates previously mentioned.
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Pre-4G technologies such as mobile WiIMAX (Worldwide Interoperability for
Microwave Access) and first-release of long term evolution (LTE) have been on
the market since 2006 and 2009 respectively, and are often branded as 4G in
marketing materials. The current versions of these technologies provide
downstream peak bit-rates of 144 Mbit/s and 100 Mbit/s respectively, therefore
they consequently do not fulfill the original requirements of data rates
approximately up to 1 Gbit/s for 4G systems. Advanced versions of the above two
standards are under development and called “LTE Advanced” and “WirelessMAN-
Advanced” respectively. These two standards and other evolved 3G technologies
that do not completely fulfil the proper requirements, could be considered "4G", as
they provide a substantial level of improvement in performance and capabilities
with respect to the initial third generation systems now deployed [15].

In all 4G standards, the CDMA spread spectrum radio technology used in 3G
systems and IS-95 is abandoned and replaced by OFDM (Orthogonal Frequency
Division Multiplexing) and MIMO (Multiple Input Multiple Output) [15]. Fig. 1.2
shows the global mobile phone subscriptions increase (left Fig.) and base stations
by technology (right Fig.) from 2009 to 2013 (estimated). It can be seen that in
2009 the subscribers using the 2G, 2.5G and 3G with mainly the GSM and W-
CDMA standards were around 4.5 billion, whilst nowadays (2011-2012) the people
who use mobile phones with the previous and/or new standards are more than 5
billion resulting in more than 50% of all the global population, accounting for a

population of over 7 billion people.

Growth in Mobile Base-Station Shipments,
Subscribers, Millions Thousands
7,000
6,000 I
5,000 ETD-SCDMA
4‘:% “W-COMA
290“ CDMA2000
1,000 HGSM
2009 2010 2011 2012 2013 2009 2010 2011 2012 2013

Fig. 1.2 — Global growth on cellular subscribers (left) and base station.

Fig. 1.3 shows the progress tree of communication technology summarizing the

different mobile phone generations [16]. The first generation (1G) is on the bottom
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of the tree, and by moving towards the top of the tree, it can be seen the second and
third generations (2G and 3G) and then the latest generation 4G straight on the top.
Here, it can be noted that 4G is shown as an integration of systems interworking

with each other as explained previously.

" PN & -
PN Federation

High speed ;
WLAN WiBro
802 16e 9
4 K

Fig. 1.3 — The progress tree of communication technology [16].

1.4 Introduction to RF/Microwave Engineering

Microwave and radio frequency (RF) engineering is an exciting and dynamic
field. Initially it was exclusively used in the military industries, but the dramatic
explosion for communication systems with such applications as wireless computer
networks, broadcast video and especially mobile telephony with the continued
demand for voice, data, and video communication has revolutionised the industry.
The high frequencies permit both large numbers of independent channels for a
wide variety of uses envisioned as well as significant available bandwidth per
channel for high speed communication. Besides, they have the added advantage of
being able to penetrate fog, dust, foliage and even buildings.

Electromagnetic energy is transmitted into different frequencies, and the

properties of the signal and the energy depend on those frequencies [1]. The
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amount of spectrum allocated to these different uses differs by frequency band as
well as country. In the low frequency spectrum there are the Extremely Low
Frequency (ELF) in the range of 3-30 Hz, the Super Low Frequency (SLF) from 30
Hz to 300 Hz, the Ultra Low Frequency (ULF) from 300 Hz to 3 KHz, the Very
Low Frequency (VLF) ranking between 3 KHz to 30 KHz and the Medium
Frequency (MF) from 300 KHz to 3 MHz. Fig. 1.4 shows the location of the
frequency band in the electromagnetic spectrum starting from the high frequency
(HF) up to the X-Rays, while Table 1.1 [17] shows some typical application used at

the different frequencies.

Wavelength 0.3 GHz
Frequency
3MHz — 100m 1 GHz
HF
30MHZz —— 10m 2 GHz
VHF
300MHz =—+——— 1Im 4 GHz
UHF
3GHz ———— B0 cm 8 GHz
30GHz ——————— Ml cm
Millimeter 12 GHz
300 GHz eeiives Y, 18 GHz
3THz ———— 100 pm 27 GHz
a
Infrared 40 GHz :
3
1 um 50 GHz ©
Visible 5
3 x105Hz —— 1000 A 75 GHz §
Ultraviolet
100 A 110 GHz
X rays 170 GHz
3 x108Hz ——— 1A 300 GHz

Fig. 1.4 — The electromagnetic spectrum.

The most fundamental characteristic that distinguishes RF engineering from
microwave engineering is directly related to the frequency, and thus the
wavelength of the electronic signals being processed. For low frequency and RF
circuits the signal wavelength is much larger than the size of the electronic system
and circuit components. In contrast, for microwave systems the size of typical
electronic components is often comparable to the signal wavelength. This concept

introduces the two areas used in RF/microwave designs. Since in conventional RF

Chapter 1 10



Introduction - Vincenzo Carrubba -

design, the circuit components and interconnections are generally small compared
to a wavelength, with good approximation they can be modelled as lumped

elements.

TABLE 1.1
TYPICAL APPLICATIONS FOR DIFFERENT FREQUENCIES

Military ELF US cellular 824-849MHz
Communications 869-894MHz
AC — electric power SLF European GSM 880-915MHz
transmission cellular 925-960MHz
Earthquakes monitoring ULF GPS 1575.42MHz
1227.6MHz
AM broadcast band 535-1605KHz Microwave ovens 2.45GHz
Short wave radio band 3-30MHz US DBS 11.7-12.5GHz
VHF TV 54-88MHz US ISM bands 902-928MHz
2.4-2.484GHz
5.725-5.85GHz
UHF TV 174-890MHz US UWB radio 3.1-10.6GHz

For microwave frequencies however, the time delay associated with signal
propagation between two components is a big fraction of the signal period, and
thus lumped element descriptions are no longer adequate to describe the electrical
behaviour. In this case a distributed-element model is required to accurately
capture the electrical behaviour.

Although the utilisation of lumped-element components were not advisable at
microwave frequencies due at the time delay propagation, the miniaturisation of
active and passive components often increases the frequencies at which lumped
element circuit models are sufficiently accurate. Reducing the component
dimensions proportionally reduces the time delay for propagation through a
component. As a consequence, lumped element components at microwave
frequencies are becoming increasingly common in systems previously based only
on distributed elements, even if the operational frequencies remain unchanged. The
negative side of component and circuit miniaturisation is the introduction of
potentially new parasitic distributed-element effects that could previously be

treated using lumped-element RF models.
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Traditional microwave engineering, starting with its historically military
applications, has been focused for long time on delivering performance at any cost.
As a consequence, only special-purpose devices have been developed and used at
microwave frequencies, often obtaining narrow ranges of applicability.

With continuing advances in silicon microelectronics, new high performance
materials using III-V semiconductor compound such as gallium arsenide (GaAs)
or gallium nitride (GaN) have been developed in 1980. The high performance of
these materials allowed the development of heterojunction-bipolar-transistors
(HBTs), field-effect transistors (MESFETs) and pseudomorphic high electron
mobility transistors (pHEMTs) [18]. These electronic devices made with the
advanced quality of the semiconductors that can operate at higher current density
and lower rail voltages, provide very high frequencies capability, up to 100 GHz,
with greater output powers [6].

This development, with silicon microelectronics moved from low-frequencies
into the microwave spectrum, is accompanied by a shift from physically large
devices, low-integration-level hybrid implementations to very small devices, highly
integrated solutions based on monolithic-microwave-integrated-circuits (MMICs).
Here, the small size of components and the advanced processing techniques using
the silicon substrate enables the integration of both active and passive components.
As a result the smaller circuit design operating at reduced supply voltages
introduced the possibility to use them in the development of wireless
communication for mobile phone systems.

One interesting aspect of raising the frequencies is that a lot of physical effects
that are negligible at lower frequencies become increasingly important. In the
microwave world these aspects are studied everyday, where for a given device a

completely different behaviour can be observed with changing frequencies.
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1.5 OPERA-NET - Optimising Power Efficiency in
mobile RAdio NETworks

The research presented in this thesis has been carried out as part of the OPERA-
Net (Optimising Power Efficiency in mobile RAdio NETworks). The OPERA-Net
is a European project that aims to constitute a task force through a holistic
approach considering a complete end-to-end system [11], identifying all relevant
network elements and their interdependencies [19].

According to publicly available data, base station power consumption account
for approximately 200 to 500 GW per year per operator in some European
countries.

In the UK, the mobile industry accounts for around 0.7% of CO, emissions and
each mobile subscriber is responsible for around 55 kg of CO, per year.

Europe has embarked on an ambitious plan to cut its energy consumption by
around 20% by 2020. This is in order to fight climate change due to the millions of
tonnes of CO, emitted into the atmosphere, as well as reducing the overall costs by
more than €100 billion annually [20].

In particular, the main focus of the OPERA-NET project is to address the power
and energy efficiency technology barrier to implement next generation mobile
broadband systems encompassing terminal, infrastructure and end-to-end systems,
trying to allow the EU industry to take a leadership role in environmentally
sustainable mobile networks.

Power and energy efficiency within the wireless technology industry is not a
new phenomenon. In an RF end-to-end system a lot of energy is dissipated between
each block, but the block that dissipates the most is the power amplifier (PA) [3].
For this reason it is very important to achieve and maintain higher efficiency over
bandwidth as it will be demonstrated in this thesis. Saving power in the order of
single-digit watts in a single PA means saving many kilowatts at base station level,

which means saving gigawatts or terawatts at national level [19].
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BAU Scenario Annual Electricity Consumption of ICT (in TWh/a)

Cellular Phone Network
 Telecom Core Network
I Servers /Data Center
W Mobile phones
W Broadband Modems
M Fax Machines
W Srnart Phones
M DECT Phones
W Set-Top-Boxes
W VHS/DVD Player
W Audio Systems
MW Televizions
M Imaging Equipment
W Mobile Devices
B Computer/Monitors

Annual Electricity Consumptian in TWh

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Fig. 1.5 — Annual Electricity Consumption [19].
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Chapter 2

Measurement Systems,
Load-Pull and Power Amplifier
Modes

2.1 Introduction

This Chapter 2 will introduce some of the waveform measurement system
concepts with different passive and active load-pull configurations. Here the
meaning of linear and especially non-linear concepts typical of power transistor
behaviour will be explored. As most of the various measurements conducted within
this research, and presented in this thesis, have been conducted using the active
envelope load-pull (ELP) system architecture developed at Cardiff University, a
more detailed analysis of this measurement system will be given. Furthermore,
because most of the research described in this thesis is based on power amplifier
modes through waveform engineering, a detailed analysis of the different
conventional power amplifier classes will be shown. In addition, the broadband
multi-solution Class-J mode, which has been the starting point of the new
broadband PA classes described in the next Chapters of this thesis, will be
described.
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2.2 RF Waveform Engineering Measurement Systems

The achievement of valid measurements with high accuracy is not due only to
the device itself, but more particularly to the correct setup of the measurement
system in which the device is tested. In order to measure the device-under-test
(DUT) correctly, all components of the measurement setup must be accurately
modelled and calibrated.

Nowadays RF/microwave measurement systems offer constant characteristic
impedance of 50 Q at both input and output ports of a DUT. The use of a standard
characteristic impedance is necessary for all microwave equipment as at high
frequencies interconnection wires will have a significant electrical length in
comparison to the wavelength at the application frequency, resulting in a different
voltage at each end of the connection. The 50 Q value for standard impedance
(characteristic impedance Z0) was selected from the trade-off between the lowest
loss and maximum power transfer for a line of coaxial cable. In order to provide
the minimum attenuation in a coaxial structure with air as dielectric, the optimum
ratio between the outer and inner conductor is 3.6, which corresponds to an
impedance of 77 Q. This value of impedance presents the best performance in
terms of loss but does not provide for maximum peak power transfer. The best
power performance is achieved when the ratio between outer and inner conductor
is 1.65, which corresponds to an impedance of 30 Q. Therefore, the value of
standard 50 Q is achieved from a compromise between 77 and 30 Q in accordance

with the formula [1]

50=+/77%30

The 50 Q impedance is the standard impedance which ensures that all
RF/microwave connectors and instruments present the same impedance in order to

avoid reflection.

2.2.1 Linear (Small Signal) Measurement System
Simple measurements for low frequency, where measurements of voltages and
currents are based on the use of open and short circuits, cannot be used at

RF/microwave frequencies. The use of low frequency measurement techniques into
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the high frequency world, would not be able to maintain the high and low
impedances over the wide bandwidth, becoming unstable within the test
environment.

To overcome this problem measurements based on incident (termed a wave) and
reflected (termed b wave) travelling waves, which are related to a constant
measurement impedance environment of 50 Q, are presented. These travelling
waves are related to the measurements of the scattering parameters (S-parameters)
[2], which describe the linear electrical behaviour of the DUT when under various

stimuli of small signals, as shown in Fig. 2.1.

al b2
PORT 1 — m—> PORT 2
(Input) < P ( Output)
bl a2

Fig. 2.1 — Travelling waves for a two port network.

The parameters al and bl are the input incident and reflected travelling waves
respectively at port 1, whilst a2 and b2 are the corresponding incident and reflected
waves at port 2.

The linear S-parameters are the ratio between the reflected and the incident

travelling waves as shown in Table 2.1.

TABLE 2.1
S-PARAMETERS FOR A TWO PORT NETWORK
Reflection Transmission
PORT 1 S11=bl/al (a2=0) S21=b2/al (a2=0)
PORT 2 S22 =b2 /a2 (al=0) S12=bl/a2 (al=0)

The S11 parameter gives the input port reflection coefficient (portl) while the
parameter S22 gives the reflection coefficient for the output port (port2). S21 and
S12 are the transmission signal from port 1 to port 2 and the transmission signal

from port 2 to port 1 respectively.
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The relationship between voltage and current with the travelling waves a and b

are:
4% V1
al=—; bl=——, 2.1
N Z0 VZ0 @1
where
V1=V1* +V1 =(al+bl)-+/Z0; (2.2)
while

n=n-n A =" =(“1_b1). 2.3)

Z0 VZ0

V1" and V1~ as well as 11" and 11 are the incident and reflective voltages and

currents respectively [2].

The instrument used for the S-parameters measurement is known as a Vector
Network Analyser (VNA) [3]. Although the VNA can capture important
information, such as magnitude and phase in the frequency domain of the small
signal quantities, with frequencies up to 110 GHz, it is limited to linear analysis.
This means that it can capture the information using one frequency at a time and it
can be only applied when the superposition principle holds true [4]. For the
characterisation of power devices, where the harmonic contents are directly related
to the fundamental stimulus, the superposition principle cannot be applied.
Therefore, such analysis cannot be used when dealing with non-linear devices,
ignoring the important effect of the higher harmonic frequencies which can cause

distortion.

2.2.2 Non-linear (Large Signal) Measurement System
If the power of the input incident travelling waveform is kept within the linear
region, the DUT can be characterised using S-parameters, as only a fundamental
frequency component is generated by the device, and the VNA explained
previously can be used. When the input drive is increased for enhanced
performance, the devices are much closer to the compression region, meaning that

input and output are not related to each other with a linear behaviour. In this case,
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the higher frequency components generated by the non-linear nature of the device

itself have to be captured for the full characterisation of the DUT behaviour.

A A
fOo 2f0  nf0 . f0 2f0  nf0
A A

‘T bl b2 TT
f0 2f0  nf0 fo 2f0  nf0

Fig. 2.2 — Non-linear stimulus for a two port network.

To overcome this problem, and to capture higher harmonics rather than
fundamental only, a spectrum analyzer can be used. The spectrum analyzer is a
scalar instrument capable of measuring a broad spectrum in real time for a wide
dynamic range. It allows the measurement in terms of magnitude of fundamental
and higher harmonics. However, it does not allow phase measurements, limiting its
use for the characterisation of devices in modern measurement systems.

Different methods for the measurements of large signals for the non-linear
device behaviour have been used in the past 25 years [5-6].

One method for large signal measurements is based around sampling
oscilloscope technology. The first measurement system based on this concept was
presented in 1989 by Sipila [7]. In this case, by using a Tektronix oscilloscope, the
measured signals are converted into the frequency domain using a Fast Fourier
Transformation (FFT) providing magnitude and phase information for all
frequencies. After the correction of errors due to any losses or mismatches in the
measurement system, the oscilloscope provides voltage and current waveforms in
the time domain through the Inverse Fast Fourier Transformation (IFFT).
Measurements in the time domain are of high importance to the RF design process
as it enables different classes of operation to be determined by the observation of
the waveforms. It will be demonstrated in Chapter 3 that when dealing for example
with the Class-F mode, which requires a square voltage waveform at the intrinsic

current-generator plane Igen-pLane [8-9], the same output performance in terms of
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drain efficiency and power can be achieved with different shapes of the voltage
waveform. This principal demonstrates that similar results can be obtained than
expected from a reference waveform for different waveform shapes.

Problems with non-linear measurement systems based on the oscilloscope are
introduced by limited sampling rates of the oscilloscope itself. This is because the
Analogue to Digital Converter (ADC) is required to sample the full period of the
measured waveforms at smaller time intervals. At higher frequencies this can result
in a reduced bit resolution and reduced dynamic range [7, 10-11].

Later in 1990 a combined architecture between the VNA and the oscilloscope
was presented by Kompa [12]. Thanks to the use of both instruments, this
combined the high dynamic range and frequency domain capability of the VNA
with the time domain waveform capture of the sampling oscilloscope. In fact, the
VNA measures the complex ratio of two signals at their fundamental frequency,
while the sampling oscilloscope then measures the time domain waveform
components composing the ratio. The problem of this architecture (as the only
VNA architecture) is that it does not capture the high harmonics behaviour, thus
limiting its use to single tone device characterisation.

Nowadays there are several instruments and measurement techniques to try to
understand the non-linear behaviour of the networks. One example is the PNA-X
(Phase Network Analyzer-X Parameter) from Agilent where the high harmonics
and thus the device non-linear behaviour can be captured and studied. Another
example is the ZVA (Z Vector Analyzer) from R&S (Rhode and Schwartz).
However, many scientists from all over the world are working with the aim of
developing and improving the high frequency instruments in order to speed up the
devices and systems (i.e. transistors and PAs) characterisation with higher
accuracy. Very often these techniques offer valuable information, but never the
complete answer. This is more due to the limitations of the instruments, which give
only partial information, or due to the level of accuracy of the system or the
calibration techniques used, giving only qualitative information.

The measurements undertaken in this research and presented in this thesis have
been conducted using a measurement system based on the Microwave Transition

Analyzer (MTA) previously realized and presented in [13-15]. The MTA is a 2

Chapter 2 22



Measurement Systems, Load-Pull and PA Modes - Vincenzo Carrubba -

channel sampling scope capable to give accurate information about all the
harmonic components in terms of magnitude and phase of the incident and
reflected travelling waves at the input and output device ports, from DC to 40GHz.

The measurement system based on the MTA will be presented in a more

detailed analysis in section 2.3.3.C.

2.3 Load-Pull Systems

The optimum performance for a power transistor is achieved by presenting the
proper fundamental and harmonic load and source impedances which depend on
the device-under-test (DUT). These techniques demonstrated by D. M. Snider [16]
are called load-pull and source-pull respectively [17].

Source-pull is the technique for which the optimum input impedance can be
presented in order to properly match the input side presenting the appropriate
sinusoidal voltage for which the device power gain can be optimised. Once the
power gain is optimised, the load-pull technique is used in order to identify the
optimum fundamental and harmonic impedances for each design goal. In the last
years many load-pull systems have been developed and used as shown in Fig. 2.3.
As noted from such Fig. 2.3, the overall load-pull systems can be divided into

passive and active.

LOAD - PULL
SYSTEMS

PASSIVE ACTIVE

CLOSED - LOOP OPEN - LOOP
Feedback l Feedforward

Envelope
Load-Pull

Fig. 2.3 - Load-pull systems classification.
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Here the active systems are divided in open-loop and closed-loop where the
open-loop are again grouped in feedback, feedforward and envelope load-pull
(ELP). The details of the various systems are presented in sections 2.3.1, 2.3.2 and
2.3.3.

2.3.1 Passive load-pull system
Traditionally the emulation of load impedances has been achieved by using
passive techniques, where mechanical tuners or phase shifters were used to tune the

output reflection coefficient [18-20].

Passive Load-Pull

! I

In ﬁ, : AN |

”  DUT — ,
«— .

a2 "' ! Impedance 50Q

! Tuner I

I'o ! I

Fig. 2.4 - Passive load-pull system.

Once the DUT is stimulated by an input signal (In), the output signal b2
generated by the device flows straight into the load-pull system and by varying the
impedance tuner a variation in the reflected wave a2 in terms of magnitude and
phase can be achieved. The modified signal a2 is then inserted back to the output of
the device, thus a reflection coefficient I'toap (I'Lo) can be presented by dividing
the signal going back into the device (a2) and the signal that flows inside the
passive load-pull (b2), as shown in (2.4)
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a2
I 1oup™ b2 2.4)

From the load reflection coefficient it is possible to calculate the load impedance
Z1oAD:
1+
Z104D = Zo[—l —Figjg J , (2.5)
where Zy=50 Q is the characteristic impedance.

Despite the simplicity of passive load-pull, it cannot always be used for the
characterisation of advanced power devices. This is primarily due to the fact that
any losses introduced between the device itself and the load-pull system (tuners)
will reduce the maximum magnitude of the modified signal a2, limiting the range
of load impedances that can be presented. This means that impedances with very
high reflection coefficients (i.e. ['=1) cannot be presented due to the losses between
the tuners and the device itself. For this reasons, it is very important that the tuners
are placed as close as possible to the DUT. However recent works have
demonstrated passive source-and-load systems with I" near to unity [21-22].

Another disadvantage of this technique is that when tuning the single frequency
of interest, it results in a variation of all the remaining higher spectral components.
Therefore, the devices are constantly exposed at different harmonic impedances
when tuning for the optimum fundamental one. This clearly degrades the
performance of the device characterisation, especially for the high efficiency
modes, where specific points (short and/or open circuits) must be presented at the
higher harmonics. In this case a triplexer could be used in order to split the
different harmonic contents, but it would introduces more losses resulting in
reflection coefficients far from the short and open circuit conditions I'=1 (required
for the high harmonic terminations) in order to obtain the high power-efficiency

condition.

2.3.2 Active Open-loop load-pull system
The first active open-loop load-pull system was developed and presented by
Takayama [23] in 1976. The active systems avoid some of the limitations of

passive load-pull by actively compensating for any losses introduced between the
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DUT and the load-pull system/test-set itself. This allows any value of impedance to
be presented to the DUT. In this case triplexers are still needed, but here injecting
fundamental and higher harmonics it is possible to present the desired harmonic
impedances with reflection coefficient equal to unity for both fundamental and

harmonic impedances.

[ == mrmm e m == -

b2 . a3 .

In 2, sy i
—»— DUT ; AV, i
«—  — ;

a2 ' b3 Source 50Q.

Fig. 2.5 - Generic active open-loop load-pull system configuration.

As it can be seen from Fig. 2.5, in this case the signal that goes back towards the
device port 2 (b3) is directly generated by an RF signal generator. The load
reflection coefficient is achieved by dividing the signal generated by the source b3

(with a2=b3) and the output signal generated from the device b2 (with a3=b2).

-
LOAD 23 (S a1+s J (26)
215, 7922
b3

As it can be noted from Fig. 2.5 and from equation (2.6), by varying b3 it is
possible to present different load impedances to the DUT.

Another advantage of open-loop load-pull is the stability. Here, it is possible to
avoid oscillations in the iteration of the load impedances, which makes it suitable
for the characterisation of high power devices.

However, these types of architecture are slow due to the numerous iterations
required, especially when taking into account multiple harmonics, hence new

advanced fast multiharmonic systems have been recently developed as presented

here [24].
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2.3.3 Active Closed-loop load-pull systems

Comparing passive and active open-loop load-pull systems, it appears clear that
the best solution would be the combination of both. This means that a load-pull
system should be robust and flexible as well as fast and able to synthesize
reflection coefficients as near as possible to the edge of the Smith chart (I'=1) .

For this purpose the active closed-loop load-pull system is presented [25]. There
are two basic techniques employed for the realisation of active closed-loop load-
pull configurations: feedback load-pull and feedforward load-pull [10]. A third
alternative technique for achieving closed-loop load-pull has been realised at
Cardiff University by Williams [26] and it has been called active “envelope load-
pull” (ELP).

a) Feedback load-pull

The feedback load-pull shown in Fig. 2.6 is a closed-loop active technique for

which high reflection coefficients can be presented.

b2 a3
In —>
—>»— DUT
«— —
a2 b3

~

Fig. 2.6 - Feedback load-pull architecture.

Once the DUT is stimulated by an input signal, the output signal b2=a3 flows
inside the circulator thus into a certain power amplifier, creating a loop varying the
magnitude and the phase of that signal b3=a2 which then goes back again through
the circulator toward the output of the device. In this case

b3=G-a3, (2.7)

and the load reflection coefficient is achieved as
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b3
TLoap=—2=6G (2.8)

5

where G causes the load variation in terms of magnitude and phase. Any value of
impedance can be obtained by choosing appropriate vales of G. Fig. 2.6 represents
the basic architecture for only fundamental frequency, the same concept is applied
when extended it for multiple harmonic frequencies [10].

The disadvantage of this technique is that if the device becomes unstable, the
feedback configuration does not control the power, with the danger of damaging
the DUT and the instruments as well. For this reason, this technique is more
suitable for low power devices, where thanks to the low power levels it is easier to

protect the equipment from damage.

b) Feedforward load-pull

In the second active closed-loop technique, the variation of the load reflection
coefficient is achieved directly by a variation of the input signal. Over the years,
numerous feedforward load-pull systems have been extended and presented for
load-pull characterisation at high frequencies as presented here [27-28].

Fig. 2.7 shows the basic feedforward load-pull configuration for one frequency

(again, as with feedback load-pull, it can be extended for multiple frequencies).

Feedforward Load-Pull

g s -
i OSANEED
. G ;
E = a
. 1
1
. b3 ;
. Inl Power Ta3 l !
I Splitter !
al b2 L
DUT o
hi a2

Fig. 2.7 - Feedforward load-pull architecture.

Here the input signal is divided in two parts by a power splitter, one part (al) is

forwarded to the input of the DUT and the other one is modulated by a mechanical
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tuner. The signal is then amplified and the resulting signal b3 is sent to the output
of the device, where:

b3=G-al . (2.9)
Therefore the load reflection coefficient is achieved by:

b3 1

I =—=
L04D~ 3 EJF (2.10)

S
G 22

As it can been noted from (2.10), the signal generated from the output of the
device a3 is function of the input signal al and the signal generated within the load-
pull.

To ensure the stability condition the load reflection coefficient ' oap must
always be smaller than 1/sy,. Again, from equation (2.10) it can be noted that the
condition I'Lpap < 1/s3; is valid for any value of G smaller than infinite.

Conclusively, it can be said that this technique has been widely used at both low

and high power levels due to its stability property.

¢) Measurement System in the Envelope load-pull (ELP) configuration

A large number of measurements based on CW (continuous waves) stimuli have
been taken in this thesis. These measurements were taken using an active load-pull
measurement system based around the envelope load-pull (ELP) configuration
which has been realized and in detailed explained somewhere else as well as in a
subsequent Chapter [Appendix Al].

The measurement system with the active load-pull configuration is shown in
Fig. 2.8 and first presented by Tudor Williams [26].

The measurement system configuration using the ELP architecture is based on
the Microwave Transition Analyzer (MTA) sampling scope demonstrated by
Demmler et. al [29] and already presented briefly in section 2.2.2. The MTA
70820A from Hewlett Packard/Agilent is a dual channel sampling scope capable of
measuring the absolute values of magnitude and phase of signals between DC and
40 GHz. The two signals of the 2-channel MTA are down converted using a local
oscillator to an intermediate frequency (IF) between 10 MHz and 20 MHz [11],

Chapter 2 29



Measurement Systems, Load-Pull and PA Modes - Vincenzo Carrubba -

after that the low frequency signals can be digitized using different techniques, for
example by measuring the repetition of the signals or capturing non-repetitive

single shot pulsed signals [30].

The input signal is provided by a Synthesised Sweeper (83640A), delivering
power up to 25 dBm. Here a linear broadband power amplifier (PA) is necessary in
order to have higher power delivered to the input of the DUT. As it can be seen, the
input signal al is coupled using a broadband directional coupler where additional
attenuators can be used in order to reduce the overall power sent to the MTA ports
to less than the maximum safe power allowed (in the order of zero dBm). A test set
of switches is used allowing the two channel MTA to operate as a four channel
receiver measuring the overall incident and reflected travelling waveforms.
Channel 1 is used to measure both the incident waves at the input al and output a2
of the DUT while channel 2 is used to measure the reflective waves bl and b2
determined by the direction of the switches. The DC biasing of the device is
achieved by using two bias tees, one at the input and one at the output of the DUT,
with a current capability of 0.5 A at an RF bandwidth from 45 MHz to 40 GHz. For
higher power (current) capability hybrid couplers can be used. Here the DC signal
can still go through the bias tee joining then the RF signal which can go through
the hybrid coupler. The fundamental and harmonic impedances can be achieved by
using the ELP technique [31]. In this technique, the device transmitted signal b2
flows through the isolator (which isolates the transmitted wave b2 with the injected
signal a2), after that the transmitted signal b2, which is rich in harmonic content is
divided into the three harmonics FO, 2F0 and 3F0. The 3 signals can therefore flow
into the ELP module. The single ELP module configuration is shown in more detail

in Fig. 2.9.
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Fig. 2.8 - Cardiff University measurement system with active envelope load-pull (ELP) configuration.
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Fig. 2.9 — ELP Module architecture.

Here the signal is down converted to the baseband frequency using an 1/Q
demodulator. The down converted I, and Q, signals are then injected into an
electronic control-unit box and by setting the correct values of the external
variables X and Y the required signals I, and Q, are obtained by using a
measurement software environment called Igor (available from WaveMetrics)
developed at Cardiff University [32]. These signals can then be up converted to the
RF frequency by a quadrature modulator, and the wave a2 will feed back into the
output of the DUT. The emulated load reflection coefficient (I') is therefore given

by the ratio of the reflected a2 and transmitted b2 waves, as shown in (2.11).

()= a2/b2=X(t)+ jY(t) (2.11)

The measurement system allows voltage and current waveforms to be measured
at the external (package) device plane and then shifted to the device output
generator plane IgenpLane by de-embedding the parasitic components [33] again
through an Igor software program developed at Cardiff University.

The full detailed analysis of the ELP measurement system can be found here

[13, 26, 32].
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2.4 Conventional Power Amplifier Modes of Operation

2.4.1 Concepts and Definitions

In this section a classification of the different power amplifier (PA) modes of
operation will be detailed as well as several RF concepts and definitions mostly
used in RFPA (Radio Frequency Power Amplifier) characterisation and designs
[34-35].

Thanks to the continuous demand of advanced wireless communication
technologies, the last decades have been focused on improving the overall PA
performance in terms of efficiency, output power, gain and linearity. PAs represent
an important element in wireless communication technologies. They are non-linear
circuits with the aim of amplifying the given signal at a given frequency or for a
narrow band of frequencies, typically around 5% or lower. However, it will be
shown and demonstrated in the coming Chapters of this thesis that by manipulating
the fundamental and higher harmonic impedances it is possible to maintain
constant the output performance over larger bandwidths.

The main goal of PAs is to have a satisfactory trade-off between the output
parameters previously mentioned. Low power efficiency degrades the overall
performance which is translated in reduced life and increased size of the batteries
for mobile phones, higher CO, environment emissions that impact global warming,
as well as larger demand of space for cooling requirements in base stations with
overall increased costs. High gain reduces the number of stages required to
amplifier the overall signal, again minimizing manufacturing costs, while high
linearity is required for the standard communication signal transmission and
depends on the modulation requirements [36]. The design of power amplifiers can
be divided into different amplifier classes/modes depending on their bias point and
output matching network topology. The different modes rely on the use of
waveform engineering. This means that each PA mode can be recognized from the
proper voltage and current waveforms presented to the device output intrinsic
plane. As a power transistor is ideally an input voltage controlled current source,
the choice of the input bias voltage affects the output drain current waveform in

terms of conduction angle. If the device is biased at half the maximum current

(O8]
(O8]
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swing, a conduction angle of 360° is presented on the current waveform. If the bias
point is lower than half the maximum swing but greater than zero the conduction
angle is between 180° and 360° while in the case of bias point lower than zero the
conduction angle is between 0° and 180°, as shown in Table 2.II and in the transfer
characteristic of Fig. 2.10 where the drain current I is function of the gate bias
voltage Vis. A more detailed analysis will be presented in the next Sections of this

Chapter when presenting in details each PA mode.

Ih 1.0 5
05 —F========----------—-----
Class-B
Class-C
004 ~a_ A |
0 0.5 1

Ve

Fig. 2.10 — Transistor classes bias points considering a linear transfer characteristic.

Once the required drain current is achieved, by presenting the appropriate output
circuit topology it is possible to present different fundamental and harmonic
components in order to shape the voltage waveform. The shape of voltage and
current waveforms define the overall output performance in terms of power,
efficiency and gain as well as linearity. Efficiency and linearity are two conflicting
parameters in PA designs; this means that the high linearity requirement is often
accompanied in a reduction in power-efficiency and vice versa.

Table 2.I1 shows an overview of the different modes with the different output
performance information. It can be noted that the Class-A [34-35] presented later in
Section 2.4.3, is a linear mode as sinusoidal shapes are present on both voltage and
current waveforms. Class-B, Class-AB and Class-C [34-36] can still present
satisfactory linearity requirements, which depends on the bias point value. The
more the bias point is decreased the more the linearity is degraded. In this case, the
linearity performance is worse than the Class-A mode as higher harmonics are

present on the current waveform. Class-D and Class-E are known as switched
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modes as they behave as a switch [34, 37-38]. The Class-F and Inverse Class-F
(Class-F") are the high harmonically tuned (HT) modes [34, 35-38]. In the

switched modes and harmonically tuned modes, very high drain efficiency (DE)

can be reached at the expense of the overall linearity, which can however be

regained through different enhancement linearization techniques [34, 39-43]. As

already said, unfortunately linearity and efficiency are the inversely proportional,

this means that high linearity leads to low efficiency and vice-versa. Therefore,

depending on the application, PA designers need to trade-off in the best way these

two parameters for a satisfactory overall performance.

TABLE 2.11
RFPA CLASSES PERFORMANCE

RFPA Classes

Current Modes Switch Modes HT

Performance A AB B C D E F/F!
Max DE (%) 50 50+78.5 | 78.5 100 100 100 100
Linearity Excellent Good | Good Bad Bad Bad Bad
Gain (dB) | VeryHigh | High Low | VeryLow | VeryLow | VeryLow | Low

2.4.1.1 Output Power and Efficiency

Before the different classes can be described, some parameters mostly used in

RF characterisation and PA designs will be presented. As already mentioned in the

previous section, two of the most important parameters used in PA designs are

output power and efficiency. It is important to highlight that the high efficiency

state is required at the same time as delivering the expected output power, which

depends on the device size. Fig. 2.11 shows the PA schematic with the DC power

component, the fundamental input power at the fundamental frequency (Pm(FO0))

and the output power components at both fundamental Poyr(FO) and higher

frequency Pout(F#£F0).

The DC power is partly converted into useful RF output signal and partly into

harmonic or spurious frequencies while the rest is dissipated inside the amplifier

defined as Pg;ss. [38, 44]. This means that the overall power balance [44] is:
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Ppe + P]N(F 0) =h OUT(F O) + 5 OUT(nF 0) + Bjigs

(2.12)
Pdc
From power supply

Pout (FO) )
PORT 1 Pin (FO) P A PORT 2
(Input) )— , ( Output)

Pdiss )

Pout (F # FO0)

Fig. 2.11 — Power balance in PA.

The RF output power is half the product between the real part of the
fundamental voltage component and the fundamental current component as shown

in (2.13).
1
Pour (F0) == -Re(#; - 1,). (2.13)
While the DC power can be calculated as:
Ppc =Vpe Ipc. (2.14)

The quality factor of the DC power consumption is the efficiency. This is
basically the quantity of DC power that is converted into useful RF output power.
There are two common definitions for the efficiency: drain efficiency (7 or DE)
and power-added efficiency (PAE).

The drain efficiency is the ratio between the fundamental output power

(Pour(F0)) and the DC power (Ppc):

Py \FO
_ PanlF)

2.15
Poc (2.15)

The PAE incorporates the input RF drive performance by subtracting it from the

output power:

g < Pour(FO)- Py (FO)
PDC

(2.16)
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The PAE formulation is very important when considering devices with low gain,
often due to the high fundamental frequency of operation. If the RF power gain is
less than 10 dB, then the drive power requirements will start to make a serious
impact on the overall efficiency, and the higher the efficiency is, the more
significant the effect is [34]. It can be noted that if dealing with high gain devices,
the input power does not affect substantially the overall efficiency, thus the input

power can be ignored, leading to equation (2.15).

24.1.2 Gain

The gain (QG) is the parameter that relates the input power with the output power.
High gain reduces the number of stages required to amplify the overall signal thus
minimising manufacturing costs. The main gain parameters used when considering
a two-port network connected are: power gain, available gain and transducer
power gain [2]. These three definitions of the gain can all be considered and
applied when the device is in compression (as described later), called large signal
gain, or when in back off (BO), called linear gain.

The power gain (G) is the ratio between the power dissipated in the load Z; to

the power delivered to the input of the two-port network (both expressed in watts).

G=5- (2.17)

The available gain (G4) is the ratio of the power from the two-port network to
the power available from the source. This assumes conjugate matching [34] of both

the source and the load, and depends on Zs but not Z; .

P
G = AVN

(2.18)

PAVS

The transducer power gain (Gy) is the ratio of the power delivered to the load to

the power available from the source and depends from both Zs and Z;

Py

G,=

P s (2.19)
The main difference between these gain expressions is primarily due to the input

and output matching condition. If input and output are both conjugately matched to
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the source and load impedances then the gain is maximized and they are equal:

G=GA=Gr, otherwise they will be different.

2.4.1.3 Linearity Concepts
As mentioned in section 2.2.2, RF power transistors and RFPAs are non-linear
devices where the non-linear effects significantly contribute to the overall
distortion. The typical reason for the non-linear effects are mainly due to the
harmonic distortion also called out-of-band distortion, and gain compression also
called in-band distortion [45-46], as well as memory effects which will not be
discussed in this thesis and are discussed elsewhere [47-49].
The out-of-band distortion is due to the presence of the higher frequency
harmonics multiple of the fundamental one. The presence of the higher harmonics
degrade the overall signal linearity, but as it will be shown and demonstrated in the

next chapters, they allow the achievement of very high efficiency states.

Out-of-Band
Amplitude In-Band
A R
TPt RF Fundamental | (T -
DCand IF} | Wl w2 P 3
IF1 Low : Harmonic Harmonic i

gt Py e

Fig. 2.12 — Spectrum of a two-tone signal.

The in-band distortion is mainly due to the device compression. The
compression point of a power transistor can be found by plotting the output power
vs the input power as shown in Fig. 2.13. In this case the simulation of a 10 W

power transistor is presented [Appendix B].
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As it can be noted, the device behaves linearly between 7 dBm and 17 dBm,
where the gain is nearly constant around 22-23 dB. When the transistor reaches its
maximum linear power, the output power increases with lower slope; this leads to a
decrease in gain from its ideal constant value. Therefore, the decrease of gain from
its constant linear value is referred to as gain compression. For example, the device
will be in 3 dB of gain compression (usually written as P3 dB) when the gain is
reduced by 3 dB from its linear value, in this case 20 dB where the saturated output
power is around 40.5 dBm. The more the device is compressed, the more the third
and fifth intermodulation distortion IMD3 and IMDS5 (shown in Fig. 2.12) (as well
as the higher intermodulation distorsion degree orders) products will be present,

which degrades the overall linearity [34, 49].

35
Max linear Rout Poyt sat [~
m 30— > > 40
) 25 > '/B - g
T 20— \P3 B |
O 0 135 o
15— i L o
20dB L 3
10— ! L
S I L B R B ! T 30
7 9 11 13 15 17 19 21 23
Pin_dBm

Fig. 2.13 — Gain and Pout vs Pin showing the P3dB of G compression.

2.4.2 Analytical Analysis of Conduction Angle for PA modes

Through the use of “waveform engineering” [50] and by knowing the different
target voltage v(6) and current i(6) waveforms, it is possible to define the transistor
operation modes. Therefore, by shaping drain voltage and current waveforms,
mainly due to the bias condition, input voltage condition and the harmonic
terminations, output power, gain, efficiency and linearity can be optimized.

The basic process of varying the conduction angle is shown in Fig. 2.14.
Modeling the transistor as an input voltage controlled current source, by varying
the input voltage, and with the appropriate bias component V, it possible to obtain

the desired output drain current waveform. It can be noted that when the input
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voltage V, is greater than the pinch-off V, the drain current is active and assumes
the sinusoidal shape with its maximum normalized value up to In.—=1, when V,
goes below V; the drain current goes to zero. The parameter a represents the

portion of the RF cycle for which the current is above zero [34].

Vmax-

Vg

\/

I I I I I I 1
180 270 360 450 540 630 72C
phase (degrees)

Fig. 2.14 — Input voltage and output current waveforms.

The drain current waveform can be analytically described as:
i,(8)=1,+1, -cos(9) -al2<I<al2
=0 —r<8<-al/2; —al2<9<mx ~ (2.20)
where

cos(a/2)=—lq/lpk, and 1 =1l —1,. (2.21)

Therefore substituting (2.21) in (2.20) the drain current is

. _ ]max . —
iy (9)_—1—cos(a/2) (cos9—cos(a/2)). (2.22)

The magnitude of the » harmonics is

1 al2 [max
I, :;._J/zm-(cosS—cos(a/2))-cosn3d8, (2.23)
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where n=0,1,2,3 etc, leads to the DC, fundamental, second, third, etc current
components [34].

Table 2.11I shows voltage and current quiescent values normalized to unity with
the appropriate conduction angle for the classes: A, B, AB, and C, which will be

presented in a detailed analysis in sections 2.4.3 and 2.4.4.

TABLE 2.111
PA CLASSES BIAS POINT AND CONDUCTION ANGLE
Mode | bias point (Vq) | quiescent current (Iq) | conduction angle
Class A 0.5 0.5 2n
Class AB 0-0.5 0-0.5 T-27
Class B 0 0 I
Class C <0 0 0-m

2.4.3 Class-A Mode

Power amplifiers can be divided into two categories, one in which the device
acts as a current source and the other one in which the device acts as a switch.

The Class-A is the simplest PA mode, it belongs to the first group and as
mentioned in section 2.3.1 it is also known as the linear mode [34].

The quiescent current is ideally half the saturation current Ipss (maximum
current I,y); this means that the device is all the time in the active region with a
conduction angle of 360°.

Only the fundamental component is presented in both voltage and current
waveforms while the harmonic terminations are considered short-circuited. The
fundamental contents are presented by using the circuit shown in Fig. 2.15 with in
this case Rpp = 50 Q. This leads to a sinusoidal shape in both waveforms as shown
in Fig. 2.16 [34-38] which can also be derived from the voltage and current general
formulations of (2.24) and (2.25) [38],

o0

W)=V, - Z(V cosn9—V, sinnd), (2.24)

nr

i(&):ldc +Z(1nr cosn$—1, sinn&), (2.25)

n=1
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where §=wt is the conduction angle and the coefficients V,,, V,;, I, and I,; are the
real and imaginary parts of the voltage and current components respectively, and »

is the number of harmonics considered, where in this case n=1.
Vde

3”;“

11
Vin Vgl E Ve
Vs I_.C" L1 RL
Z=RL=Ropt @ FO
Z=0 for FEF0

Fig. 2.15 — Class-A power amplifier schematic.
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Fig. 2.16 — Class-A voltage and current waveforms.
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Fig. 2.17 — Class-A impedances and voltage and current spectral components.
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As can be noted from the harmonic content of Fig. 2.17 fundamental voltage
and current components are 180° phase shifted due to the negative current flowing
into the load.

Fig. 2.18 shows a transistor's generalised DCIV characteristic with the Class-A
load-line as well as current and voltage waveforms for which it is possible to
understand and derive the output performance in terms of power and drain
efficiency. Vmin represents the knee voltage Viqee (or Vi) defined as the minimum
value of the achievable RF drain voltage [34]. Vmax 1s the maximum voltage while
V. 1s the quiescent voltage. The same concept is applied to the current parameters

Linax, Imin and Iy, where L, 1s assumed to be zero.

A/S\ Load-line
L _74? _____________ \'K .............. <

Lo

Io (A)

(s) swnL

Fig. 2.18 — Class-A load-line and waveforms.

The RF output power is the product between the fundamental voltage and

current components divided by 2:

-1
Four =——— (2.26)
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Where:

> > : (227)

- 7 . (2.28)
Therefore:
P AV - Al
out — 3 . (2.29)
Being the DC power:
Pac =Vac 1qc, (2.30)
where:
V., = Vmax + Vmin
dc = —2 (2.31)
I, = 1 max T 1 min
dec = —2 (2.32)
therefore:
P, = Vmax + Vmin . Imax +Irnin
de = > 5 . (2.33)
Being the drain efficiency:
n= P, out
Py (2.34)

])out — max8 max (2.35)
while the DC power Py, is
V. ..I
P, = % (2.36)

P, V.-I 4
= Low _ Vo Loma =05 237
77 })dc 8 Vmax.]max ( )
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2.4.4 Class AB, B and C Modes

Just as in the Class A case, Classes AB, B and C model the transistor as a
current source and can be represented by the same circuit topology of Fig. 2.15
[34-38, 51]. The main difference between these three classes is due to the different
conduction angles explained analytically in paragraph 2.4.2 and shown in Table
2.II1. However, in all the three classes the conduction angle is lower than 360° and
depends on the bias voltage presented.

For the Class-B mode the gate-bias voltage is theoretically set at the device
pinch-off where the conduction angle is #=180°. This means that the device will be
for half of the time in the active region and the other half of the time will be OFF
leading to an ideal half-wave rectified sinusoidal current waveform with 50% duty
cycle and a sinusoidal voltage waveform as shown in Fig. 2.19 and 2.21. The
harmonic impedances greater than the fundamental one will all be short-circuited
(Fig. 2.20) leading to the sinusoidal voltage waveform. It can be seen on the current
and voltage spectra that while the voltage waveform has only the DC and
fundamental components present, the current waveform introduces higher
harmonic contents due to its truncated shape. The fundamental current component
will be 180° phase shifted with the voltage fundamental component due to the
current flowing towards the load (Ip=-gm-Vgs).

The truncated shape on the bottom part of the current waveform reduces the
overlap between the voltage and current waveforms resulting in decrease of DC

power, leading to an increase in efficiency.

— 1.0
S o
o) =
4 05 2
S =
0 | T 1 T | T 1 — 0.0

0 90 180 270 360 450 540 630 720
phase / degrees

Fig. 2.19 — Class-B voltage and current waveforms
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Fig. 2.20 — Class-B impedances and voltage and current spectral components.
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Fig. 2.21 — Class-B load-line and waveforms.

In the load-line of Fig. 2.21, it can be noted the current will be active when the
drain voltage Vs 1S Vimin < Vs < Vg4 while it will be zero in the range V4. < Vg5 <
Vmax. By applying the same concepts and formulations from (2.24) to (2.37) the
Class-B output power and drain efficiency can be obtained, where in this case the

DC current is
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Idc=£+1mm=w+1mm. (2.38)
VA T

Therefore, by biasing the device at its pinch-off, the DC supply is reduced by a
factor of 2/m compared with the Class-A condition resulting in an increase of
efficiency of n/4, better known as 78.5%.

An important parameter to introduce is the power utilization factor (PUF) [34]
which is defined as the ratio between the RF power delivered by a particular mode
under consideration to the power delivered from the Class-A mode. Here, a PUF=1
can be reached with the higher efficiency (78.5%) accompanied in a reduction of 6

dB in gain, as higher drive power is needed in order to reach the maximum voltage

swing.

For the Class-AB mode the gate-bias voltage is theoretically set between the
pinch-off and half the maximum current, which leads to a conduction angle
between 180° < 0 < 360°. This leads to a wave rectified sinusoidal current
waveform with duty cycle between 50% and 100%, thus the device will be in the
active region for more than half the time.

In this Class-AB condition, a PUF > 1 can be achieved with efficiencies greater
than 50% but lower than 78.5%, again accompanied by a reduction in gain. The
increase in efficiency with the respective decrease in gain depends on the

conduction angle presented between 180° and 360°.

2 -~ . { — — 1.0
S o
q) :“
2 14 —05 2
S =
0 T T T | T T — 100

0 90 180 270 360 450 540 630 720
phase / degrees

Fig. 2.22 — Class-AB voltage and current waveforms.
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Fig. 2.22 shows the Class-AB voltage and current waveforms, also shown in
Fig. 2.23 with the load-line. Such load-line shows clearly that for a certain voltage
value Vps > Vg the current is equal to zero (360°< 6 <180°) for which a smaller
overlap between current and voltage would lead to an increase in efficiency when

compared with the Class-A case.

Imax —_————

=

(=}

o

o

=

""’
I (A)

/
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Vmin:Vk Vdc Vag Vmax Time (s)

(s) awiy

Fig. 2.23 — Class-AB load-line and waveforms.

In the Class-C mode the gate-bias voltage is set below the pinch-off voltage
Vs<Vrth, so the transistor is active for less than half of the RF cycle, which means
that the current waveform will have a conduction angle between 0 and 180° while
presenting a sinusoidal voltage waveform shown in Fig. 2.24.

Here the drain efficiency ideally reaches 100% by decreasing the conduction
angle towards zero. Unfortunately the linearity decreases, and the output power
decreases towards zero with drive power increasing towards infinity. A typical

trade-off is a conduction angle of 150° with an efficiency of 85%.
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Fig. 2.24 — Class-C voltage and current waveforms.
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Fig. 2.25 — Class-C load-line and waveforms.
2.4.5 Class-D Mode

The Class-D is defined as a switch mode since the device is meant to act as a

switch [34, 37, 51]. Fig. 2.26 shows a schematic implementation of the Class-D

using an LCR branch while Fig. 2.27 shows the voltage and current waveforms

resulting from that circuit.
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Fig. 2.26 — Class-D power amplifier schematic.
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It can be seen that when the switch A is ON the output current i,,, will be equal
to the current i; which flows towards the load conducting a positive sinewave while
the current i, is equal to zero. Vice-versa, when the switch A is OFF and the switch
B is ON the current i; will be equal to zero and the output current will be iy,=- i>
leading to a negative half sine wave [34].

Therefore, supposing a duty cycle of 50% as shown in Fig. 2.27, where for half
of the time the switch is ON and half of the time is OFF, the maximum current I

will be:
ka =1, . (2.39)

The fundamental current I, flowing towards the branch LCR is

I k
h=—">, (2.40)
and the fundamental voltage across the LRC branch is
4
V=V, —
1= e (2.41)

Being the RF output power the product between the fundamental voltage and the

current components:

Vidy, 1 Vyd Ly V-1
p=ati L Vde ? Tpk _ Ve tde
Y2 2 oz 2 z (242)
and being the DC power
Vdc'l k
Ppe =Vae 1 ge 2—7[ . , (2.43)
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the overall efficiency is

P,
_ 1 _ 0
=5 —-=100%. (2.44)
dc
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Fig. 2.27 — Class-D switching waveforms.
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Fig. 2.28 — Class-D load-line.

Assuming an ideal transistor, where switching time is zero and there is no
on-state resistance or voltage drop across the active device, an ideal square voltage
waveform can be achieved, shown in Fig. 2.27, with 100% efficiency as no power
is dissipated as heat in the transistor. Note from the load-line of Fig. 2.28 that the
device behaves as a perfect switch.

However, a finite transition time will occur in practical implementations
resulting in the overlap of non-zero output voltage and current which significantly
degrades the efficiency [52]. Different analysis can be presented in order to present
more realistic class-D switching behaviour, as shown elsewhere [37].

This problem can be partially solved by using the Class-E approach as shown in
section 2.4.6, where the idea of soft switching can minimise the issues presented in

the Class-D.

2.4.6 Class-E Mode

As with Class-D, the Class-E mode is a switch mode PA and the waveforms can
be achieved with a slower switching characteristic, from here on termed 'soft
switching'.

In this section the main concept of the Class-E mode will be presented, without

detailed mathematical analysis, which can be found elsewhere [34-38, 53-55].

Chapter 2 52



Measurement Systems, Load-Pull and PA Modes - Vincenzo Carrubba -

Fig. 2.29 shows the basic schematic implementation of a Class-E PA. The series
LC is tuned to the fundamental frequency which means that the only fundamental
component will flow towards Ryipap while the higher harmonics will be
open-circuited.

The overall current that flows into the switch-capacitor combination is

i(9)=1, -cos(9)+1,, (2.45)

Ve

HFIFG

i[t] Ls Cs
ic(t)

isw[t]l
B Vel(t)
switr.':h'\. -Cp g AL

-—

Fig. 2.29 — Class-E power amplifier schematic.

It is clear that when the device is switched ON, for example from 0 to al (Fig.
2.30), where al is an arbitrary angle value, the overall current i(6) will flow into
the device. When the device is OFF the overall current i(¢) will flow into the
capacitor. As should be noted, the key concept of this Class-E mode is that when
the switch passes from ON to OFF the current will instantaneously flow into the
capacitor with no power dissipation, but during its turn-on mode (from OFF to ON)
any charge stored into the parasitic capacitor Cp will be discharged through the
device with a slow rise time, resulting in a power loss. In order to avoid this, the
Class-E PA should be designed such that the voltage across the switch reaches zero
at exactly the turn-on instant. This condition is called zero-voltage switching (ZVS)
[59]. Besides, as can be seen from Fig. 2.30 (c), the voltage Vc reaches the zero
value exactly when the switch starts to conduct current. In this case there is no

overlap between voltage and current resulting in an ideal 100% efficiency.
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An important observation is that Class-E is a non-linear mode and suffers in
terms of PUF (which must be traded-off with gain) and peak voltages, which can
however be marginal since new wide bandgap technologies such as GaN (gallium
nitride) [56-57] allow very high peak values to be reached thanks to the high

breakdown voltage characteristic.
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Fig. 2.30 — Class-E voltage and current waveforms: (a) switch current, (b) shunt
capacitor current, (c) shunt capacitor voltage and (d) total current.
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However, even if the ideal efficiency of 100% can theoretically be achieved, in
practical implementations the switch has a finite on-state resistance and the turn-off
switching still suffers from finite transition time [58-60]. At low frequency, in the
order of hundreds of MHz, this mode can certainly have benefits [34]. But at GHz
frequencies, as mentioned, there is this central issue that the RF power transistor
cannot realistically be modelled as a simple switching element as it will not switch
fast enough to avoid the linear region resulting in power dissipation and efficiency
reduction.

However, it is important to highlight that in the last years thanks to the new and
improved device technologies mentioned earlier, the Class-E mode has been used
for the realisation of high efficiency power amplifiers at high frequency resulting in

interesting output performance results [62].

2.4.7 Class-F Mode

In the linear modes presented in section 2.4.3 and 2.4.4, the efficiency states
have been achieved by presenting the appropriate bias condition and optimum
fundamental impedance whilst short-circuiting all the higher harmonics. The
Class-F mode is obtained by using harmonic resonators in the output network, as
shown in Fig. 2.31, in order to shape the voltage waveform through appropriate
choice of harmonic content [34-38, 63-68]. The current waveform is a half wave
rectified sinusoid achieved by biasing the device at its pinch-off. The voltage
waveform is presented with an optimum fundamental impedance, short-circuit even
harmonic and open-circuit odd harmonic loads at the intrinsic Igen-praNg, as shown
in the schematic. The branch L1C1 is tuned to the fundamental frequency (FO0),
which means that at frequency FO it behaves as an open-circuit while the branch
LnCn, where n=3,5,7...etc, behaves as a short-circuit. Therefore, at the transistor
plane, optimum impedance Zioap (With imaginary part equal to zero) will be
presented. At even harmonic frequencies, the branch LnCn will be short circuited
as well as LIC1 leading to short-circuit even harmonic impedances. At odd
frequencies, the network LnCn behaviours as an open-circuit (as it is tuned to odd

frequencies) leading to open-circuited odd harmonic impedances.
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Fig. 2.31 — Class-F PA schematic.

The benefit of the Class-F condition is the possibility to increase the
fundamental voltage component due to the introduction of third harmonic voltage
content (when considering first three harmonic contents as they are usually
sufficient to exploit the transistor’s optimum performance) while maintaining the
condition that the voltage never reaches zero during the RF cycle. Equations (2.46)
and (2.47) describe the general representation of the current and voltage

waveforms:
i(9)=1, -cos(9) -z/2<9<n/2

=0 —r<8<-7/2; wl2<9<m, (2.46)

where I is the peak voltage and 6 is the conduction angle.

v(3) =V, - %(Vnr cosn3 -V, sin nS) , (2.47)

n=l1

where V. is the DC voltage, Vy and V,; are real and imaginary parts of the voltage
components where n is the number of harmonic components.

In this case, taking into account infinite harmonic content in both the voltage
and current waveforms, the ideal half-wave rectified sinusoidal current waveform
and the perfect square voltage waveform are achieved as shown in Fig. 2.32

leading to the ideal 100% drain efficiency.
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Fig. 2.32 — Class-F voltage and current waveforms when considering for both
waveforms infinite harmonic content.

When reducing the number of utilized voltage harmonics to three, the

generalised case of (2.47) can be expressed as
W9) =V, =V, cos(9) -V, cos(29) -V cos(39) . (2.48)

Here the maximum drain efficiency is reduced to 90.7% with the waveforms
shown in Fig. 2.33. As shown in the spectral contents of Fig. 2.34, DC,
fundamental and third harmonic components are presented in the voltage waveform
while DC, fundamental and all the higher even harmonic contents are presented in

the current waveform.

Voltage (V)
(v) waund

0 90 180 270 360 450 540 630 720
phase / degrees

Fig. 2.33 — Class-F voltage and current waveforms when considering infinite harmonic
contents in the current waveform and three harmonic contents in the voltage waveforms.
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Fig. 2.34 — Class-F impedances and voltage and current spectral components.
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Fig. 2.35 — Class-F load-line and waveforms.

Tables 2.IV and 2.V show the voltage and current component values
(normalised to unity DC component) [34, 64] as a function of the utilised number
of harmonics in order to maximise the drain efficiency, shown in Table 2.VI. When

accounting for only the fundamental component, the Class-B condition is revealed
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to have drain efficiency of 78.5%. When introducing the third harmonic voltage
content with value of 1/3V3 (approx. 0.1925) the voltage waveform squares-up but
a smaller swing is presented. Therefore, increasing the fundamental voltage by
V1=0.1925*6, the voltage waveform reaches its maximum value with the benefit of
the higher efficiency of 90.7%.

The improvement in power efficiency is obviously accompanied with
degradation in linearity due to the introduction of the higher harmonics. However,
this linearity requirement can effectively be traded off with power and efficiency.
Besides, it can be satisfied by utilising standard or advanced linearization

techniques [39-43].

TABLE 2.1V

CLASS-F OPTIMUM VOLTAGE VALUES AS A FUNCTION OF UTILIZED HARMONICS

Class-F Voltage Harmonic Values

M | Using 1 harmonic | Using 2 harmonics | Using 3 harmonics

Vi 1 1.155 1.207

V3 0 0.1925 0.28

V5 0 0 0.073
TABLE 2.V

CLASS-F OPTIMUM CURRENT VALUES AS A FUNCTION OF UTILIZED HARMONICS

Class-F Current Harmonic Values
N | Using 1 harmonic | Using 2 harmonics | Using 3 harmonics
11 1 1.41 1.5
12 0 0.5 0.5835
14 0 0 0.0834
TABLE 2.VI
CLASS-F OPTIMUM DRAIN EFFICIENCY AS A FUNCTION OF UTILIZED HARMONICS
Class-F Efficiency (%)
N M=1 M=3 M=5 M=00
1 50 57.7 60.35 63.66
2 70.71 81.6 85.35 90.03
4 75 86.54 90.52 95.48
o0 78.54 90.63 94.8 100

Where: M = number of voltage components
N = number of current components
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2.4.8 Inverse Class-F Mode (Class-F'l)

The inverse Class-F mode is similar to the Class-F mode, where by presenting
the appropriate output network, as shown in Fig. 2.31 (similar to Class-F), the
Class-F mode inverted waveforms can be revealed [35-37].

Here, differently from the Class-F case, the even harmonics are open-circuited
as the resonator LnCn with n=2,4,6...etc is presented. At the fundamental
frequency, the resonator will behave as a low impedance (ideally short-circuit) as
well as the branch L1CI1 and, as the Class-F mode, the optimum fundamental
impedance can be presented by choosing Rioap=Rop: (at the Igen-pLane). At the odd
frequencies both resonators LnCn and L1C1 behave ideally as low impedance
resulting in short-circuit odd harmonic impedances [68-72].

When presenting infinite harmonic contents in both voltage and current
waveforms the ideal half-wave rectified with second harmonic peaking
Vimax="Vdc voltage waveform and the perfect square current waveform are
presented resulting in efficiency of #=100%. The input bias voltage condition of
this mode is half the maximum current (as for the Class-A mode), where by hitting
the boundaries, odd components are generated allowing the waveform to become
squared.

Few research works have shown that the half-wave rectified waveform can be
achieved by starting from the pinch-off bias voltage as shown here [73]. In this
case only the top part of the waveform needs to be squared, but higher input power

are required resulting in a decrease of gain.
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Fig. 2.36 — Class-F' voltage and current waveforms when considering for both waveforms
infinite harmonic contents.
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When reducing the number of voltage harmonics down to three on both

waveforms (shown in Fig. 2.37), the drain efficiency is reduced to 81.6%. Table

2.VII and 2.VIII show the Class-F values of voltage and current components

function of the number of harmonics utilized in order to maximize the drain

efficiency shown in Table 2.IX.
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Fig. 2.37 — Class-F' voltage and current waveforms when considering for both
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waveforms three harmonic contents.

TABLE 2.VII

CLASS-F ! OPTIMUM VOLTAGE VALUES AS A FUNCTION OF UTILIZED HARMONICS

Inverse Class-F Voltage Harmonic Values

M | Using 1 harmonics | Using 2 harmonics | Using 3 harmonics

A\ 1 1.4142 1.5

V2 0 0.5 0.55

V4 0 0 0.0786
TABLE 2.VIII

CLASS-F ! OPTIMUM CURRENT VALUES AS A FUNCTION OF UTILIZED HARMONICS

Inverse Class-F Current Harmonic Values
N | Using 1 harmonics | Using 2 harmonics | Using 3 harmonics
11 0.5 0.577 0.6035
I3 0 0.083 0.1161
I5 0 0 0.0303
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TABLE 2.IX
CLASS-F ! OPTIMUM DRAIN EFFICIENCY AS A FUNCTION OF UTILIZED HARMONICS

Inverse Class-F Efficiency (%)
N M=1 M=2 M=4 M=o
1 50 70.71 75 78.54
3 57.7 81.6 86.55 90.63
5 60.35 85.35 90.53 94.8
00 63.66 90.02 95.49 100

Where: M = number of voltage components
N = number of current components

Fig. 2.38 and 2.39 show the Class-F' load line with the appropriate waveforms
and first three harmonic impedances with the appropriate voltage and current
spectral components. It should be noted that the Class-F mode presents DC,
fundamental and odd harmonic content on the voltage waveform while presenting
DC, fundamental and even harmonic content on the current waveform. Here, the
Class-F' presents the opposite components: DC, fundamental and even content for
the voltage waveform while DC, fundamental and odd content for the current

waveform.
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Fig. 2.38 — Inverse Class-F load-line and waveforms.
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Fig. 2.39 — Class-F' impedances and voltage and current spectral components.

In the inverse Class-F case the output power is ideally higher than Class-F mode
thanks to the higher voltage peak due to the introduction of second harmonic
content. The drain efficiency is ideally the same, as shown in Tables 2.VI and 2.1X.
However, when considering real devices, the efficiency is higher in the Class-F
mode when dealing with high fundamental impedances (small device sizes for
which the output power is typically smaller than 10W) while the efficiency will be
higher in inverse mode if dealing with small fundamental impedances (big device
sizes for which the output power is typically greater than 10W). This is
demonstrated in the following work [74], and shows that the efficiency is function
of the ratio between second harmonic and fundamental load. The greater is this

ratio, the smaller is the efficiency and vice-versa.

2.4.9 Class-J Mode (the father of the Continuous Modes)

The understanding of the various standard classes explained in the previous
sections is important in order to understand the new broadband modes shown for
the first time in the research presented in this thesis.

The Class-J class, presented recently by Cripps [34], was the first new mode
using the combination of fundamental and harmonic impedances in order to

support a wider bandwidth in wireless communication. The Class-J is a more
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practical mode which takes into account the use of intrinsic parasitics such as the
drain-source capacitors Cpg as part of the loading criteria. In the standard modes
such as the Class-B case, the short-circuit second harmonic impedance must be
presented at the Igenprang in order to reach the high efficiency state while
presenting the optimum fundamental impedance. Although in real devices, due to
the non-idealities of the parasitic elements, the optimum device behaviour is very
often found to be away from the perfect short and/or open circuit terminations.

However, in this case it will be assumed that the optimum performance is
obtained when presenting an optimum fundamental impedance and short-circuit
second harmonic load. This means that the ideal 78.5% of efficiency can be
achieved when presenting the singular solution of fundamental and second
harmonic impedances (as well as when presenting the appropriate bias and input
drive condition), which is translated into a singular fundamental frequency solution
when designing power amplifiers.

The starting point of the Class-J mode is the Class-B condition, already
presented in section 2.4.4. Once the Class-B condition is achieved, the Class-J
mode is presented by introducing second harmonic reactance while also presenting
reactance at the fundamental impedance [75-79]. It is important to highlight that
fundamental and second harmonic reactance have an inverse relationship, this
means that a positive fundamental reactance is accompanied by a negative second
harmonic reactance as shown in equations (2.49) and (2.50), while third harmonic

impedance is considered equal to zero (2.51).

Zo=R,+j R, (2.49)

. 37
Zsro =0—J~?'RL (2.50)
Zypo = Short — circuit (2.51)

The resulting waveforms and load-lines are displayed in Fig. 2.40 and 2.41.
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Fig. 2.40 — Class-J and Class-B voltage and current waveforms.

Here the current waveform is kept constant to a half-wave rectified sinusoidal
while the introduction of fundamental and second reactive components lead to an
approximately half wave rectified sinusoidal voltage waveform with 90° phase

overlap between the two and higher peak voltage [76].
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Fig. 2.41 — Class-J and Class-B load-lines.
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Fig. 2.42 — Class-B and Class-J first two impedances.
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The benefit of the Class-J] mode is that by presenting simultaneously
fundamental and second harmonic reactive impedance in accordance with (2.49)
and (2.50) a new solution where the same Class-B output performance in terms of
power and efficiency can be achieved. The possibility to have new reactive
solutions where the power efficiency state is maintained theoretically constant is
translated in frequency when designing the matching networks, leading to the
design of broadband power amplifiers with high power and efficiency [76].

The Class-J mode was the starting point and as mentioned in the title of this
paragraph it could be said that it is the father of all the broadband/Continuous
modes undertaken in this research and presented later in this thesis. In this Class-J
mode one new impedance solution has been found. However, it will be
demonstrated here that from the standard Class-B solution to the new Class-J
solution there are multiple infinite solutions identifying what has been called the
“Design Space” [80]. Besides, it will be shown that this design space concept
where manipulating simultaneously the harmonic impedances can be applied to the

different PA classes still maintaining the high power-efficiency conditions.
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2.5 Chapter Summary

Chapter 2 has presented the literature review (state-of-art) of this research which
is the basis of the work and therefore indispensable for a better understanding of
the following chapters.

Here an initial overview of the various high frequency waveform measurement
systems highlighting the aspects of the linear and non-linear effects are described.
Furthermore, the different load-pull approaches starting from the passive technique
to the more advanced active injection load-pull techniques used for the
achievement of high reflection coefficients and therefore high power-efficiency
amplifiers have been described. A more detailed explanation of the active envelope
load pull (ELP) measurement system and approach has been given, as the various
measured data presented in this thesis has been obtained using such a measurement
system.

Stepping through the Chapter, a detailed analysis of the different power
amplifier classes starting from the linear Class-A state to the more recent and
advanced multi solution Class-J mode going through the switch modes and
harmonically tuned modes has been presented. Here, the efficiency, output power,
gain and linearity concepts necessary for PAs used in modern wireless

communication standards have been highlighted.
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Chapter 3

Theoretical Continuous Modes

Power Amplifier

3.1 Introduction

Power Amplifier (PA) design for wireless communication has to date been
largely focused on improving efficiency and linearity for specified low percentage
RF bandwidths. Conventionally, higher efficiency PAs are designed for narrow-
band operation [1-6] and cannot be used in broadband applications covering
multiple bands in wireless communication systems. Future 4G (Fourth Generation)
wireless network systems, which include WiMax (Worldwide Interoperability for
Microwave Access), LTE (Long term Evolution) [7], and LTE-Advanced [8] are in
continuous progression to satisfy the great demand in mobile phones with high
QoS (Quality of Services). The development of a PA design methodology for these
advance systems will be required in order to allow more services as higher data-
rate transmissions over long distances. However, the achievement of these new
technologies with all these services will require larger bandwidths. The challenge
in designing broadband PAs is to maintain the same output performance in terms of
power and efficiency over bandwidth compared with the standard narrow band

modes presented in Chapter 2. For the narrow band modes the aim is to maintain
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the required short-circuit and/or open-circuit high harmonic terminations at the
device intrinsic current-generator plane (Igen-pLane) [9], which due to practical
constraints must be placed at a distance from the device as it will be shown in the
package device in Chapter 5. As mentioned earlier, the request of bandwidth used
in the latest wireless networks for the advanced applications, has lead the
RFPA/microwave community to improve the PA designs also in terms of
bandwidth. Different interesting approaches have been recently presented [10-18].

From Chapter 2 it has been seen that the Class-J mode has presented for the first
time a new solution where starting from the Class-B state the output performance is
theoretically kept constant. After that, it has been demonstrated that between the
Class-B and the Class-J solutions there are infinite solutions where the output
performance is ideally kept constant [19]. Therefore, by moving reactively the
fundamental and harmonic terminations away from the optimum point and from the
short-circuit and open-circuit conditions respectively, these multiple solutions can
be exploited. This new world of moving reactively, simultaneously and with the
proper phases the fundamental and harmonic impedances have been described in an
easy and elegant way through the use of the factorial representation presented the
first time by Cripps et. al. [19], who acknowledges the Rhodes singularity
condition [20]. In this case by varying only one parameter on the voltage and/or
current equations the combination of the right fundamental and harmonic
impedances with the proper phase relationship is given, as it will be demonstrated
later in this Chapter.

The work presented in this Chapter describes for the first time the theoretical
(supported by ADS - Advanced Design System simulations presented in the
Appendix C), of the broadband classes termed “Continuous Modes” [21, 22, 23].
Here, the multi-solutions exploited for the Class-B mode (Class-J) is applied for
the first time to the other standard classes.

In this Chapter the broadband Continuous Modes applied to the Class-A,
Class-B, Class-F and inverse Class-F (Class-F') cases, where the PA output
performance in terms of efficiency and power is maintained at constant levels for a
wide band of frequencies is for first time presented. All the theoretical Figures here

presented where exploiting the various Continuous Modes have been achieved by
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using a new Igor software. The Broadband Continuous Class-AB (not shown) is
identical to the Continuous Class-B analysis with the difference that in the Class-
AB condition the conduction angle ¢ is 180° <3 < 360° while in the Class-B case
§=180°.

3.2 Novel Overall Continuous Modes

Through the use of “waveform engineering” [24] and by knowing the different
target voltage v(6) and current i(6) waveforms, it is possible to define the transistor
operation modes.

As mentioned in the introduction of this Chapter, the conventional modes have
been theoretically explored and further developed [2, 20, 25] during the last
decades in order to improve the overall output performance. However, these
scientific works have been focused on improving the performance for the specific
narrow bandwidths, typically around 5-10% or lower. This is mainly due to the
high-Q matching structure used, where operation too far either side of the centre
frequency leads to a rapid decrease in both power and efficiency.

The recent Class-J mode, already described in Chapter 2, was the starting point
of the new broadband modes presented in this thesis, which have been termed
“Continuous Modes” [21, 22, 23]. The Continuous Modes are obtained by adding a
new operator (1-dsinfd) on the voltage or current formulations resulting in a new
family of voltage or current waveforms. This new family of waveforms lead to a
different set of fundamental and harmonic load solutions where output power and
efficiency are maintained at constant levels. It is important to highlight that if the
operator is applied on the voltage formulation, the voltage waveform will vary
while the current waveform remains constant. In this case if the Continuous Mode
is applied for example to the conventional Class-F case, when varying the voltage
waveform the new broadband mode will be called as Continuous Class-FV.
Vice-versa, when the operator is applied on the current formulation, in this case
using the parameter ¢ (thus the operator 1-Esiné), the voltage waveform remains
constant and the current waveform is allowed to vary leading to what has been

called Continuous Class-FI. Same concept is applied to the Class-A, Class-B and
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Inverse Class-F (Class-F') modes which will be all presented in a detailed analysis
in the next paragraphs of this Chapter.

The possibility to have multiple load solutions increases flexibility when
designing narrow band PAs, as there is no need to provide the ideal short-circuit
and/or open-circuit harmonic terminations. Besides, more importantly this new set
of load solutions can be then translated into a useful “design space” in the
frequency domain, allowing the design of broadband power amplifiers.

Equations (3.1) and (3.2) describe the general formulations for the overall
Continuous modes voltage and current waveforms when considering for both first

three harmonic components:

v(.9): (1—acos.9—,6’c0s219—7cos319)- [1—5sin.9], (3.1

i(g): (1 + acos.9+bcos29+ccos38)- [1 —§sin9], (3.2)

where a, y, f and ¢ are the parameters describing the voltage waveform and a, b, ¢
and ¢ are the parameters describing the current waveform.

Table 3.1 shows the voltage and current parameter values just mentioned, and by
replacing those values in (3.1) and (3.2), the conventional Class-A, Class-B, Class-
F and Class-F', as well as the broadband Continuous Class-AV, Continuous Class-
Al, Continuous Class-BV, Continuous Class-BI, Continuous Class-FV, Continuous
Class-FI, Continuous Class-F'V and Continuous Class-F'I modes are achieved.

The impedances that “vary” are functions of the two parameters ¢ and .

TABLE 3.1
V-1 WAVEFORM PARAMETERS FOR THE CONVENTIONAL AND CONTINUOUS MODES
Voltage Parameters Current Parameters Impedances
PA Modes o B 04 ) a b c 13
Class-A 1 0 0 0 1 0 0 0 Zgo=opt.
Continuous Class-AV 1 0 0 -1+1 1 0 0 0 Zgy=varies, Z,py=o0
Continuous Class-Al 1 0 0 0 1 0 0 -1+1 Zgy=varies, Z,py=0
Class-B 1 0 0 0 2 12 0 0 Zgg=0opt., Zopo=0
Continuous Class-BV 1 0 0 -1+1| 2 12 0 0 Zp=varies, Zpo=varies
Continuous Class-BI 1 0 0 0 212 0 -1+1 Zgg=varies, Zypg=0, Z3po=0
Class-F 2W3 0 13V3 0 212 0 0 Zpg=0pt., Zpo=0, Zspo=00
Continuous Class-FV | 23 0 1/3V3 -1=1 | V2 12 0 0 Zpg=varies, Zypy=varies, Zypj=o0
Continuous Class-FI | 23 0 13V3 0 212 0 -1+1 | Zpy=varies, Zypg=0, Zspg=varies
Class-F V2 12 0 0 273 0 -1/3\3 0 Zro=0pt., Zopo=o0, Z3r=0
Continuous Class-F'V | V2 12 0  -1+1 | 2A3 0 -1/3\3 0 Zrg=varies, Zpy=o0, Zspg=varies
Continuous Class-F'I | V2 12 0 0 | 2N3 0 -13V3  -1+1 | Zgg=varies, Zyp=varies, Z3p=0

e The high harmonic impedances not specified are short-circuited.
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3.3 Continuous Class-AV Mode

By substituting the Continuous Class-AV parameter values of Table 3.1 in
equations (3.1) and (3.2), the current operator [1-&sind] will remain equal to zero
while the operator [1-dsinf] function of & will be presented on the voltage
formulation.

This means that the current waveform will be assumed constant sinusoidal while
the new family of waveforms is presented on the voltage, as shown in (3.3) and

(3.4):

VCont_AV(‘g): (1_00819)' [1—5Sil’l '9], (33)

icom ar(9)=(+acos9), (3.4)

where both voltage and current are normalised to unity and in this case a=1.

For 6=0 the key operator [1-dsinf] is equal to 1, thus delivering the conventional
sinusoidal Class-A waveforms. When varying o, the new family of voltage
waveforms with higher peaks are presented, as shown in Fig. 3.1. The load-lines
are shown in Fig. 3.2 for values of 0=0 and 0=1. Here it can be noted that the
maximum current is the same for the different values of J, while a bigger excursion
on the bottom part (voltage axes) is revealed. The load-line for 0=-1 would give the
exact same behaviour of 6=1 as the waveforms are presented at the Igpn-pLane thus
symmetric.

It is very important to highlight that that the parameter ¢ has to vary between -1
and 1 in order to keep the voltage waveforms positive or grazing the zero value for
o=x1 [22]. If 6 goes beyond that range, the voltage waveforms drop lower than
zero, as highlighted in yellow in Fig. 3.3 where 6=+1.1, with consequently non-
linear behaviour accompanied in reduction of power and efficiency. This concept
of maintaining the parameter § between -1 and 1 will be applied for all the
Continuous modes presented in this Chapter. However, it will be demonstrated in
Chapters 4 and 6 that by adding one more operator in (3.1) and (3.2), the actual
ranges of 0 and ¢ where the voltage and current waveforms are maintained above

zero decreases.
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Fig. 3.1 — Theoretical Continuous Class-AV voltage and current waveforms for ¢
varying between -1< ¢ <1 in steps of 0.2.
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Fig. 3.2 — Theoretical Continuous Class-AV load-lines for 0=0 and 0=1 (0=-1 is the
symmetric load-line of 6=1).
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Fig. 3.3 — Theoretical Continuous Class-AV voltage waveforms for 6=0 (red line) and for
0=%1.1 (green and blue lines).
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For the conventional Class-A mode the optimum device performance with ideal
efficiency of 50% can be obtained by optimizing only the fundamental impedance
considering short-circuit the higher harmonic terminations. In this case, as shown
in the impedances plotted in Fig. 3.4, if maintaining open-circuited the second
harmonic termination, a wide reactive range of fundamental load is revealed. Here
by varying the fundamental impedance on its circle of constant resistance, the
theoretical 50% drain efficiency and output power (normalized to unity) are
maintained at constant level for all the range of J, as shown in Fig. 3.5 and Fig. 3.6,
leading to the new family of Continuous Class-AV voltage waveforms before
described. This is due to the fact that by varying the parameter J, second harmonic
content is developed on the voltage waveform, while only fundamental component
is ideally presented on the current waveform. This means that the second harmonic
current is null leading to an open-circuit second harmonic load. Therefore, the
fundamental load is allowed to vary on its circle of constant optimum resistance

still maintaining a constant RF output power and drain efficiency.

Fig. 3.4 — Theoretical Continuous Class-AV fundamental and second harmonic
impedances for ¢ varying between -1 < J < 1 in steps of 0.2.
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Fig. 3.5 — Theoretical Continuous Class-AV fundamental and second harmonic reactances
X1 and X2 for J varying between -1 <6 < 1 in steps of 0.2.
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Fig. 3.6 — Theoretical Continuous Class-AV drain efficiency and normalised output power
for 6 varying between -1 <J < 1 in steps of 0.2.

In more details, the achievement of constant output power and drain efficiency

with varying J is due to the fact that the expansion of equation (3.3), leads to
. o .
vCOnt_AV(S):l—cos19—5sml9+551n219_ (3.5)

Here, it can be noted that the DC component is not function of ¢, thus will
remain constant (in this case equal to 1) as well as the real part of both fundamental
and second harmonic voltage (the cos terms), with values equal to 1 and 0
respectively. Therefore, when varying the parameter J, the reactive parts of the
fundamental and second voltage vary (the sin terms) but the DC component and the
real fundamental voltage will remain invariant.

Therefore, being
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P, =%Re(Vl -11"), (3.6)

and maintaining a constant current waveform, the output power will be maintained
invariant when varying ¢ as also shown in Fig. 3.6.

Besides, being the drain efficiency

Brr
n=—-—, (3.7)
Ppe
where the DC power is
Ppe =Vpe Ipc, (3.8)

the DC components of both voltage and current waveforms will be constant

resulting in a constant ideal drain efficiency of 50%, again shown in Fig. 3.6.

By applying the Fast Fourier Transform (FFT) on (3.3) (3.4), DC, fundamental
and harmonic voltage and current components can be calculated as shown in

equations from (3.9) to (3.14):

Ve =1, (3.9)

Vi =—-cos$—-5sin9, (3.10)
v, :O+gsin29’ (3.11)
Ipe=1, (3.12)

I, =cos$, (3.13)
1,=0. (3.14)

The fundamental and harmonic impedances can be calculated by dividing the
respective voltage and current complex components. It is important to highlight
that equations from (3.9) to (3.14) describe the phasor representation of the voltage

and current components.

The generic phasor formulation
V(t)z V,coswt =V, sinat, (3.15)

where V. and ¥, are the real and imaginary parts of the voltage component, is
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achieved from:

v(t)= Re{(Vr +JjV, ) (cos ot + jsin a)t)}

—Re {(r, + jv, ) e}, (3.16)
leading to the complex voltage formulation
chplx:V;f-'_jI/q- (317)

As it can be noted, the V; of the phasor and complex representations (equations
3.15 and 3.17) are equivalent, but the reactive part V presents different sign. This
explains the necessity of changing the sign of the reactive component of the phasor
representation for the impedances calculation [26].

Therefore, for the Continuous Class-AV mode the phasor representation of the
voltage and current components (equations from 3.9 to 3.14) are described in

complex representation as:

Voe =1, (3.18)

Vlcmplx :_1+j53 (3.19)
)

I/ZCmp/x =0 —J E, (320)

e =1, (3.21)

Ilcmplx =19 (322)

Lypie = 0. (3.23)

Dividing the complex voltage components with the appropriate complex current
components the Continuous Class-AV fundamental and second harmonic

impedances normalized to the fundamental resistance are derived, as shown in
(3.24) and (3.25).

Zioap =—Rpo+J -0 Rpy, (3.24)

Zypo =% (open-circuit) (3.25)

The resistance Ry is the fundamental optimum one, which in this case has been

assumed to be 50 Q. Besides, as it can be seen in (3.24), that fundamental

resistance Ry is negative. This is due to the fact that the output current I; pap has

been assumed to flow towards the load (Fig. 3.7). When defining the current Ipg
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flowing towards the device, the resistance Rpy will be positive, therefore the

impedance will be

Zro==Z10up - (3.26)
ZFO = RFO _j'é'RFO 5 (3.27)

where Ry is the fundamental resistance and X; = d-Rgy is its reactive part.

The second harmonic impedance is not function of ¢ and remains constant
open-circuit.

In the following analysis describing the other broadband modes the current will

be defined to flow towards the device leading to a positive resistance Rgy.

Ve

RFC

lLoaD =-gm Vgs
—

Vin vgl E"u"d

Ve LDS = =|LoaD = gm Vgs

Fig. 3.7 — Current flowing towards the transistor and towards the load.

3.4 Continuous Class-Al Mode

For the Continuous Class-AV mode described in the previous paragraph, the
operator [1-dsinf] was applied on the voltage waveform, while in this new
“Continuous Class-AI’ the operator [1-sind] is applied on the current formulation.
As it can be noted and as already described in the introduction of this Chapter,
when applying the operator on the voltage formulation, the parameter ¢ has been
used while in this case (where varying the current waveform) the parameter ¢ is
used.

Equations (3.28) and (3.29) represent the Continuous Class-Al voltage and

current formulations:
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vConth[ (19) = (1 —COS 19) 5 (328)

LCont (9) = (1 +acos 9)- [1 —&sin 9], (3.29)

where a=1.

Here the same concept described on the Continuous Class-AV but with inverted
waveforms is applied. Therefore, the voltage waveform remains constant sinusoidal
while the new family of waveforms is achieved on the current side, as shown in
Fig. 3.8. The load-lines for =0 and ¢=1 are shown in Fig. 3.9. Here differently
from the previous case, when =1 now the maximum achievable voltage (bottom
part of the load-lines) remains the same than the standard Class-A case while a

wider excursion is obtained on the top of the load-line with current values greater

than 2.5 A.

Voltage (V)
() waun)

180 270 360 450 540
3 [degrees]

Fig. 3.8 — Theoretical Continuous Class-Al voltage and current waveforms for &
varying between -1 < ¢ <1 in steps of 0.2.
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Fig. 3.9 — Theoretical Continuous Class-Al load-lines for ¢&=0 and &=1 (&=-1 is the
symmetric load-line of {&=1).
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The complex representation of voltage and current components are described

from (3.30) to (3.35).

Ve =1, (3.30)
I/lcmplx :_15 (331)
VZcmplx =0 s (332)
Ipe =1, (3.33)
Ilcmplx :1+j'é:, (334)
IZcmplx:0+j'§- (335)

Therefore, dividing the voltage components with the respective current

components, fundamental and second harmonic impedances will be

1 . &
Zpy = = .
FO 1+&2 J1+§2, (3.36)
Zyro =0 (short-circuit). (3.37)

As it can be seen from Fig. 3.10 and Fig. 3.11, as well as from equation (3.38)
the fundamental load varies on its line of constant conductance Ggo. This means
that the conductance will remain constant while the susceptance Bro=¢-Gpg varies
as a function of ¢ with second harmonic load kept short-circuited. This is due to the
variation of the current waveform, where second harmonic content is developed

while only fundamental component is presented on the voltage waveform.
Yo =Gro+Jj-6-Gry, (3.38)
Y, gy = Short —circuit . (3.39)

Again, for all the £ range, the values of output power and drain efficiency are
kept constant to the theoretical conventional Class-A mode as shown in Fig. 3.12.
Therefore, when presenting this range of fundamental impedances while

maintaining a short-circuit second harmonic termination, a broadband Class-A
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(Continuous Class-Al) power amplifier where power and efficiency remain

constant can be realised.

Fig. 3.10 — Theoretical Continuous Class-Al fundamental and second harmonic
impedances for ¢ varying between -1 <& <1 in steps of 0.2.
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Fig. 3.11 — Theoretical Continuous Class-Al fundamental reactance X1 and susceptance
B1 and second harmonic reactances X2 for £ varying between -1 < £ < 1 in steps of 0.2.
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Fig. 3.12 — Theoretical Continuous Class-Al drain efficiency and normalised output power
for & varying between -1 <& <1 in steps of 0.2.
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3.5 Continuous Class-BV (Class-BJ) Mode

As mentioned earlier and explained in Chapter 2 of this thesis, the father of
these broadband modes was the Class-J. The “Continuous Class-BV>* described in
this paragraph is just a new way to re-word the well-known Class-BJ [1, 22, 27],
which is an extension of the first Class-J mode [28-29], both described for the first
time by Cripps [1]. In the first Class-J case, by presenting a new voltage waveform
and maintaining a constant half-wave rectified sinusoidal current waveform,
another solution was found (the one for 6=1) where output power and drain
efficiency are the same as Class-B. Therefore, being the output performance
constant when presenting these two extreme load solutions for =0 (Class-B) and
for 0=1 (Class-J), the idea of the Continuous Class-BV is to provide infinite
solutions between the Class-B and the Class-J cases, by presenting the appropriate
fundamental and harmonic phase adjustments [22, 27].

The voltage and current waveforms are described in (3.40) and (3.42)
Ve _sr(8)=(1=cos 9)-(1-5sin 9), (3.40)

which expands into

VCOMBV(S):1—c0s19—5sin19+§sin219, (3.41)

icom 51 (9)=1 g c088 0<9<7z/2 (3/2)x<9<2r,

=0 7/2<9<(3/2)r, (3.42)

where Ijcak 1s the maximum current.

When 6=0 the conventional Class-B sinusoidal voltage waveform is achieved.
When varying ¢ different than zero and between -1 and 1, the new family of
voltage waveforms is revealed as shown in Fig. 3.13. Fig. 3.14 shows the standard
Class-B load-line (6=0) as well as the load-line for 0=1. The load-line for =1
reveal higher voltage values on the bottom part of the line compared with the
conventional Class-B case, while the upper part presents current values equal to the

standard one.
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Voltage (V)
(V) uaun)

| I T EEmm——
0 90 180 270 360

9 [degrees]

Fig. 3.13 — Theoretical Continuous Class-BV voltage and current waveforms for ¢
varying between -1 < J <1 in steps of 0.2.

o (A)

Fig. 3.14 — Theoretical Continuous Class-BV load-lines for =0 and 6=1 (J=-1 is the
symmetric load-line of 6=1).

As in the previous case, the expanded voltage formulation shown in (3.41) is the
phasor voltage representation, therefore after using the FFT, they can then be

described in complex representation as

Voe =1, (3.43)

Viewpie ==1+J -6, (3.44)
.0

I/2cmplx =0- J E 5 (345)

Dividing the appropriate voltage and current complex components, when

considering the ideal half-wave rectified sinusoidal current waveform shape and
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when considering the current flowing into the device, the fundamental and second

harmonic impedances are:

Zro =R _j'5'RFoa (3.46)
. RY/4
ZzF0:0+]'5'?'RFO- (3.47)

The fundamental real part Ry is assumed to be the optimum one (Rro=Rop) ,
again in this theoretical case it is assumed to be 50 Q, while the reactive part is
Xro=0"Rpp.

The second harmonic resistance is kept constant to zero while the reactive part
1S Xopo=0(31/8)'Rpp. While in the Continuous Class-AV and Continuous Class-Al
modes the second harmonic impedances were kept constant open-circuit and short-
circuit respectively, here the reactive variation of the fundamental load is
accompanied by a reactive variation of the second harmonic impedance as well.
This is due to the fact that, in this mode both voltage and current waveforms
develop second harmonic component. Furthermore, fundamental and second
harmonic terminations are related to an inverse relationship where the positive
variation of 0 is accompanied by a negative variation of fundamental reactance and
positive variation of second harmonic reactance from the short-circuit condition
and vice-versa, as shown in equations (3.46) (3.47) and in Fig. 3.15 and 3.16.

The variation of both fundamental and second harmonic reactance exposes a
wide design space. Here the expected output power and the theoretical Class-B
efficiency of 78.5% (assuming infinite harmonic contents and two harmonic
voltages) are maintained theoretically constant for the entire ¢ design space. As
explained previously, this is due to the fact that although the variation of J causes
both fundamental and second harmonic load to vary, the DC and resistive parts will
remain constant. Therefore, keeping the current waveform constant, leads to a

constant output power and drain efficiency, as shown in Fig. 3.17.
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Fig. 3.15 — Theoretical Continuous Class-BV fundamental and second harmonic

=1

6=—1

impedances for ¢ varying between -1 <0 < 1 in steps of 0.2.

1.0
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-1.0 0.5 0.0 0.5
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Fig. 3.16 — Theoretical Continuous Class-BV fundamental and second harmonic reactance
X1 and X2 for J varying between -1 <6 < 1 in steps of 0.2.

Fig. 3.17 — Theoretical Continuous Class-BV drain efficiency and normalised output
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3.6 Continuous Class-BI Mode

In “Continuous Class-BI”” mode the operator (1-sind) is applied on the current
formulation, allowing current waveform to vary from its half-wave rectified
sinusoidal shape while maintaining a constant sinusoidal voltage waveform, as

shown in (3.48) and (3.49).
Veont BI (‘9) = (1 - COS‘g) (3.48)

iContiBI (19) = (Ipeak cos 19) ) [l - 5 sin '9] (3/2)7[ <4< (5/2)72- >

=0 7<8<(3/2)r, (5/2)r<9<3x.
(3.49)

This case is similar to the Continuous Class-Al mode in terms of impedance, as
when varying the parameter ¢ the fundamental impedance varies reactively while
the second harmonic impedance will be a fixed point, in this case a short-circuit.
This is due to the fact that, starting from the half-wave rectified sinusoidal current
waveform (which presents fundamental and even contents) the higher harmonics
will still be developed on the current waveform while the voltage waveform
remains sinusoidal. This means that on the voltage waveform only the fundamental
component will be developed leading to a short-circuit second harmonic
termination (thus independently from the spectrum components developed on the
current). The difference between this mode and the Continuous Class-Al is that in
this case by biasing the device at the pinch-off Vgs=Vry, the transistor will remain
active for half time (180°) minimizing the overlap between voltage and current
waveforms compared with the Class-A condition. This leads to higher efficiency of
78.5%, for now multiple fundamental load solutions which can be translated into a
wideband of frequencies.

Fig. 3.18 shows the sinusoidal voltage waveform as well as the new family of
Continuous Class-BI current waveforms achieved when considering fundamental
impedance varying on the circle of constant conductance from its initial load of 50
Q value, and constant short-circuit second harmonic load, as shown in Fig. 3.20.

Fig. 3.19 shows the load-lines for =0 and &=1. As these waveforms are built on the
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half-wave rectified sinusoidal shape, for &=1 and for Vp<Vpc (where Vpc=1) the
current reaches values greater than the standard load-line, while for Vp>Vpc it is

equal to zero being the region where the device is OFF [1].

Voltage (V)
(v) waun)

180 270 360 450 540
9 [degrees]

Fig. 3.18 — Theoretical Continuous Class-BI voltage and current waveforms for & varying
between -1 < ¢ <1 in steps of 0.2.

1.2

1.0 —

\
0.8 —

Ip (A)

0.6
0.4 —

0.2 —

O.O—I

0.0 0.5 1.0 15 2.0
Vp (V)

Fig. 3.19 — Theoretical Continuous Class-BI load-lines for (=0 and =1 (&=-1 is the
symmetric load-line of &=1).

Again, by FFT voltage and current components, fundamental and second
harmonic terminations (here shown as admittances) can be calculated as shown in
(3.50) and (3.51).

Yro =Gro+ j-&-0.424-Gpy, (3.50)

Y, o = short—circuit (3.51)
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m &=0

=

Fig. 3.20 — Theoretical Continuous Class-BI fundamental and second harmonic
impedances for ¢ varying between -1 < £ <1 in steps of 0.2.
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Fig. 3.21 — Theoretical Continuous Class-BI fundamental and second harmonic reactance
X1 and X2 for ¢ varying between -1 < £ <1 in steps of 0.2.
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Fig. 3.22 — Theoretical Continuous Class-BI drain efficiency and normalised output power

for & varying between -1 <& <1 in steps of 0.2.
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It is interesting to observe that here the range of the fundamental reactive
variation (Fig. 3.20) is smaller if compared with both the Continuous Class-AV
(Fig. 3.4), Continuous Class-Al (Fig. 3.10) and Continuous Class-BV (Fig. 3.15)
cases. This is due to the fact that when applying the Continuous theory to the

current waveform smaller variation of the waveforms are observed.

3.7 Continuous Class-FV Mode

For the cases so far described, only a range of fundamental loads has been
revealed for both the Continuous/broadband Class-A modes where varying the
voltage and current waveforms as well as the Continuous Class-BI case. However,
for Continuous/broadband Class-BV case both fundamental and second harmonic
impedance variations have been observed. In all these cases, it was assumed that
the higher harmonic impedances (greater than 2) were short-circuited.

The starting point of the “Continuous Class-FV”’ mode [19] is the conventional
Class-F condition [1, 30, 31]. Here a half-wave rectified sinusoidal current
waveform is presented by biasing the device at its pinch-off and a square voltage
waveform is revealed by presenting the optimum fundamental load, short-circuit
even harmonics and open-circuit odd harmonic contents. For this analysis, the ideal
half wave rectified sinusoidal current waveform (considering infinite harmonic
contents) while the truncated four harmonics square voltage waveform will be
considered.

Equation (3.52) identifies the ideal half-wave rectified sinusoidal current

waveform when taking into account infinite harmonic contents.

icon rr(9)=1 e cosd  0<I<x/2, (3/2)r<9<2x,

—0 712<9<(3/2)x (3.52)

where Ijcak 1s the maximum peak current and 6 is the conduction angle.

Equation (3.53) identifies the factorised representation of the truncated four

harmonics square voltage waveform. Here the voltage waveform is allowed to vary
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by applying the operator [1-dsind] while the current waveform shape is kept fixed

half-wave rectified sinusoidal.

2
Veon Fv (3) = [l —%COSQJ -(1 +%cos3} . [1 —osin 3] (3.53)

For 6=0 the conventional Class-F voltage waveform is obtained, highlighted in
red in Fig. 3.23. When varying the parameter 6 between -1 and 1, the Continuous
Class-FV family of voltage waveforms is revealed [19]. The load-lines are very
similar to the Continuous Class-BV case (Fig. 3.14). Here, it can noted that higher
voltage and current values are reached for 6=1. This is due to the fact that in order
to obtain the square shape on the voltage waveform (for the standard case 6=0) a
third harmonic component is introduced allowing an increase of fundamental
voltage in order to reach the maximum swing. This leads to a higher fundamental
current component in order to restore the initial reference fundamental impedance

for the comparison with the other modes so far presented.

Voltage (V)
(v) waun)

0 90 180 270 360
3 [degrees]

Fig. 3.23 — Theoretical Continuous Class-FV voltage and current waveforms for ¢
varying between -1 < J <1 in steps of 0.2.
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o (A)

0.0 0.5 1.0 15 2.0
Vp (V)

Fig. 3.24 — Theoretical Continuous Class-FV load-lines for 0=0 and 6=1 (0=-1 is the

symmetric load-line of 6=1).
It is important to highlight that for =0 the ideal efficiency of 90.7% can be
achieved using first three harmonic impedances. When varying ¢ different than

zero (again in the range -1+1) equation (3.54) introduces a reactive component for

the fourth harmonic voltage which can be demonstrated by its expansion:

4 3 )
Veont FV (3) = (1 +——=cos3 9——00&9] . [1 —osin 19], (3.54)
- 33 V3
Being:
1 3
cos? 4 = ZCOS 39 + —cos 9, (3.55)
leads to
Veont FV(S)=(1—icosgvthos?aS)[1—5sin3], (3.56)
- V3 343

As it can be noted, the first bracket of (3.56) is the conventional Class-F mode

when taking into account first three harmonic impedances.

Further expansion of (3.46) leads to

vCMLFV(S) =1 —%cos&‘ +Lcos3l9— osing+

343

+5isinl9cosl9—5Lsinl9cos3l9_
NE)

343

(3.57)
Being:
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sinScosS:lsin 29 (3.58)
and 2

sinScos39=%sin43—%sin23 (3.59)

the final expanded voltage waveform can be written as:

vConLFV(S)z1—icos&*—5sin8+Lé‘sin29+Lcos33—isin49

V3 6V3 3/3 63

(3.60)

Here the voltage waveform presents the first four harmonic components, where
the second and fourth harmonics present only reactive components (sin terms).
This means that the second and fourth harmonic components vary on the edge of
the Smith chart (I'=1) as a function of 0. Therefore, in order to keep the constant
ideal efficiency of 90.7%, first four harmonic impedances must be taken into
account when varying ¢ different than zero.

The DC voltage component is equal to unity while the fundamental and

harmonic complex ones are described from (3.51) to (3.54):

Viempix = —%ﬂ"é‘, (3.61)
Vaempre =0—J % 0, (3.62)
Vaempis =%—j -0, (3.63)
Viempre =0—J %5 . (3.64)

By dividing the complex voltage components with the appropriate current
components achievable from the ideal half-wave rectified sinusoidal waveform, the
first four harmonic impedances can be revealed as shown in (3.65), (3.66), (3.67)

and (3.68) and in Fig. 3.25.
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3

Zrg :RFO_.].'T'&"RFO (3.65)
Zypg=0+j-0-1.375-Rp, (3.66)
L = open—circuit (3.67)
Zypo=0+7-6-0.981-Rp, (3.68)

As for the Class-BV mode, fundamental and second harmonic impedances are
related to an inverse relationship, where by varying ¢ positively the fundamental
reactance varies with negative sign and second harmonic reactance varies with
positive sign. In this case the fourth harmonic reactance varies with positive sign
but with different phase compared with the second harmonic load. The third
harmonic impedance is kept open-circuited as the half wave rectified sinusoidal
current waveform present ideally odd harmonics equal to zero.

Again, by presenting simultaneously the fundamental and harmonic impedances
above described, constant output power (normalised to unity) and drain efficiency
0f 90.7% are achieved for the entire range of J, which is translated to a wide range
of frequencies allowing the design of broadband power amplifiers [32, 33], as it

will be shown in Chapter 5.

o
2F0
| ]
4 8=—1. A Zyy
¥ O Zyeg
[ )
L 4
m =0 8=0 o A
[ ]
[ )
[ ]
[ ]
® ()
. 8=1
Q
n
o om 8

o=—1

Fig. 3.25 — Theoretical Continuous Class-FV fundamental, second, third and fourth
harmonic impedances for 0 varying between -1 < ¢ < 1 in steps of 0.2.
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X1, X2, X4 [jQ]

I I I I 1
-1.0 -0.5 0.0 0.5 1.0
)

Fig. 3.26 —Theoretical Continuous Class-FV fundamental, second and fourth harmonic
reactance X1, X2 and X4, for J varying between -1 <J < 1 in steps of 0.2.

100 —
90.7% -
90 —'—0—0—0—0%—0—0—0—0—0 o
3
< =R
S 80 g
~ @
2y 3
c 70 —1-—-—-—-—-—%—-—-—-—-&— 1.00 O
o c
L k]
= 60 s
—o— Eff B
50 — —— Pop H

40 —

I I I I I
-1.0 -0.5 0.0 0.5 1.0

d

Fig. 3.27 — Theoretical Continuous Class-FV drain efficiency and normalised output
power for J varying between -1 <0 <1 in steps of 0.2.

In practical applications, the fourth harmonic component can be ignored. This is
a good approximation as the impedance behaviour greater than three do not affect
significantly the overall performance. Indeed the design of the output matching
network in order to present the appropriate harmonic impedances is already
challenging when considering the first three terminations, especially for a wide
band of frequencies. In Chapter 5 it will be shown that by presenting appropriate
ranges of fundamental, second and third harmonic impedances, where ignoring the
fourth harmonic load, high power-efficiency states can be obtained for a very wide

band of frequencies.
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3.8 Continuous Class-FI Mode

The starting point of this mode termed “Continuous Class-FI” is the same than
previous Continuous Class-FV case, which means that the current shape is half-
wave rectified and the voltage is square. Here, this time it is the current to be varied
from its initial shape by using the operator (1-sind) while the voltage waveform is

kept limited three harmonic square as shown in (3.69) and (3.70) respectively.

2 1
vCOnt_FI(Q):l——cosS+—cos33, (3.69)

V3 33
Lcont FV (9)= (]pmk cos 9)- [1-&sin 9] (3/2)r <9< (5/2)x

=0 r<9<(3/2)x, (5/2)x<9<3x (3.70)

Fig. 3.28 shows the new family of Continuous Class-FI waveforms and the
constant limited harmonic voltage waveform, with load-lines shown in Fig. 3.29. In
this case there is no need to take into account the fourth harmonic impedance as for
theoretical analysis of the Continuous Class-FV. This is because the constant
limited three harmonic square voltage waveform provides only odd harmonics.
Applying the FFT to both voltage and current waveforms and dividing the
fundamental and harmonic voltage contents with the respective current components
the impedances shown in Fig. 3.30 and 3.31 with their respective admittances also
shown in equations (3.71), (3.72) and (3.73) are achieved. Here, the second
harmonic load is kept constant while the new family of voltage waveforms are
achieved by varying simultaneously fundamental load on the circle of constant
susceptance and third harmonic load around the perimeter of the Smith chart from
its open-circuit condition. Again, by varying the impedances just described in
accordance with this theory, constant normalised output power and 90.7% of drain
efficiency can be obtained as shown in Fig. 3.8.5. Besides, as in the previous cases,
the two impedances that vary as a function of ¢ are related from an inverse
relationship. Increasing ¢ the fundamental reactance decreases leading to an
increase in fundamental susceptance while the third harmonic reactance increases

leading to a decrease in third harmonic susceptance, as noted from Fig. 3.31.
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Yoo =Gpo+j-&-0.421- G,
Y, po = short—circuit,

Yipg =0-j-¢-1.516- Gy,

| ----- £<0;=——2¢E=0;—E>0

i
i
i
;

Voltage (V)

180 270 360 450
9 [degrees]

(v) waund

(3.71)
(3.72)

(3.73)

Fig. 3.28 — Theoretical Continuous Class-FI voltage and current waveforms for £ varying

between -1 < ¢ <1 in steps of 0.2.

Ip (A)

0.0 0.5 1.0 15
Vp (V)

Fig. 3.29 — Theoretical Continuous Class-FI load-lines for &=0 and &=1 (&-1 is the
symmetric load-line of {&=1).
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Fig. 3.30 — Theoretical Continuous Class-FI fundamental, second and third harmonic
impedances for ¢ varying between -1 < ¢ <1 in steps of 0.2.
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Fig. 3.31 — Theoretical Continuous Class-FI (a) fundamental and third harmonic
reactance X1 and X3, and (b) fundamental and third harmonic susceptance B1 and B3, for
& varying between -1 <& < 1 in steps of 0.2.

100 —
90.7% ~—
90 ¢ - - - AN A - v - - _g‘
3
g 80+ z
< [¢]
5 [T» o
.5 70 —m = = = = = = = = a— 1.00 g
(5] o
£ 60 =1
5 _
—eo— Eff g
50 - - Poyr ]
40 —
[ [ [ [ [
-1.0 -0.5 0.0 0.5 1.0

Fig. 3.32 — Theoretical Continuous Class-FI drain efficiency and normalised output power
for & varying between -1 <& <1 in steps of 0.2.

As for the continuous modes based on the Class-A and Class-B, when varying
the current waveform a smaller range of fundamental impedance is achieved

compared to one when varying the voltage waveform.

Chapter 3 104



Theoretical Continuous Modes - Vincenzo Carrubba -

3.9 Continuous Inverse Class-FV (Continuous Class-FV'l)
Mode

The starting point of the “Continuous Inverse Class-FV>’ (Continuous Class-FV~
" is the conventional Class-F"' mode presented in Chapter 2, where the inverted
Class-F waveforms are obtained by proper use of the harmonic terminations [1, 30,
31]. Here the ideal voltage waveform includes fundamental and even harmonic
contents identifying a peaking second harmonic half-wave rectified sinusoidal
waveform. The current waveform is obtained by biasing the device for which the
quiescent current is half the maximum drain current (Class-A bias point) and by
presenting odd harmonic contents, resulting in a square wave. In this case a limited
3 harmonic square current waveform will be assumed. The efficiency is equal to
the Class-F when accounting for the same number of harmonics, but with greater
output power and PUF, due to the higher peak voltage. In the Continuous Class-
FV"! mode the current waveform is maintained as a square wave (truncated third
harmonic square) while the operator (1-dsiné) is applied to the voltage as shown in
(3.74), revealing the new Continuous ClassFV™' waveforms shown in Fig. 3.33
with the load-lines provided in Fig. 3.34 [34-35].

The overall drain efficiency would be 90.7% if considering two harmonic
contents in the voltage waveform and infinite harmonic contents on the current
waveform where presenting the perfect square current shape. In this case, finite
harmonic components have been considered in both voltage (two harmonic
contents) and current (three harmonic contents) waveforms leading to a drain

efficiency of 81.7%.

2
Veont Fy (9)= (% —Cos 9) [1-6sin 9]
:(1—\/500515%%00529)-[1—5sin9] (3.74)

:1—«/500519—%5sin9+500529+g55in29—§sin39, (3.75)
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ICont Fy (8) =ipc +acos3+bcos2F—ccos3d, (3.76)

where in this case for maintaining the 50 Q fundamental optimum impedance:
ipc=1.22, a=\/2, b=0 and c=0.23, with a, b and ¢ being fundamental (i), second (i)

and third (i3) harmonic current components.

Voltage (V)
(v) waun)

0 90 180 270 360
9 [degrees]

Fig. 3.33 — Theoretical Continuous Class-FV' voltage and current waveforms for 0
varying between -1< ¢ <1 in steps of 0.2.

— 35=0

SR AN ---5=1

o (A)

Fig. 3.34 — Theoretical Continuous Class-FV™' load-lines for 6=0 and 6=1 (6=-1 is the
symmetric load-line of 6=1).

The complex voltage components are:

.3
I/vlcmplx = _\/E + JZ5 (3.77)
1 A2
V2cmplx = E -J 75 (3.78)
.0
V?acmplx =0+ J Z (3.79)
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Therefore, supposing a band limited square current waveform, fundamental and

harmonic impedances are:

ZFO:RFO _j'5'0.53'RF0’ (3.80)
ZyFo = open—circuit (3.81)
Zypo =0—j-6-1.06-Z,, (3.82)
A 2 9=1
N ® 7y
A B Zyy
A Zy
A
5=.—l
{
430 8=0% m
%
\ d=1
A
A
A A
6=—1

Fig. 3.35 — Theoretical Continuous Class-FV™' fundamental, second and third harmonic
impedances for ¢ varying between -1 < J < 1 in steps of 0.2.

20
— 10—
c
[ |
2 04
2
-10
—— X1
-20 —— X3
T T T T 1
-1.0 0.5 0.0 0.5 1.0
)

Fig. 3.36 — Theoretical Continuous Class-FV™' fundamental and third harmonic reactance
X1 and X3 for J varying between -1 <0 <1 in steps of 0.2.
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Fig. 3.37 — Theoretical Continuous Class-FV™' drain efficiency and normalised output
power for J varying between -1 <0 < 1 in steps of 0.2.

In this case the fundamental load varies on its circle of constant resistance while
the third harmonic termination varies on the edge of the Smith chart from the short-
circuit condition while the second harmonic load is fixed open-circuited. As in the

previous cases the output performance is maintained constant (Fig 3.37).

3.10 Continuous Inverse Class-FI (Continuous Class-FI'")
Mode

The last Continuous mode presented in this Chapter is what is called
“Continuous Inverse Class-FI” (Continuous Class-FI'") [21]. The starting point is
again the conventional Class-F' condition and the new waveforms are exploited on
the current side. Again, the parameter ¢ must be varied between -1 and 1, as in all
the other modes previously presented. Here, both waveforms have been assumed to
be harmonically limited to the third content. Starting from the limited square
current waveform, the new family of waveforms is revealed when varying ¢,
presenting higher peaks (compared with the standard one) while maintaining a
constant harmonic limited voltage waveform, as shown in Fig. 3.38 with load-lines

presented in Fig. 3.39.

VCont_FFl (19)

1]
VR
51—

|

a

o

w2

Vo)
N—

[\S)

:%+cos2 F——=cos9 (3.83)
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Being

cos? g = 11 C0s28 (3.84)
2
equation (3.83) expands into
Veont FI- (9)= 1 —ic059+lcos29 (3.85)
_ ﬁ 2 > .

while the current formulation is
ICont  FI-1 (8)= (i + i, cos 9 + i, cos 2 — i, cos 3.8)- [1 — &sin 19], (3.86)

where ipc=1.22, i1=\/2, 1,=0 and 13=0.203, in order to restore for the conventional

case the same optimum fundamental load of 50 Q.

The expansion of the current formulation leads to

ICont FI- (9): ipc +1cos & —ip-&sin G —g(i1 + z'3)sin 29+

— iy cos 39 + i, gsin 49 (3.87)

| ----- E<0;=—2¢&=0;— E_,>0|

Voltage (V)
(V) waun)

180 270 360 450 540
9 [degrees]

Fig. 3.38 — Theoretical Continuous Class-FI"' voltage and current waveforms for &
varying between -1 < ¢ <1 in steps of 0.2.
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Ip (A)

Fig. 3.39 — Theoretical Continuous Class-FI"' load-lines for &=0 and &=1 (¢&=-1 is the
symmetric load-line of {&=1).

The fundamental and harmonic voltage and current components are:

Ve =1, (3.88)
Viempix = 2, (3.89)
Vaempix = 1 ) (3.90)
2

Viempis =0, (3.91)
Ipe =122, (3.92)
llcmpzx=~/5+j~1-22-cf, (3.93)
Ly =0+ j-0.808- & | (3.94)
L =—0.203, (3.95)
Loy =0—j-0.101-& . (3.96)

The fundamental, second and third harmonic impedances will be:
T~ e M s o (3.97)
Zypo =0+j-0.618 &Ry, (3.98)
Zs o =Short—circuit, (3.99)
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with the admittances reported in equations from (3.100) to (3.102):

V3

Ypo =Gpg +j-§-7-GFo, (3.100)
Yro=0+j-&£-1.615-Gpy, (3.101)
Y. o = Short—circuit . (3.102)

As for the Continuous Inverse Class-FV case, for 6=0 the conventional Class-F!
first three harmonic terminations are obtained. Here the optimum fundamental load
of 50 Q, open-circuit and short-circuit second and third harmonic terminations are
achieved respectively. As it can be noted from Fig. 3.40 and 3.41, when varying ¢
the fundamental admittance varies on its circle of constant conductance while
simultaneously the second harmonic termination varies around the perimeter of the
Smith chart from the open-circuit condition. Again, in order to maintain the same
constant output power and drain efficiency of 81.7% (assuming in this case 3
harmonic components in both voltage and current components) shown in Fig. 3.42,
fundamental and second harmonic terminations are related to an inverse
relationship where the positive variation of fundamental suceptance is accompanied
by a negative variation of second harmonic suceptance (Fig. 3.42 b) with the third

harmonic load kept short-circuited.

ﬁ. | .
® 7y
B Zo W
A 7 =
3F0 c";—. 1
[ ]
)
[ ]
[ ]
A e &=0 0
]
[ ]
L]
[ ]
[}
=1
|
&=+1
u |
R |

Fig. 3.40 — Theoretical Continuous Class-FI"' fundamental, second and third harmonic
impedances for ¢ varying between -1 <& <1 in steps of 0.2.
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Fig. 3.41 — Theoretical Continuous Class-FI"' fundamental and second harmonic
reactance X1 and X1 (a), and fundamental and second harmonic susceptance B1 and B2,
for & varying between -1 < ¢ <1 in steps of 0.2.
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Fig. 3.42 — Theoretical Continuous Class-FI"' drain efficiency and normalised output
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3.11 Chapter Summary

This Chapter has presented the theoretical background defining for the first time
the broadband “Continuous Modes”. Such novel modes have been applied to the
conventional narrow band Class-A, Class-B, Class-F and Class-F' classes.

Nowadays, the emerging wireless communication networks need wide
frequency bands in order to provide the advanced services. This has led the PA
community to invest more resources and effort for the investigation of broadband
PAs used in the wireless communications.

The novel Continuous theory has demonstrated that the well-known
conventional narrow band modes can now be used for wide band applications.
Through the factorial representation of the voltage and current waveforms it has
been demonstrated that different combinations of fundamental and harmonic
impedance solutions for which the output performance does not degrade are
obtained. By presenting these appropriate harmonic load solutions, a new family of
voltage or current waveforms are revealed maintaining a theoretical constant output
performance in terms of power and drain efficiency. It will be demonstrated later
on this thesis that the different set of fundamental and harmonic solutions are then
translated into a wide design space in the frequency domain, allowing the design of

highly power-efficient amplifiers for a wideband of frequencies.
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Chapter 4

Conventional and Continuous

Class-F Measurements

4.1 Introduction

In this Chapter 4 the experimental verification of the standard Class-F mode, as
well as the new Continuous Class-FV mode power amplifier will be explored.
Initially, a developed waveform engineering design procedure where all the
different parameters (bias, input power and impedances) are manually adjusted in
order to optimise a Class-F design is presented. In this case many measurement
iterations involving constant human interactions have been done, in order to
provide the device’s best performance. After this, it will be demonstrated that
starting from minimal DC information about the device itself and using a
theoretical predictor it is possible to speed up the measurement activity saving
valuable time. Here for the first time the theoretical predictor uses the “Waveform
Engineering Postulator” concept in order to achieve targeted waveforms and thus
obtain the desired output performance. In addition, for the first time it will be
shown through measurement results that once the standard Class-F mode is

obtained, by varying properly the fundamental and harmonic impedances, as
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theoretically explained in Chapter 2, the Continuous Class-FV output impedance

solutions where the optimum output performance is maintained can be revealed.

4.2 Class-F Measurements

4.2.1 Practical Design Limitations

As described in Chapter 2 of this thesis and well known from the general
literature review [1-4], the Class-F power amplifier presents a half-wave rectified
sinusoidal current waveform and a square voltage waveform at the device current-
generator plane Igenprane [5]- Here, the theoretical drain efficiency can ideally be
100% [6] when accounting for infinite harmonic content in both current and
voltage waveforms and when not considering other non-ideal effects such as the
knee voltage. However, the efficiency starts to decrease when dealing with real
devices due to practical limitations. The process described in this paragraph will
show the actual steps required in order to optimise the overall device performance
when working with real devices.

The first limitation is due to the number of harmonics that can be taken into
account, this is simply called “harmonic limitation”. As already said, for the
achievement of the ideal 100% efficiency, infinite harmonic content should be
taken into account. In reality it is not possible to control the entire spectral content
as the complexity and cost would be prohibitive.

The efficiency of a real device is described by two factors: 77,,... and 77,

which are the ratio between the fundamental voltage and current with the DC

voltage and current components respectively [7], as shown in 4.1 and 4.2.

voltage ﬁ ) VDC ) .
Mourrent = e 4.2)
current \/5 ) [DC . .

Where 7,1age 1 the voltage efficiency describing the voltage harmonic content
limitation and 7.ens 1 the current efficiency describing the current harmonic

content limitation.
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Therefore, the actual overall efficiency will be function of the number of

harmonics utilised as shown in (4.3) and Table 4.1

Lrr VR
Midear = M current " Mvoltage \/E 1, \/5 V. 4.3)
TABLE 4.1
CLASS-F OPTIMUM DRAIN EFFICIENCY AS A FUNCTION OF UTILISED HARMONICS
Class-F Efficiency (%)
N M=1 M=3 M=5 M=
1 50 57.7 60.35 63.66
2 70.71 81.6 85.35 90.03
4 75 86.54 90.52 95.48
o0 78.54 90.63 94.8 100

When considering infinite harmonics on both the current and voltage
waveforms, voiage = Newrrene = 1, resulting in an ideal efficiency of 100%, again
shown in Table 4.1. If decreasing the harmonic content on the voltage waveform
from infinite to five, while still presenting infinite content on the current waveform,
the efficiency decreases down to 94.8% [1, 8]. In the measurement system used in
Cardiff University [9], first three harmonic contents can be controlled; this means
that the maximum drain efficiency achievable can be approximately 90.6%.

However, even if the first three harmonic impedances can be controlled and
manipulated, the 90.6% of efficiency still cannot be reached due to the second
practical limitation called “DC offset limitation” 1y, as shown in (4.4).

The DC offset is due to the achievable minimum current and voltage values (Imin

and Vpin), which are not zero. This makes a fraction of DC power unavailable for

the RF power conversion, resulting in a reduction of overall efficiency.

v, I,
— 1 __ knee 1 _ " min 44
nqﬁfset [ VDC j[ ]DC ] ( )

In real devices the minimum achievable current can be close to the zero value,
while most of the efficiency degradation is actually due to the minimum voltage
also known as the knee voltage Vinee [1]. The offset efficiency formulation is

presented in (4.5), which clearly shows that if minimum current and voltage values
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Imin and Vipee are greater than zero, the 77,4, 1s smaller than 1. Supposing that 10%
of the overall DC to RF power conversion is loss due to the knee voltage, this
results in 7, =0.9.

The overall efficiency 7 can thus be calculated as
n= nvoltage * 1 current * nojj"set . (45)

Therefore, considering that the measurement system can control up to three
harmonic impedances and supposing that the offset limitation is approximately
around 0.9, the actual device overall efficiency achievable will be

n= nvoltage * 1 current * nojﬁet =0.906+0.9=81%. (46)

This value of efficiency around 80% is quite common for a compressed (from 1
to 3 dB gain compression) Class-F power amplifier realisation [10].

These practical limitations are very important to understand when designing
power amplifiers, as without any knowledge of the actual number of harmonics
used and especially without knowledge of the devices itself it is not possible to

quantify how successful the design has been.

4.2.2 Manual Class-F Measurements

The first step in achieving the Continuous Class-F mode is the conventional
narrow band Class-F condition. Therefore, before the broadband/Continuous Class-
F mode can be presented, it is important to describe the systematic approach [11
and Appendix D] used on the measurement activity in order to provide the
optimum standard high efficient Class-F PA design through waveform engineering
[12-13].

This approach is based on a systematic methodology which consists of a
“manual search” of the best combination of bias condition Vg, input power Py
fundamental and harmonic impedances Zgo, Zoro and Zspo in order to achieve the
target high efficient Class-F condition. This “manual search” can take many
measurement iterations involving constant human interaction, but provides and
ensures the best device’s performance as the different parameters are continuously

adjusted [8, 11].
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Measurements have been performed on a wafer-probeable 2 fingers HFET GaN
power transistor from QinetiQ with gate width Wg=50 um and gate length Lg=0.6
um, operating at 15 V supply voltage, 0.9 GHz fundamental frequency and
delivering around 23 dBm of output power. The measurements have been carried
out using the active envelope load-pull (ELP) measurement system developed at
Cardiff University and already presented in Chapter 2. By using a software
environment called Igor (available from WaveMetrics) developed at Cardiff
University, measurements can be performed at the measurement plane as well at
the device Igen-pLane by de-embedding the drain source capacitor Cpg. The value of
Cps is again achieved by using the same Igor software. Here, the software runs
different values of Cps leading to different current waveforms. Therefore, the
software compares each waveform with an ideal (in this case) half wave rectified
sinusoidal class-B waveform. The waveform which is closer in shape to the ideal
half-wave sinusoidal waveform is the one for which the Cpg is achieved, in this
case Cps=0.04 pF [14].

The half-wave rectified sinusoidal current waveform is achieved with addition
of even order Fourier contents generated by the device at its pinch-off point (Vrn),
where for this device Vrp=-5.5 V. This means that by biasing the device at its
pinch-off Vgs=Vry the third harmonic content (or odd harmonic content, when
considering higher harmonics) should be equal to zero, providing the desired
current shape.

Therefore, by presenting a Vgs=Vri and short-circuit second and third harmonic
impedances it is possible to vary simultaneously the drive power and the
fundamental impedance in order to find the combination where the drain efficiency
is maximised or the best trade-off between power, efficiency and gain is revealed.
In this case fundamental impedance Zpy=400+j0 Q and input power Pin=16 dBm
have been found at the Igen-pLane for which the device was approximately at 1 dB
of gain compression.

This condition is what in this case has been called “pseudo” Class-B condition.
This is due to the fact that, although the theoretical the Class-B state is achieved

when biasing the device at its pinch-off, in real measurements lower gate bias
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voltage are often revealed, where the device tries to go into its “relaxation” mode
[8, 12] through the right bias condition.

Fig. 4.1 shows the plot of the third harmonic current function of the bias point
Vgs. Here, it can be noted that the bias point which minimises the third harmonic
current is not the actual pinch-off value Vry=-5.5 V, but slightly lower at
Vgs=-5.6 V. This can be due to the non-unilateral device characteristic also due to

the feedback capacitor as well as the non-linear Cgs capacitor behaviour [15-16].

16

- |=e— 3f0

third harmonic content [mA]

O T T 1T T 71
68 -64 -60 -5.6 -52 -4.8 -44 -4.0
Vs [V]

Fig. 4.1 — Measured third harmonic current function of bias voltage.

It is important to highlight that the definition of Class-B bias point of Vgs=Vn
is valid for the ideal analysis, as the third harmonic current in null. When dealing
with real devices it has been demonstrated that the zero third harmonic current can
be reached by presenting a bias point lower than pinch-off, still delivering the
expected output power, as shown in Fig. 4.2. Once the right bias voltage is
obtained, while still presenting short-circuit second and third harmonic
terminations, the fundamental impedance can be varied and the actual Class-B
condition with the half-wave rectified sinusoidal current waveform and the
sinusoidal voltage waveform can be revealed.

The next step is to engineer the voltage waveform towards a square shape thus
presenting the Class-F condition. The square voltage waveform is achieved with
odd Fourier components resulting from the open circuit termination, which ideally
leads to even harmonic voltages equal to zero. In fact, once the current waveform

has been selected, harmonic tuning is performed to engineer the voltage waveform.
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Leaving the second harmonic impedance at a short-circuit and presenting an open-
circuit third harmonic impedance a square-like voltage waveform is revealed. The
increase in third harmonic voltage is accompanied by an increase in the
fundamental voltage. This means that, in order to maintain a constant fundamental
current waveform, when using three harmonics the first harmonic impedance must
be increased by a factor of 2/\3 (approx. 1.154) [1] as shown in Table 2.IV of
Chapter 2. Table 4.II and Table 4.1 show the Class-F optimum fundamental and
harmonic impedances and the output performance at around 2 dB of gain

compression. Indeed, Fig. 4.2 shows the behaviour of drain efficiency (77), power

added efficiency (PAE), output power (Pour) and transducer power gain (Gr)

function of the input power.

TABLE 4.11
CLASS-F FIRST THREE OPTIMUM HARMONIC IMPEDANCES
7,(f0) 7,(210) 7,(310)
0.8520° 1£179° 1£6°
TABLE 4.111
CLASS-F OUTPUT PERFORMANCE
1 %] Pour[dBm] PAE[%)] Gain [dB]
81.02 23.57 78.99 10

— — 30
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_% —— Pout - 25
) —A— Gain
.. 60— PAE
S o
S - 20 o
w S
o @
= / 15 3
S 2
)
c - — 10
[
o
b
0 - 5
I I I I I
2 0 2 4 6
Pin [dBm]

Fig. 4.2 — Measured drain efficiency, PAE, output power and transducer power gain
function of the input power sweep.
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The plots in Fig. 4.3 show the Class-F voltage and current waveforms (left) as
well as the load-lines (right) for different power sweeps. Optimum waveforms are

highlighted in red where Poy71=23.57 dBm and drain efficiency 7=81.02%.

[vw] 9
15 [MA]

0.0 05 1.0 15 2.0x10°
Time (s)

Fig. 4.3 — Measured voltage and current waveforms and load-lines function of Pyy.

4.2.3 Speeding-Up the Measurement Activity

The importance of minimizing the time required for the characterization of
modern microwave devices, such as those used in the RF Power Amplifier (RFPA)
has become critical as it allows manufacturers to gain a competitive advantage.

An established and preferred approach in designing RFPAs is based on non-
linear device modelling, where CAD and well-defined device models are used to
reduce and ideally eliminate measurement complexity, reducing to a minimum the
number of measurements needed to achieve a required or target performance.

However, device models, or sufficiently accurate device models, tend not to be
available for the emerging and highly promising device technologies that may be of
interest to future PA designers.

Another approach which will not be discussed in this thesis and discussed
elsewhere [16-21] is based on “X-parameters”. This approach uses the combination
of large signal measurements and the CAD approach. Once the large signal
measurements are obtained, the CAD simulator can load and use such data to
facilitate the PA design.

The alternative design approach is based on direct device measurement and
specifically conducting fundamental and harmonic load-pull measurements,

possibly at different drive and bias levels and with the design targets usually being
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drain efficiency, output power and gain [Appendix D]. As shown in the previous
paragraph and in other papers [8, 11, 22], this approach reveals the best design
condition but demands significant microwave measurements and involves a high
degree of human interaction over a significant time frame.

Here, an intermediate design and optimisation process that lies somewhere
between simple modelling and the measurements world, where by combining the
two approaches and taking the benefit of both, will be described. Obviously the
device cannot be perfectly described using a simple model, but using simple
information of the device itself it is shown how measurement and characterisation
time can be substantially reduced. The advantage of using an analytical procedure,
in this case IGOR software from WaveMetrics [23], is to achieve quick results
(without any further simulation). Such results can directly guide and control the
load-pull system, indicating the first guess toward the measured optimum output
performance [24] [software panels described in Appendix E]. The approach
described in this paper is divided into two stages. The first stage involves the
extrapolation of simple DC parameters from DCIV measurement data. The DCIV
measurements have been conducted by using a voltage supply together with an
IGOR software that measures the achieved drain current. From these measured
data, a linear or ‘modified’ hyperbolic tangent approximation of the device’s
transfer characteristic is then derived. From here, the voltage and current PA
waveform postulator firstly presented by Cripps [1] has been developed and used to
apply waveform engineering concepts in order to identify high power and high
efficiency modes of operation. The resulting postulated achievable current
waveforms are initially used to identify optimum bias conditions and then the
required harmonic impedances. In the second stage waveform device
characterisation is 'guided' using the postulated target waveforms that have been
identified and these are then used as the basis for the load-pull measurement
activity. It will be shown that, for well-behaved devices and using postulated data
generated from first step, satisfactory measurement results can be achieved very
quickly. In fact, for both well-behaved and wunpredictable and high
power/frequency devices, this procedure can give quick 'first-guess' information for

bias voltage and impedances information allowing focused load-pull activity to be
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quickly conducted. A comparison of output performance achieved using a typical
manual measurement procedure described in Section 4.2.1 where the optimum
target performance has been achieved using accurate but time consuming load-pull
measurements, and this high-speed approach using linear and modified tanh
approximations of the device’s transfer characteristic have been conducted in order
to demonstrate the validity of the approach. For this investigation approach, the
same QinetiQ GaN transistors used in Section 4.2.2 operating at 0.9 GHz
fundamental frequency and 15 V supply voltage have been used.

4.2.3.1 Automated Approach
The first stage of the developed automated approach is based on DCIV

measurement data, from which two approximations of the device’s transfer
characteristic, linear and modified hyperbolic tangent (tanh) [25] functions are
derived. The device used in this experiment is the same of Section 4.2.2. Firstly, for
the linear approximation five parameters are extracted to adequately describe the
DC boundaries and the device transfer characteristic. Specifically these are drain
voltage (Vpc), pinch-off voltage (Vry), saturation drain current (Ipss), knee voltage
(Vknee) and the transconductance (g,,). For the modified tanh approximation, the
addition of empirical parameters termed A, B and C are used, as later shown in
(4.9). Once the DCIV measured data has been obtained, this is then utilised by the
postulator to predict the required drive, bias voltage and harmonic impedances as
well as the expected time-domain voltage and current waveforms, output power
and efficiency for a specific mode of operation.

Drive level and input bias along with the device’s boundary conditions play a
significant role in shaping the current waveform. In this analysis, input bias is
typically swept over a range around the theoretical Class-F bias setting which will
be in the region of the device's pinch-off voltage. The relationship between the
postulated output current and voltage waveforms dictate the achievable output
power and drain efficiency. The link between the input bias and output current
waveform is provided by an appropriate choice of the transfer characteristic as
shown later in (4.8) and (4.9).

Fig. 4.4 shows the flowchart of the approach. For a successful optimisation, it is
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important to accurately specify and weight the targeted output power level. As an
example, for a given bias range the predictor may converge towards a Class-C bias
point thus optimising for very high efficiency at the expense of output power. If
inaccurate specifications are used, the predictor might not converge, due to the fact
that, for example negative impedances would be needed in order to deliver the right
output power and/or efficiency [26-28]. In this work only positive impedances will
be considered and taken into account. Once the optimum waveforms are identified
by the postulator the resulting device conditions are uploaded into the time-domain
measurement system software. This then replicates in reality the bias, drive, and
harmonic loading conditions identified by the postulator. To facilitate accurate
comparison with the waveforms measured at the output reference plane established
by the measurement system, the predicted waveforms (which are postulated in the
absence of extrinsic and intrinsic parasitic effects) are embedded with the effects of
the device output parasitic capacitance. As for the manual measurements, a value
of Cps=0.04 pF was used. It should be noted that the embedding of the parasitic
output capacitance is necessary to verify the device performance in terms of output
power and efficiency, as well as to identify the harmonic loads that need to be

presented at the device measurement plane.

{DCIV Measurements} ( Quick measurements of DCIV data )

I_\L

[Extraction DCIV parameters] ( Extraction of DC data )

( Set the boundary conditions on
- set boundary conditions | the software predictor)

\_¢

Bias Voltage,
Harmonic Loads

_ Measurements (Measurements using
using predicted parameters| predicted values)

Fig. 4.4 — Flow chart of the approach.
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4.2.3.2 Extraction DCIV Parameters

For these measurements, the DC drain voltage was fixed at Vps=15 V. The knee
voltage (Vinee) 1s the point that divides the saturation and the linear region of the
device and in terms of time domain waveforms can be defined as the minimum
value of the achievable RF drain voltage. As it can be seen from Fig. 4.5, the Vipee
can assume any value between 0 and 4 V. A correct value can be established by
knowing the output RF power (Pour) which is delivered by the device according to
the following equation [29]:

POUT — % (VDC — anee) ) ID )

(4.7)

120

100 —

Ip [MA]
3
l

20 — Vknee=2V [~

Vp [V]
Fig. 4.5 — Measured DCIV.

With reference to equation (4.7) and Fig. 4.5, if operating with a knee voltage of
2 V, the corresponding maximum drain current is approximately 65 mA and
achievable output power is approximately 23.2 dBm, which in this case is the
closest to the expected value of 23 dBm. The saturation current (Ipss) is the
maximum current which the device can deliver and this parameter can again be
easily found from DCIV characteristic shown in Fig. 4.5. The pinch-off voltage
(V) is the gate bias voltage where the device starts to conduct current. This value
can be obtained from the extracted transfer characteristic. G, is the
transconductance of the device which is identified by the slope of the transfer
characteristic. A, B and C are empirical values introduced and used to fit the

modify tanh approximation of the transfer characteristic as close as possible to the
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measured one. Table 4.IV summarises the DC extracted parameters which are

common to both transfer characteristics.

TABLE 4.1V
EXTRACTED DC PARAMETERS
Voc [V] Viu [V] Ipss [mA] Vinee [V]
15 -5.5 105 2

4.2.3.3 Waveform Engineering Prediction
When using both the linear and hyperbolic tangent approximations of the

transfer characteristic, additional DC parameters need to be extracted; an example

is shown in Table 4.V.

TABLE 4.V
EXTRACTED PARAMETERS FOR DIFFERENT TRANSFER CHARACTERISTICS
Linear Tanh
8m [AV] A B C
0.43 2.25 04 0.316

Using the two simple functions to model the transfer characteristics shown in
(4.8) and (4.9), it is possible to generate an idealised three-harmonic Class-F
voltage waveform (3™ harmonic square waveform) that achieves good postulated
results in terms of bias voltage (V) and harmonic impedances.

VDS

V,
ID_linear =Vg " 8m I pgs|1—e hne (4.8)

b

VDS
Ip anh =[(1+ 4 tanh(vg - B~V - C))/2]- 21 pgg| 1 e boee

, (4.9)
where v, is the input voltage while A, B and C of (4.9) are three parameters that
have been added in order to fit as close as possible the theoretical transfer
characteristic to the measured one.

Fig. 4.6 shows that the linear function and especially the tanh function in this

case offer good approximations to the measured transfer characteristic.
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Fig. 4.6 — Measured and postulated linear and hyperbolic tangent characteristics.

Using the DC parameters established for the tanh characteristic, the postulator
identifies the optimum bias point and fundamental and harmonic impedances
(shown in Table 4.VII) for in this case a Class-F mode of operation. Since this
mode relies on a half-wave rectified sinusoidal current waveform, the third
harmonic current component is significantly suppressed. The predictor will also
develop waveforms such as those in Fig. 4.7, as well as the expected output power

and drain efficiency shown later in Table 4.1X.

30
L 50

2 30

Z 10 - —20 =
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Fig. 4.7 — Predicted Class-F voltage and current waveforms at the Igen.prang using the
modified tanh characteristic.

Fig. 4.8 shows the behaviour of the third harmonic current as a function of gate
bias voltage (V) for the two modelled transfer characteristics as well as from
direct measurements. It can be seen here that to minimise the third harmonic
current, the hyperbolic tangent function offers a closer fit to the measured device

behaviour.

Chapter 4 131



Conventional & Continuous Class-F Measurements - Vincenzo Carrubba -

6x10"° - | =e— Measured
—— Linear
—e— Tanh

third harmonic current [A]

O llll]llllIllll]lllllllll]lllllllll]lllllllll
-6.20 -6.00 -5.80 -5.60 -5.40
Ve [V]

Fig. 4.8 — Third harmonic current amplitude for measured and linear and hyperbolic
tangent functions.

In the manual measured case (Fig. 4.1 and 4.8), the Class-F bias point (Vg=-5.6
V) is slightly lower than pinch-off (Viy=-5.5 V) resulting in a higher value of
efficiency while still maintaining the expected output power. For both linear and
tanh functions, the optimum choice of bias voltage is not the one that exactly
minimises the third harmonic current. This is because the aim is to achieve the best
trade-off between efficiency and output power. Considering for example the tanh
approximation, a bias point of Vg=-5.68 V offers the best postulated efficiency
(7=83%). However, this is at the expense of lower output power Poyr=22.7 dBm.
Changing the bias voltage to Vg=-5.64 V (shown in Table 4.VI) results in a better

compromise between efficiency #=82% and higher output power Poyr=23 dBm.

TABLE 4.VI

IDENTIFIED BIAS VOLTAGE FOR MINIMUM 3*” HARMONIC CURRENT FOR DIFFERENT
TRANSFER CHARACTERISTICS

Measured Linear Tanh

Bias Points 5.6V 5.78V 5.64V

4.2.3.4 Measurements Using Predicted Parameters
Once the required impedances and bias voltage have been identified, the next
stage was to use these emulated values directly in the measurement system in order
to identify the resulting measured waveforms, output power and efficiency on the
real device. Table 4.VII summarises the first three impedances when using the

manual procedure and when using the predictor procedure applying both the linear

as well as the tanh functions.
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TABLE 4.VII.
FUNDAMENTAL AND HARMONIC IMPEDANCES AT OUTPUT MEASUREMENT PLANE
Z(F0) [Q] Z(2F0) [Q] Z(3F0) [Q]
Manual 616+j2.96 0+j0.43 0+j954
Linear 630+j91 0+j0 2209+j2131
Tanh 626+j90 0+j0 2152+j1708

Fig. 4.9 shows the measured and predicted (inset) load-line for both device
plane (green line) and output measurement plane (red line). The predicted load-line
has been identified using the hyperbolic tangent characteristic approximation. It
can be seen that the measured results agree quite well with those predicted.

Besides, noted the knee voltage is approximately 2 V as expected.

100 - 100
_. 80

80 — £ 60
_ = 40
< 60 20
E 0
o 40 — T T T T 1

0 5 10 15 20 25 30
20 — Vo V]
0
| | | | |

0 5 10 15 20 25 30
Vp [V]

Fig. 4.9 — Measured RF load-line at the Igen.prang (green line) and output measurement
plane (red line) with the predicted load-line inset.

Similarly, as it can be seen from the measured time domain voltage (red line)
and current waveform (blue line) in Fig. 4.10, there is a good agreement with the

predicted waveforms of Fig. 4.7.
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Fig. 4.10 — Measured voltage and current waveforms at the Iggn_pLanE-
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4.2.3.5 Results and Comparison

Table 4.VIII shows measurement results achieved using the manual approach
where all target parameters have been obtained using lengthy sweeps directly from
the measurement activity without any prediction, while Table 4.IX shows the
predicted and measurement results when using the predicted linear and modified
tanh approximations. It can be noted that the new procedure yields device
performances that are close to that achieved when using the manually driven
approach. Obviously the predicted values will be closer to the measured
equivalents for well-behaved devices. In any case an important first guess can be
achieved, greatly reducing the time taken to locate these optimum values.

Interestingly, both linear and hyperbolic tangent functions are able to predict
bias point and harmonic impedances that show a very good agreement with those
identified using the manual approach thus demonstrating the validity of the
approach. For unpredictable devices or higher frequencies, this first guess gives a
zoomed window in which load-pull can be conducted for the achievement of the

optimum condition, saving valuable time.

TABLE 4.VIII
MANUAL MEASUREMENT RESULTS

Measurements

Manual Pour=23.57dBm
n=281.024

TABLE 4.IX
PREDICTED AND MEASURED RESULTS USING PREDICTION

Prediction Measurements

Linear Pour=22.93dBm |  Pour= 23.3dBm
n=82.71% n="79.6%
Tanh Pour=22.96dBm |  Pour= 23.34dBm
n=282% 7 =180.35%

In this section it has been demonstrated that armed only with simple DC
information describing a real device, it is possible to significantly speed up load-
pull measurement activity. The incorporation of simple waveform data derived
from a basic set of DC measurements can have a significant impact in supplying

important first-guess measurement data including drive, bias and load condition.
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This would dramatically improve the time utilisation of the load-pull measurement
systems. This work is therefore of high significance to the load-pull measurement
community where combining the measurement activity with modelling (albeit
simple modelling) knowledge, it is possible to avoid very time consuming
measurement activities. Results based upon postulated waveforms show a good
agreement with those obtained using a conventional manual search procedure for
well behaved devices. Here predictions and measurements have been demonstrated
on a single GaN device from QinetiQ, however predictions and measurements have
been conducted using different geometries of QinetiQ GaN transistors as well as
TriQuint and RFMD (Radio Frequency Microwave Devices) GaAs transistors, all

giving satisfactory results.

4.3 Continuous Class-FV Measurements

Section 4.2 has shown and explained a detailed and systematic methodology for
the design of very power efficient Class-F power amplifiers. It has been
demonstrated that this approach works both when conducting the measurements
without any knowledge of the device itself (the manual procedure) and when using
a predictor software, which by starting from few DCIV measurements can provide
a satisfactory first guess to the measurement system speeding up the overall
measurement activity [24].

Nowadays there is a great demand on power amplifier (PA) designers to
improve the efficiency over increasingly broad frequency ranges without
significantly sacrificing output power levels. The challenge in designing
harmonically tuned PA modes such as the standard Class-F and Inverse Class-F
[30-34] is to maintain the required short and open circuit harmonic terminations
which due to practical constraints must be placed at a distance from the device and
generally limit achievable relative bandwidths. However, as theoretically presented
in Chapter 3 [35], through a new formulation for the voltage waveform it is
possible to design RFPAs (radio frequency power amplifiers) that maintain
constant high efficiency and output power over a continuous range of fundamental

and second harmonic impedances.
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The Continuous Class-FV design space described theoretically in Chapter 3 has
been explored experimentally on the ELP measurement system developed at
Cardiff University [36]. Again the measurement system allows voltage and current
waveforms to be measured at the extrinsic device measurement plane and then
shifted to the device intrinsic current-generator plane by de-embedding the drain-

source capacitor Cpg [5] as explained previously and shown in Fig. 4.11.

Shifted from measurement
to Igen plane

P

Measurement

lGEN—P]zmc Plane
|

IN OuUT

O

o0— . .
Intrinsic J_

i
i
i
i
device l Cos I
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Fig. 4.11 — Iggy and measurement reference planes.

The devices used for the experimental validation of this theory are on-wafer
from TriQuint TQPED GaAs (gallium arsenide) Foundry process, specifically 6x50
um depletion mode. The measurements have been conducted at 0.9 GHz
fundamental frequency, using 6 V supply voltage and delivering approximately 20
dBm of output power.

The approach presented in the previous paragraph has been applied to the device
in order to achieve the initial conventional Class-F state. First of all a value for the
bias voltage Vs is selected for which the third harmonic current is minimised, in
this case Vgs=-0.85 V. This condition produces the half-wave rectified sinusoidal
current waveform required. Once the current waveform is established, the desired
Class-B fundamental load Zgo g=186.2+j0 Q is determined with higher harmonic
impedances being short-circuited. Important to note is that the fundamental
impedance is purely resistive as the reference plane has been shifted from the
measurement plane to the device current-generator plane through the de-embedding

of the drain-source capacitor (Cps) which in this case is Cps=0.14 pF [37]. The
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study of waveform engineering at the Igen-prLane 1S important to understand the
device behaviour and to establish the various PA modes. The first three harmonic
impedances at the measurement plane are: Zpy=0.61L.2.9° (209+21 Q),
Zrr0=Z3r0=0 (short-circuit). To move towards the Class-F mode, harmonic load-
pull is employed to engineer the voltage waveform. Here, the second harmonic
impedance is kept at a short-circuit whilst the third harmonic impedance has been
open-circuited. In the final step at the Igen.pLane the fundamental impedance is
scaled by 2/N3 (approx. 1.154) in order to increase the fundamental voltage
component and therefore regain the minimum voltage value of the squared
waveform that is comparable to the original Class-B mode. In this case an optimum
Class-F fundamental impedance Rpy ;=215+j0 Q is obtained. The scaling of the
fundamental load also restores the fundamental current swing that was created
initially for Class-B. The measured maximum drain efficiency and output power
are 7=87% and Poyr=20.3 dBm respectively at around 2 dB of gain (G)
compression (P2dB), where the power gain is G=27 dB as shown in Fig. 4.12, with
the current and voltage waveforms shown in Fig. 4.13. The efficiency does not
reach the ideal value of 90.6% as the higher harmonic impedances are not short or
open-circuited, but kept close to the 50 Q characteristic impedance of the
measurement system. Additionally, the actual knee voltage is greater than zero,
thus explaining the lower measured efficiency compared with theory. However, the

achieved drain efficiency is very close to the theoretical one due to the low device

knee voltage.
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Fig. 4.12 — Measured Class-F efficiency and power gain function of the output power.
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Fig. 4.13 — Measured Class-F voltage and current waveforms at the Igen.prang function

of the input power.

Once the conventional Class-F condition has been achieved, by applying the
Continuous Class-FV theory [35] described in Chapter 3, the current waveform is
kept constant half-wave rectified sinusoidal while the voltage waveform is allowed

to vary as shown in Fig. 4.14 and obtained from equations (4.10) and (4.11).
Voont dassFV(S) =|1- icosg 2 |1+ Lcosé’ . [1 —osin 19] (4.10)
- V3 V3

iconticlassFV (19) = ]peak COos "9 0<%< 72'/2, (3/2)71' <9< 271',

~0 0<89<rm/2 (4.11)
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Fig. 4.14 — Theoretical Continuous Class-FV voltage and current waveforms at the
IGEN—PLANE-
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The new design space was explored for the identified range of J, where -1< J <1
in order to maintain a positive voltage waveform. Here, the reactance of the
fundamental impedance was varied versus a range of second harmonic reactances
while maintaining a constant open circuit third harmonic termination.

Fig. 4.15 shows the Smith chart with the measured first three harmonic
impedances function of d. Here, as it can be noted in the yellow circle, for 6 > 0.5
the second harmonic impedance is not placed on the edge of the Smith chart, this is
due to stability considerations [38]. Therefore, in this case second harmonic loads

with reflection coefficient (I') smaller than 1 have been presented.

§=0 ©

Fig. 4.15 — Measured Continuous Class-FV first three harmonic impedances for -1 <0 <1
in steps of 0.1.

Figures 4.16 and 4.17 show the device output performance in terms of both
power and efficiency as well as the combination of fundamental and second
harmonic reactance function of ¢. The variation of ¢ from -1 to 1 is in fact
translated into a variation of X1/R1 from 0.85 to -0.85. During these measurements
the third harmonic impedance was maintained open-circuited. Maximum efficiency
of 87.0% is achieved for X1/R1=0 (standard Class-F). It is important to highlight
that efficiency and output power are maintained at almost constant levels for a wide
range of X1/R1 from -0.4 to 0.85, consistent with the theoretical prediction. When
moving towards ¢ > 0.5, the output power and especially efficiency degrades. This

is firstly due to the fact that the second harmonic impedance could not be placed on
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the edge of the Smith chart as mentioned previously. Besides, in this measurement
activity, only the first three harmonic terminations have been controlled. The fourth
harmonic impedance is a fixed point somewhere in the Smith chart (usually not too
far from the 50 Q2 environment characteristic impedance) and can lead to a decrease
in efficiency, especially in the two edges of 0==1) [39]. Therefore, as a function of
where the fourth harmonic (as well as the higher harmonics) termination is placed,
the output performance can be better in one side of J or worst in the other side, in

this case for 6>0.5.

o=1 8=0.5 8:|0 6=—IO 5 8:|— 1

100 — '
a S ~—e—o| 1.0
80 — </
S L 05
—~ 60— x
£ - 00
S 40 o a
= 0.5
20 — —o— Efficiency
—— X2/R1 —-1.0
e e L B B B E—
0.8 0.4 0.0 0.4 0.8

X1/R1

Fig. 4.16 — Measured Continuous Class-FV efficiency for coupled variations of
fundamental and second harmonic reactances for -1 <J < 1 in steps of 0.1 and keeping
open-circuited the third harmonic load.
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Fig. 4.17 — Measured Continuous Class-FV output power for coupled variations of
fundamental and second harmonic reactances for -1 <J < 1 in steps of 0.1 and keeping
open-circuited the third harmonic load.
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It is important to remember that the current waveform should be maintained
half-wave rectified sinusoidal, thus while stepping through the values of o, the
drive power was actively adjusted in order to keep the current as constant as
possible. Fig. 4.18 shows the changes of the available power Pays (drive power)
and as well as the input power which flows into the device. Fig. 4.19 shows the
input reflection coefficient at the fundamental frequency during the emulation of
the Continuous Class-F mode when varying 6. These changes are thought to be
caused by the increased peak values of the drain voltage for 0 # 0 and explains the
need for drive power adjustments during the emulation of this PA mode. Over
frequency this can be compensated for in the design of the input matching network.
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Fig. 4.18 — Measured variations of the input power (input power and available from the
source power) during the emulation of the Continuous Class-FV PA mode.
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Fig. 4.19 — Measured variations of the input reflection coefficient (magnitude and phase)
during the emulation of the Continuous Class-FV mode.
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For further investigations contour plots have been measured over the new

impedance design space as shown in Fig. 4.20 and 4.21. During these

measurements, the drive power has been kept constant. The contour plots

demonstrate that both drain efficiency and output power are dependent on the

fundamental and second harmonic reactance, and clearly indicate the predicted

design space, producing an optimum device performance region of coupled X1 and

X2 solutions. The best performance is when the fundamental is positive and second

harmonic reactance is negative and vice-versa, as within the Continuous Class-FV

mode X1 and X2 have an inverse relationship.
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Fig. 4.20 — Measured Continuous Class-FV drain efficiency as a function of normalised
X1 and X2 for constant drive signal.
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Fig. 4.21 — Measured Continuous Class-FV output power as a function of normalised
X1 and X2 for constant drive signal.
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Fig. 4.22 shows the measured RF voltage waveforms at the current-generator
plane with ¢ ranging from -1 to 1 with the classic Class-F waveform given for
X1/R1=0 (highlighted red waveform). It can be seen that the new family of voltage
waveforms are very similar to the theoretical ones presented in Fig. 4.14.
Comparing the Continuous Class-FV waveforms with those of the standard Class-F
also highlights the increase in peak voltage, which effectively creates the new
design space. This concept can be used for low supply voltage or device
technologies with high breakdown voltages as the emerging power transistors in
GaN (gallium nitride) or AlGaN/GaN (AluminumGaN/GaN ) technology[40-44].

Besides, it can be seen in Fig. 4.22 that the peak of the voltage waveforms for
0 > 0 (blue lines) don’t increase to the same peak of voltage for 0 < 0 (green lines).
Again, this is due to the fact that for 6 > 0.5 a second harmonic impedance with

I'<1 is presented due to stability considerations.
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Fig. 4.22 — Measured Continuous Class-FV voltage waveforms at the Igen_pLaNE-

4.4 Extending the Continuous Class-FV Theory with
Resistive Second Harmonic Termination

So far the Continuous Class-FV mode has demonstrated theoretically and
experimentally that starting from the optimum conventional Class-F state and by
varying properly fundamental and second harmonic impedances the output

performance can be maintained at a constant level. In this case both the
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fundamental and the second harmonic terminations are allowed to vary only
reactively, which means that Zpy can vary on its circle of constant optimum
resistance (Rpg=Ropr) While Z,ry can only vary on the perimeter of the Smith chart
from its short-circuit condition. Unfortunately when designing power amplifiers it
is not possible to present terminations with reflection coefficient I'=1 due to the
losses introduced from the matching networks. This means that the harmonic
terminations cannot reach the edge of the Smith chart due to the losses introduced
from the output matching network. This aspect leads to a new theory on the
Continuous Class-FV mode which has been extended and thus called “Extended
Continuous Class-FV”” mode [45].
A new and more generalised formulation for the voltage waveform is shown in
(4.12):
W9)= (l—occosé’)2 (1+ Bcosd)-(1-sinI), (4.12)
where a, f and y are three parameters which define the design space. As for the
previous broadband/Continuous modes explained in Chapter 3, it is very important

that, for each combination of the three parameter values, the voltage waveform is

kept above zero in order to maintain the high power efficiency state [46].

v(9)> 0 (4.13)

In addition, it is important to remember that the current waveform must be kept
constant half-wave rectified sinusoidal as shown in (4.11).
Equation (4.12) can be expanded giving the following voltage expression for the

IGEN-PLANE:

V(:9)= Vpc — 41 cos(&)— Ay cos(29)— Aj cos(33)+

+By sin(9) + By sin(29)+ By sin(39)+ By sin(49)  (4.14)

where Vpc represents the supply voltage. 41, 4> and A3 represent the voltage
components of the real part of the fundamental, second and third harmonic
impedances, and B;, B,, B3 and B4 represent the voltage components of the

imaginary part of the fundamental, second, third and fourth harmonic impedances.
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This gives:

VDc=1+%a2—aﬁ, (4.15)
A =2a-p->ap 4.16)
4 , .
1 2
A =aff-—a" (4.17)
A ‘%0‘2 , (4.18)
B, =5[laﬂ—1—la2j (4.19)
2 4 ’ '
B, = 5(06 ~Lp —lazﬂJ (4.20)
2 4 ’
Bs=5(laﬂ—la2j 421)
2 4 ’ '
B, = —%5062/3 . (4.22)
Real and imaginary harmonic impedances are normalised to the DC voltage

(Vpe).

For the theoretical Continuous Class-FV mode, to achieve the maximum drain
efficiency the second harmonic impedance must be kept reactive. To obtain this,
the parameter A4, in (4.17) is set to zero giving the condition

f=al2. (4.23)

The presence of the third harmonic voltage allows the increase of fundamental

component. Substituting the value f=a/2 in the real part of the fundamental

component, equation (4.16) becomes:

4 =—a’ -——a, (4.24)

Differentiating (4.24) as shown in (4.25), the maximum amplitude of fundamental

voltage (a) for optimum Class-F condition can be determined, as shown in (4.26):
A'(@)=>a’-==0, (4.25)

giving

Chapter 4 145



Conventional & Continuous Class-F Measurements - Vincenzo Carrubba -

a=2/3 (4.26)

As mentioned before, keeping the parameters a and f constant while allowing

only the parameter J to be swept

~1<65<1 (4.27)

leads to the previously presented Continuous Class-FV voltage formulation where
fundamental and second harmonic impedances are allowed to vary only reactively
[35]. Therefore by presenting (4.23), (4.26) and (4.27), when 6=0 the conventional
Class-F mode is achieved; while when varying J (again between -1 and 1 in
accordance with (4.27)), the Continuous Class-FV family of voltage waveforms are

revealed with maximum output power and drain efficiency of 90.7%.

4.4.1 Extended Continuous Class-FV with Second Harmonic
Impedance on the Edge of the Smith chart (f=a/2)

Once the general formulation of the new Extended Continuous Class-F mode is
presented, demonstrating the Continuous Class-FV mode, the next step is to vary
the parameters a and f as well. The variation of these parameters leads to a
resistive second harmonic termination. It will be demonstrated that, even if the
variation of these parameters leads to a resistive second harmonic termination, high
efficiency can still be achieved greater than a certain pre-determined value, which
in this case has been chosen at 75%, but now over a significantly wider design
space than that discussed in previous analysis.

Firstly, keeping a constant value of f=a/2 and varying the other two parameters
o and 0, the second harmonic impedance varies still on the edge of the Smith chart,
whilst now the fundamental impedance varies both magnitude and phase still

achieving high efficiencies states, as shown in Fig. 4.23.
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Fig. 4.23 — Theoretical Extended Continuous Class-FV impedances range and
efficiency contour plot for the first two harmonic impedances (the third is kept open-
circuited) when varying 0.75 <a <1 and -1 <0 < 1 with « step of 0.5 and ¢ step of 0.25.

Each fundamental load has its corresponding second harmonic impedance in
order to maintain the high output power and drain efficiency states.

Fig. 4.24 shows the voltage waveforms with varying a, keeping f=ao/2 and for
0=0. Note that with increasing values of a, bigger “troughs” in the voltage
waveforms are developed. This translates into lower efficiency due to the lower

fundamental voltage.

2.0 —

1.5+

1.0 —

Vo (V)

0.5

0.0

0 90 180 270 360 450 540 630 720
phase (degrees)

Fig. 4.24 — Theoretical Extended Continuous Class-FV voltage waveforms for constant
S =a/2 and 6= 0 function of o, where 0.75 < o < 1.55 in steps of 0.1.

Fig. 4.25 shows the efficiency and output power variation with a for a constant
value of 6=0. Note that highest efficiency is achieved for a = 2/\3 which is the
standard Class-F condition, but a wide range of fundamental impedances can be
chosen which still yielding efficiencies greater than 75%. Those theoretical values

of efficiency and output power remain constant over the range of -1< 6 <1.
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Fig. 4.25 — Theoretical Extended Continuous Class-FV efficiency and output power for
constant f = o/2 and J = 0 function of o, where 0.75 < a < 1.55 in steps of 0.05.

To achieve a non-zero-crossing voltage waveform, the parameter o must not
equal zero. In this case, in accordance with (4.28), maintaining efficiency greater

than 75% causes the range of a to be restricted to

0.75<a<15. (4.28)

4.4.2 Extended Continuous Class-F with Second Harmonic
Impedance Inside the Smith chart (f > a/2)

Following the same procedure of paragraph 4.3.1, the parameters a, é and now
also S will be varied. In the previous section the value of § was restricted to f=a/2
(4,=0), thus the second harmonic impedance was swept around the edge of the
Smith chart. We now consider the more general case where the second harmonic
impedance can be chosen inside the Smith chart, where for f>0/2, in accordance
with (4.14) and (4.17) the parameter 4, is kept greater than zero.

The new condition of f variation delivers a wider range of design space that
guarantees a stipulated minimum output performance.

When changing all three parameters, the range of those parameters which yield
a non-zero-crossing voltage waveform and a minimum drain efficiency of 75% is
shown in Table 4.X, which is based on (4.13) and for which drain efficiency is kept
greater than 75%.
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TABLE 4.X
DESIGN SPACE FOR WHICH THE VOLTAGE IS POSITIVE AND THE EFFICIENCY IS
GREATER THAN 75%

B=a/2 | p=w/1.9 | p=0/1.8 | p=a/1.7 | p=0/1.6 | B=a/1.5 | p=a/L.4

0.75<a<1.5 | 0.75=a<1.45 | 0.8<a<1.45 | 0.8<a<1.35 | 0.85<0<1.3 | 0.9<0<1.2 o=1.05
-1<6<1 -1 o<1 -1<0<1 | -0.9<0<0.9 | -0.5<0<0.5 | -0.2<6<0.2 0=0

Voltage waveforms are shown for f = a / 1.6 in Fig. 4.26. Note that with
increasing value of a, again bigger troughs in the voltage waveforms are
developed. If the parameter f increases, the range of a and J where voltage
waveforms are greater than zero and drain efficiency is greater than 75 % is
reduced, as shown in Table 4.X and Fig. 4.27 (as well Fig. 4.29). Again, it can be
noted from Fig. 4.27 that for f=a/2 the efficiency is greater than 75 % (as well as
the voltage waveform remaining positive) for a wide range of a ranging from 0.75
to 1.5. For f=0/1.5 that range is reduced to the a range between 0.9 and 1.2, and for
f=a/1.4 the only point that allows positive voltage and high efficiency (greater than
75%) is 0=1.05.

Vp (V)

R O EES B e . E—
0 90 180 270 360 450 540 630 720
phase (degrees)

Fig. 4.26 — Theoretical Extended Continuous Class-FV voltage waveforms for constant
S =a/2 and 6 = 0 function of &, where 0.75 < a < 1.55 in steps of 0.1.
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Efficiency (%)

70 —

65 —

Fig. 4.27 — Theoretical Extended Continuous Class-FV drain efficiency function of « and f
for constant 0 = 0.

Fig. 4.28 shows the Smith chart with the wide design space that allows very
high flexibility in PA design. In this space it is important to note the continuity of
this new PA mode. Also in this case, each fundamental load has its appropriate
second harmonic load. It shows for example one combination of fundamental
impedance (Z1°, red triangle, even shown inset) and second harmonic impedance
(Z2’, green square) in accordance with (4.14) which maintains the stipulated high
efficiency state (third harmonic impedance Z3 is kept open). In this case a drain

efficiency of 89.5% is achieved.

e Z1
o Z2
M Z3

A 71
m Z2

z1'

Fig. 4.28 — Theoretical Extended Continuous Class-FV impedances range for
fundamental and second harmonic impedance (third harmonic load is kept open-circuited)
with f=a/ 1.9 when varying 0.75 < a < 1.45 and -0.5 < J < 0.5 with both steps of 0.1.
Inset collection of fundamental impedances.
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Fig. 4.29 shows the maximum efficiency as a function of § for a given optimum

a. Note that the efficiency decreases with increasing values of £ but efficiencies

greater than 75% are still maintained.

90 —
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B

Fig. 4.29 — Theoretical Extended Continuous Class-FV efficiensy function of § for 6 =0

and optimum value of a = 1.15.

Fig. 4.30 plots efficiency and output power as a function of o and ¢ with

constant f=a/1.6. Note that for a greater than 0.95, efficiency greater than 75% and

voltage>0 (eq. 4.13) are valid for the only 6=0 point (red line). Again this shows

that with increasing S, the useful design space decreases.
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0.5 Eff. < 75%
AN
3 0.0 ~§
/3/
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05Y 9
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0.90 1.00 1.10 1.20
o
(a)

Fig. 4.30 — (a) efficiency and (b) output power contour plot for constant f =a / 1.6,
function of o and 6 with 0.85 <a < 1.3 and -0.5 < 6 < 0.5 both in steps of 0.1.
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4.4.3 Extended Continuous Class-FV Experimental Analysis

As for the standard narrow band Class-F mode and the Continuous Class-FV
mode where the terminations are only varied reactively, the Extended Continuous
Class-FV mode design space has been explored experimentally on the Cardiff
active ELP measurements system [36]. Again, the measurements have been
conducted on the 6x50 pum GaAs pHEMT device at 0.9 GHz fundamental
frequency and 6 V drain voltage.

Starting from the conventional Class-F state already achieved and explained in
Section 4.2 of this Chapter, the theory was experimentally explored for the
identified range of 6, a and f with the aim of achieving an even wider design space
than the Continuous Class-FV already experimentally presented in Section 4.3.
Figures 4.31 and 4.32 show the behaviour of drain efficiency and output power as a
function of f and J. The parameter a has been chosen in order to maintain the
maximum range where the voltage waveforms are non-zero-crossing. It can be seen
that best performance is achieved for f=a/2, which is the classic Class-F condition
with maximum efficiency of 82.9%. Note that as the parameter f increases, the
efficiency and output power decrease, and the range of valid cases (i.e. cases where
the voltage is non-zero-crossing and the efficiency is greater than 75%) also
decreases. Although the second harmonic impedance has been chosen with a
positive real part (i.e. inside the Smith chart), when presenting the appropriate
fundamental load in accordance with this new theory the drain efficiency is still
kept above the target efficiency of 75%. For X1/R1<-0.7 efficiency drops lower
than 75%.

Efficiency (%)

—o—B=w/2, a=1.15, —— B=a/1.9, 0=0.9
—A— B=0/1.8, a=0.85, —4¢— B=0/1.7, a=0.85
—H#— B=0/1.6, =09, W p=o/l.5, a=1

I T I T I T I T I T
-0.8 -0.4 0.0 0.4 0.8
X1/R1

Fig. 4.31 — Measured drain efficiency function of £, a and ¢.
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Fig. 4.32 — Measured output power function of §, « and .

Fig. 4.33 shows the efficiency function of £ and o with constant §=0. In
accordance with the theory, the highest efficiency is achieved for lower values of S
(e.g. p=0/2). It also shows that with decreasing a, the efficiency also decreases, and
the range where both the efficiency is kept greater than 75% and the voltage is non-

zero-crossing decreases with increasing f, as explained theoretically in Sections
4.3.1 and 4.3.2.

83 —
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82 —{i ——g=l, —5 a=1.05
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g 81
3
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3 80
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a2 /1.9 W18 /1.7 /1.6 /15
B

Fig. 4.33 — Measured output power function of 8, o and 6.

The new theoretical formulation for the voltage waveforms can incur peak
voltages that are greater than twice the supply voltage. Fig. 4.34 shows the
variation of peak voltage as the second harmonic impedance is varied over a large

design space for the case of fundamental impedance set to 50 €. The higher value
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zones can be regarded as a potential reliability hazard in PAs, which are designed
using entirely empirical tuning techniques. Again, it is important to highlight that
this new technique for which an increase of the peak voltage waveforms is revealed
(which effectively creates the new design space), can be used for low supply
voltage or device technologies with high breakdown voltages such as the emerging

devices in AlGaN/GaN technology [42, 44].

Fig. 4.34 — Peak voltages function of the second harmonic impedances based on a 50 Q
load-line resistance.
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4.5 Chapter Summary

This Chapter has initially presented a systematic procedure for engineering
voltage and current waveforms for the Class-F mode. Using this procedure it has
been demonstrated that very high efficiency states that deliver the expected output
power and gain can be obtained. It can be said that the obtained results are very
close to the maximum achievable ones when considering the different boundary
conditions of the real device.

After that, it has been demonstrated that the systematic measurement procedure
can be automated speeding up the overall measurement activity. In this way by
using a few measured DC parameters and an appropriate software-predictor, the
bias point and fundamental and harmonic impedances can be determined. The
revealed bias point and impedances can then be used as a first guess on the
measurement system avoiding many sweeps and saving valuable time.

Once the optimum standard Class-F is revealed, the Continuous Class-FV mode
and its extension has been experimentally demonstrated. This means that the
simultaneous variation of the fundamental and second harmonic terminations from
the optimum and short-circuit conditions respectively, the output performance is
maintained almost constant, validating the approach.

In addition, a new extended formulation applied to the voltage waveform,
named Extended Continuous Class-F has been theoretically and experimentally
demonstrated. This leads to different impedance solutions where high efficiency
and output power are still maintained thus allowing the realisation of broadband

highly power-efficient amplifiers.
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Chapter 5

Continuous Class-FV Power

Amplifier Realisation

5.1 Introduction

Chapter 3 has presented a detailed theoretical analysis of the overall broadband
Continuous modes providing the mathematical formulations and the ideal voltage
and current waveforms, while Chapter 4 has been focused on the Continuous Class-
FV mode demonstrating experimentally the validity of the new theory on a power
transistor through load-pull measurement activity.

To close the loop and verify the actual validity of the Continuous theory on a
real PA, the next step, provided in this Chapter, is the design and physical
realisation of the highly efficient and broadband Continuous Class-FV power
amplifier [1-2]. It will be seen that when designing PAs, especially for a wide band
of frequencies, the PA designer has to deal with different issues, for example
stability issues, or how to design the output and input matching networks for which

the difficulty increases when taking into account high harmonics.
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In this Chapter the various steps to follow will be shown, starting from the
conventional narrow band Class-F PA design moving to the broadband Continuous

Class-FV PA, in order to achieve the highly efficient and broadband PA state.

5.2 Conventional Class-F Design

As mentioned on the introduction of this Chapter, so far the Continuous Class-
FV theory has been demonstrated through measurement activity. The next step,
shown in this Chapter, is the design and the actual realisation of the broadband PA.

For the design of the Continuous Class-FV power amplifier [1] the
well-established and accurate model for the CGH40010 10 W GaN (gallium
nitride) HEMT (high electron mobility transistor) device from CREE has been used
[Appendix B] [3-4]. Simulations have been conducted using Agilent’s ADS
(advanced design system) CAD (computer added design) software at fundamental
frequency F¢=0.9 GHz and drain voltage Vps=28 V. The PA has been realised
yielding a very broadband amplifier operating at high efficiency and output power
levels normally associated with the narrow band Class-F mode.

Here it will be seen that when moving towards packaged devices and delivering
higher power, the de-embedding network plays an important role. This is because
in order to understand through waveform engineering the voltage and current
waveforms at the Igen-prane, the right de-embedding network must be applied. If
not, the output waveforms actually presented at the Igen.pLang Will be wrong and
even with acceptable voltage and current waveforms the overall output
performance will not be optimum.

Fig. 5.1 shows the output de-embedding network applied to the CGH40010
10 W GaN transistor [5]. The elements of packaged transistors can be divided into
two main groups: the actual die elements and the package elements [6-7]. At the
measurement/package plane the device presents all the parasitic components, this
means that the device is presenting both its intrinsic and extrinsic elements as well
as the package components. The Cpg is the intrinsic parasitic drain-source capacitor
which is presented in all solid-state devices while Lp, is the extrinsic drain inductor

due to the bondwires which interconnect the actual die with the package [8]. It is
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important to remember that all the values presented on real transistors are non-
linear; however, here a linear behaviour approximation has been adopted in order

to facilitate the design [9-11].

Package Elements

IGEN-PLANE Package Plane
: L L :
. Ltabl Ltab2 Comp | Value | Unit
Bondwire L=0 nH L=01 nH :
g Lp inductor R=0.10hm R=0.1Ohm : Cps 1.1 pF
:pon S L c . :Pm Lp | 055 | nH
P1 : cas2 clan! Ctab2 PP
Num=L N ce1qpF ;i%sso nH C=0.25 pF G025 pF L um=2 Ltabl 0.1 nH
\ T Ltab2 | 0.1 nH
\ - m Cabl | 025 | pF

Transistor Ctab2 | 0.25 pF

Cps capacitor

Fig. 5.1 — Output de-embedding network.

When studying the various PA modes through waveform engineering, the
waveforms must be presented at the Igen.prane, for example half-wave rectified
sinusoidal current waveform and square voltage waveform for the Class-F mode.
Unfortunately, the Igen-pLanE 1S not accessible from outside the package, this means
that the measurement plane where the actual voltage and current waveforms can be
measured is the outside/package plane as shown in Fig. 5.1. Here, there is no
knowledge of waveforms that must be provided in order to obtain the actual Class-
F waveforms at the Igen-pLane. Therefore, in simulations, it is possible to present
another network which is symmetrical to the one of Fig. 5.1 but with presenting
negative component values as shown in Fig. 5.2. Presenting a mirrored package
network with negative values (here called Network 2) will cancel the elements of
network 1 (the positive network) providing a transparent overall structure. Now the
actual measurement plane will be the Igen.pLane (now outside the package), thus
allowing waveform engineering to be applied in order to present the desired

voltage and current waveforms as in details explained in [5] .
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IGEN-PLANE IGen-PLANE
(Inside the package) Package Plane (Outside the package)
Network 1 Network 2

. device + package elements negative values: device + package elements

1 i . L 1

. L2 L L I L L I3 .

1 10,550 nH Ltab3 Ltab2 . Ltab5 Ltab4 1=-0.550 nH 1

. R=0 L=0.1 nH L=0.1 nH 1 L=-0.1 nH L=-0.1 nH R=0 .

1 R=0.1 Ohm R=0.1 Ohm |[. R=-0.1 Ohm R=-0.1 Ohm
Port ; C igtalﬂ l . l gds3 ; Port
P1 c C P2
Num=1" [ ~= ggizl F C=0.25pF Ctab5 | Ctab9 ~L L C=LURFNum=2

1| T ° C=0.25 pF . €=-0.25 pF - Ctabs I

1 €=0.25 pF

| " 1

: = ! I

I 3

Fig. 5.2 — Output de-embedding network (Network 1) with the mirrored positive network
(Network 2) — Overall transparent structure.

Once the right de-embedding network is obtained, the next step is to find the
right combination of bias point, input power, fundamental and harmonic
terminations for the standard Class-F condition. It is known that the ideal Class-F
bias point (equal to the Class-B bias point) is the pinch-off Vgs=Vry. Fig. 5.3
shows the device DCIV output characteristic (a) for Vgg ranking from -3 to 3 in
steps of 0.25, and transfer characteristic (b) in this case only for the specific supply
voltage Vps=28 V. It can be noted from the transfer characteristic that the device
pinch-off point (where the device starts to conduct drain current) is around -2.5 V.

This means that in order to present the Class-F bias point Vgs=Vp=-2.5 V.

3.0 (a) 2.50 (b) i

257 2.00 3

2.0 - ]
- < 1.50]
s 2 ] \
8 “ | = 1007
= 1.0 1 ' ] VDS:28V

0.5- /—\ 500.m-

0.7 ]
O'O OI L Iél LA Illol L I1|5I L I2|0I L I2|5I L I3c 0000 TirTT I TTrrr I TTrrr I LN I TTr T I LI
3 2 0 1 2 3
Vps [V
DS [ ] VDS [V]

Fig. 5.3 — CREE 10 W GaN HEMT transistor (a) simulated output characteristic, and (b)
simulated transfer characteristic.

Unfortunately, as mentioned in the introduction of this Chapter, when designing

PAs various difficulties can be met. In the first place, presenting Vgs=-2.5 V and

Chapter 5 163



Continuous Class-FV PA Realisation - Vincenzo Carrubba -

varying the input power and the fundamental impedance with maintaining short-
circuited the higher harmonic terminations; the actual output performance was
disappointing in terms of drain efficiency. Looking carefully at the output
waveforms, it was observed that the actual current waveform presented a
conduction angle greater than 180°. This means that the device was biased at its
pinch-off at DC but not at its compression point (here around Class-AB bias
values), due to some self-bias condition when increasing the input power. The
consequence of higher bias point value was greater output power but at the expense
of drain efficiency (7), with disappointing values of around 7=70%. For the
achievement of the half-wave rectified sinusoidal current waveform with 180°
conduction angle at around 2 dB of gain compression a bias value of Vgs=-4.6V
has been found and chosen. Table 5.1 and Fig. 5.4 shows the harmonic impedances
at both IgenrLane and package plane for the standard narrow band Class-F
condition. It can be noted that at the Igen.pLane the fundamental and harmonic

impedances are presented on the real axes.

TABLE 5.1
FUNDAMENTAL, SECOND AND THIRD HARMONIC IMPEDANCES AT BOTH IGEN-PLANE
AND PACKAGE PLANE
IGEN-PLANE Package plane
Harmonics | Impedance Value [Q] Harmonics | Impedance Value [Q]
FO 44.8 +i*0 FO 39 +j*11.7
2F0 short-circuit 2F0 0.1-3*9
3F0 open-circuit 3F0 0.99 +;*119.8
IGEN-PLANE Package plane
® z3F0
L ]
. Z2F0 .ZFO Z3F0. ZFQ
Z2F0
[ )

Fig. 5.4 — Smith chart showing FO0, 2F0 and 3F0 at both Igen.pLane and package plane.
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Fig. 5.5 shows the simulated overall output performance in terms of drain
efficiency, PAE, output power and transducer power gain (Gr) as a function of the
available input power Pays for a 10 dB dynamic range from Pays = 20 dBm to
Pavs=29 dBm in steps of 0.5 dB.

At around 2 dB of gain compression (P2 dB), at which the transducer power
gain is Gy = 11.7 dB, a drain efficiency 7 = 86.4%, power added efficiency
PAE = 80.6% and output power Poyr = 40.7dBm have been achieved.

100 — — 45
g Param. Values
- 1 86.4%
?? PAE 80.6%
3 Pour 40.7dBm
. Gy 11.7dB

20 21 22 23 24 25 26 27 28 29
P avs [dBm]

Fig. 5.5 — Simulated drain efficiency, PAE, output power and transducer power gain vs.
available input power.

The output voltage and current waveforms for the same 10 dB input power

sweep are shown in Fig. 5.6.

Vos[V] package plane Ins[A]
—1.5
cr
~1.0
—0.5
—0.0

N B T . LI \\\ \\ T \\\\\\\ '05
I I I I I
0.0 04 08 12 16 20 24 00 04 08 12 16 20 24

time, nsec time, nsec

Fig. 5.6 — Simulated voltage and current waveforms at both Iggn.prane and package
plane.
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Here, the half-wave rectified sinusoidal current waveform and truncated three
harmonic square voltage waveform are presented at the Igpn.prane With peak
values up to 1.55 A and 57.6 V respectively. The achieved peak voltage
waveform is very close to the theoretical ideal Class-F peak voltage Vyeac= 2*Vpe
=2%28 =56 V. Fig. 5.7 shows the load-line at both reference planes for Pays=29
dBm (P2 dB).

IGEN-PLANE package plane
- 20
1.9
7. 1.54
1.4j f
80998 £ 05
0.4+ 0.0
'0.17\H\‘\\\\‘\H\‘\\\\"\V{"7\‘:“*7"‘*‘:‘?‘; '05 L Y LB
0 10 20 30 40 50 60 -10 0 10 20 30 40 50 60
Vos[V] Vps [V]

Fig. 5.7 — Simulated load-lines at both Iggn.pLang and package plane.

Fig. 5.8 shows the spectrum for the first five harmonics for both voltage and
current waveforms (magnitude and phase) at 29 dBm of drive level, for which the
device is around 2 dB into compression delivering a maximum efficiency of
86.4%. Here, with the voltage waveform being a square shape, the second
harmonic voltage content is minimised (as well as the higher even harmonic
content), while for the current waveform, being a half-wave rectified sinusoidal
shape, the third harmonic content is close to zero (as well as the higher odd
harmonic content). The Class-F DC, fundamental, second and third harmonic

content values for both voltage and current waveforms are shown in Table 5.11.

40 0.8
|
“ AVFO Alro
DC 0.6
Inc
20 0.4
Ixro
10 V3o 02
Varo T I
A A 3F0
0““‘““I““““‘T““T“ 0-0‘\\\\\\\\‘\\\\{\\\\A‘\\\\‘A\\
0.0 09 18 27 36 45 50 0.0 0.9 1.8 2.7 3.6 45 50
freq, GHz freq, GHz

Fig. 5.8 — Spectrum showing first five harmonic V and I contents at the Iggn.pLaNE.
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TABLE 5.11
DC, FUNDAMENTAL, SECOND AND THIRD HARMONIC MAGNITUDE AND PHASE FOR
BOTH VOLTAGE AND CURRENT

Voc | VrolV] | Varo[V] | Varo[V] | Inc | Iro[A] | Laro[A]l | Isro [A]
27.95 32.6 0 9.9 0.49 0.73 0.25 0
L0° L 109.5° L -14.1° L 148.7° L0° | LL-70.5°| L-143.7° | L -80.8°

5.3 Continuous Class-FV Design

In previous paragraph the conventional narrow band Class-F mode has been
achieved revealing a bias point Vgs=-4.6 V, available drive power Poys=29 dBm
and fundamental and harmonic terminations Zpo=44.8+j0, Zyro=short-circuit and
Zsro=open-circuit at the IgenpLane by shifting the reference plane through the de-
embedding network. Once the standard Class-F state has been achieved it is

possible to carry on towards the design of the Continuous Class-FV PA.

5.3.1 Continuous Class-FV Terminations for the 10 W GaN

HEMT device
Starting from the optimum fundamental impedance Zpo=44.8+j0, short-circuit
and open-circuit second and third harmonic impedances respectively, the
Continuous Class-FV theory explained in detail in Chapter 3 and demonstrated
through measurements in Chapter 4 has been applied.

From the theoretical voltage waveform

2
vcom_classFV(&') = (1 - % oS Sj : [l + % Ccos 9) . [1 —o'sin 3] (5.1)
and by presenting a constant half-wave rectified sinusoidal current waveform:
iconticlassFV('g) =1 o COS Y 0<9<n/2, (3/2)x<9<2x,
=0 0<89<7m/2, (5.2)

the third harmonic impedance results in a constant open-circuit, while the
fundamental and second harmonic impedances will be functions of the reactive

part X; which is a function of the key operator ¢:
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Zpog=R, +j-X,, (5.3)

. T
Z2F0:0_]'5'XL9 (5.4)

Z3pg =, (5.5)
with Ry being the optimum fundamental resistive impedance value of 44.8 Q. As
explained in Chapter 3, the reactive part X; must be varied in a certain range in
order to keep the voltage waveform above zero. In this case, for the 10 W GaN
HEMT device X; = £+ 38.8 Q are the minimum and maximum values allowed.
Beyond those values, overall output performance reduction would be presented.

Fig. 5.9 (a) shows the Continuous Class-FV range of fundamental and second
harmonic impedances at the Igen-pLane as well as the fixed open-circuit third
harmonic load for which the optimum output performance will be maintained
constant. The fundamental and harmonic terminations are shifted to the package
plane (b) through the use of the de-embedding network as presented in the
previous paragraph. In this case, the new design space has been obtained when

maintaining a constant drive power of 29 dBm.

Desion Space

(a) IGEN-PLANE (b) Package plane
mgogd=l
A R O Zg =1 A ° ;FO
O
o o Z 2F0
A ZZFO Dd:g? 0=~ A Zyy
o d==1 3F0 i
ri)
i o 6_—1
=0o 6=—> A t
m =0
o =1 i
- 51 5=0" 7
k]
= A
= a a = %
B-8-8 D8=—1 & =

Fig. 5.9 — Simulated Continuous Class-FV first target impedances for the 10W GaN
device at the (a) Igen.pLane and (b) package plane.
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Fig. 5.10 shows simulated engineered current (blue) and voltage (red)
waveforms at the Igen.prane for first three harmonic terminations, for the
conventional Class-F mode where 0=0 (dotted lines) and for the Continuous
Class-FV mode for J=-1 (solid lines). It can be noted that when varying the
parameter J the current waveform is maintained half-wave rectified sinusoidal,
whilst the voltage waveform presents a significantly higher peak value for the
Continuous mode, which must be accommodated. The approach does however
provide a much wider design space where output power and efficiency are

maintained constant [12].

vl 9

0 0.5 1.0 1.5 2.0
Time [nsec]

Fig. 5.10 — Simulated Continuous Class-FV voltage (red) and current (blue)
waveforms for the standard Class-F mode (dotted line) and for the Continuous Class-FV
mode (solid line) for 6=-1.

Fig. 5.11 shows the Continuous Class-FV output performance in terms of drain
efficiency, output power, power gain and transducer power gain as a function of J,
which means a function of the target fundamental and harmonic terminations of
Fig. 5.9. These output parameters have been called target parameters (i.e. Target
n) as they are achieved from the target fundamental and harmonic loads of Fig.
5.9. As it can be noted, drain efficiency and output power are maintained at
almost constant level, above 80% with maximum peak of 88.47% for 6=-0.7 and
around 40 dBm with maximum value of 40.8 dBm (11.9 W) respectively for the
entire range of 0. The transducer power gain Gr, defined as the ratio between the
power delivered to the load and the power available from the source [13], is

maintained constant as well at around 11 dB with maximum peak value up to
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11.8 dB for 0=-0.2, while interestingly the power gain G, defined as the ratio of
the power dissipated to the load to the power delivered to the input of the device
when this is conjugately matched to the source impedance [13-14], decreases with
increasing 6. Here it can be noted that for =0 the gain is G=20.3 dB; when
varying J positively it decreases while for 0 smaller than zero it increases. This is
due to the fact that the variation of J leads to a different voltage waveform,
therefore the fundamental and/or the higher harmonics can be re-injected at the
input of the device through the feedback capacitor Cgp, causing stability issues.
This can be avoided by inserting a series input resistance in the input, in this case
with value of 50 Q, or through the proper design of the input matching and bias
networks.

However, the target impedances obtained from the Continuous Class-FV
theory provide an almost constant behaviour in terms of drain efficiency, output

power and transducer power gain for a wide design space.

@ Targetn —A— Target G
100 — —B— Target P ¢ —A— Target G;
. e O RGN SIS (0} WSS NP
£ 80— ' @m0 @@y
s —30 ®
= G =
% 60 — =
o Pout —20 ~
— 40 {—+==5 _‘O
S —10 &
— 20— Gt =
0 — — 0
I I I I I
-1.0 -0.5 0.0 0.5 1.0

)

Fig. 5.11 — Simulated Continuous Class-FV 7, Pour, G and Gt for J varying between
-1 and 1 in steps of 0.1.

5.3.2 Output matching network
Once the desired fundamental and harmonic impedances have been revealed,
leading to the high power efficiency states with varying J, the next step is to
design the actual output matching networks capable of synthesizing the various
terminations provided in first place. So far the design process has been evolved

for the fundamental frequency Fy=0.9 GHz. This means that by maintaining the
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same constant primary frequency Fy=0.9 GHz and varying the simple parameter 0,
the range of fundamental and second harmonic terminations, as well as the
constant third harmonic load point, have been carried out providing the design
space. The different range of load solutions (fundamental and harmonics)
achievable through the Continuous mode theory are target points which can then
be designed and achieved in the frequency domain by designing the proper
matching networks. In fewer words, the impedance points are translated into a
useful frequency design space when designing power amplifiers.

The Continuous Class-FV matching network design starting point was the
Class-J mode. In the Class-J theory and design, the two impedances points for
both fundamental and second harmonic were the ones for 6=0 and J=-1. As
explained in detail in [5, 14] and in the literature review of this thesis, when the
Class-J was presented in the first place, the theoretical points giving the same
output performance in terms of power and efficiency were two: the one for =0
(Class-B) and the one for J=-1. Here the design strategy was to give higher
priority to the fundamental load allowing to the second harmonic impedances
more freedom, as long as such a load was in the right area in accordance with the
Class-J theory [15-16]. Only after the Class-J mode had been developed was the
Class-BJ presented. Here it has been theoretically and experimentally
demonstrated that from 0=0 to 0==1 there are infinite solutions where the output
performance is maintained constant [17]. Therefore, in this Continuous Class-FV
case, in contrast to the Class-J design, even if the fundamental load has the
biggest impact on the overall output performance, the second harmonic
termination was designed with the aim of reaching the target points as well.
Besides, in this case the third harmonic impedance should be theoretically open
circuit. When designing PAs it is not easy to maintain constant impedances with
varying frequency. Therefore while theoretically the third harmonic impedance
should be a constant open-circuit point, here very high power efficiency for a
wideband of frequencies has been achieved when varying the third harmonic
termination on the edge of the Smith chart. The variation of the third harmonic
load will be explained in more detail in the next paragraph of this Chapter when

presenting what has been termed “Continuous Class-FV3” mode.
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When designing standard narrow band Class-F power amplifiers, in order to
present the required open-circuit and short-circuit third and second harmonic
termination with an optimum fundamental impedance, the matching network of
Fig. 5.12 must be presented. By using proper wave length open and short stubs it
is possible to easily achieve the Class-F fundamental and harmonic termination as

explained in a detailed analysis in [18-19].

. 3F0=0 ! . 92F0=0
I ; , !
FO=Opt : 175 i ! ! FO=Opt
gigfé 3F0=0 i | F0=0; |
T W12 M6 - : Sy
current Cps i 3F0=S : i £ F0=0'
source ! i 2F0=S1 !
—Vr ! A i i | A !
! 12 i 18 ;
1 1
: S 3F0=0 ! L vEoss
................................. ._._ZEQT.S_._._!
P N4 i

Fig. 5.12 — Theoretical Class-F matching network.

When designing broadband power amplifiers (bandwidth BW>30%), the
design of the output matching network becomes much more challenging. In this
case it is not possible to present the simple open stub quarter wave length A\4 at
the third harmonic termination (A\12) and a short stub quarter wave length at the
second harmonic termination (A\8) in order to have an open-circuit and short-
circuit third and second harmonic loads respectively. Here, as the target is to
present a “range” of fundamental and second harmonic terminations and not
frequency points, a variation of each microstrip line (MLIN) element either in
terms of width (W) and length (L), will lead to a different behaviour for all the
harmonics. This means that if presenting the right range of third and/or second
harmonic impedances, when designing for the fundamental load range, a variation
of each MLIN will result in a variation of the second and/or third harmonic
impedances range as well. Therefore, using the target loads, which should be

emulated as closely as possible by the output matching network, the designer can
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provide different network topologies [20-21]. The full ADS schematic is

presented in Appendix F.
DC
MLIN3
MLINI C1  MLIN2 MLINS MLIN7 MLIN9  MLIN10 RFqyp
DUT T:{ SR
IC2 _vrCB

Fig. 5.13 — Continuous Class-FV output matching network topology.

The output matching network used for the realisation of this Continuous Class-
FV PA presented in this thesis is shown in the schematic of Fig. 5.13. Again, the
complexity of this network is mainly due to two aspects: the importance of fitting
the network behaviour to the target range loads for both the fundamental and
second harmonic impedance, as well as the accuracy of controlling the third
harmonic component without mismatching the first two.

Another aspect of designing PAs is the stability issue. The stability problem is
one of the most important and unfortunately undesirable aspects to take into
consideration. This is due to the loop caused from the feedback, where the output
signal is coupled into the input side as previously stated. Here, the presence of the
correct phase and magnitude causes oscillations at certain frequencies. This means
that the RF power transistor shows a negative resistance at the input of its bias
port.

The 10W GaN power transistor used for this design was unstable for certain
frequencies when presenting the Continuous Class-FV impedances. The stability
issue is probably due to the fact that for certain frequencies the voltage waveforms
present very high peak and therefore this would lead to the drain current floating
from the output side to the input side through the Cgp capacitor. However, no

detailed investigation has been conducted on the stability topic coupled with the
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Continuous mode theory. Further investigations can be undertaken in future
works. Such oscillation was avoided by simply inserting a 50 Q series resistance
in the input of the transistor thus satistfying the Rollet’s condition [13]. However,
the higher the power and the frequency are, the more pronounced the oscillations
would be, meaning that a higher input resistance should be used to overcome such
oscillations. Unfortunately in this case higher drive power would be needed with
the disadvantage of decrease in gain. For this reason, the PA designer needs to
investigate and design the proper input matching and bias networks in order to
solve the problem and make the PA stable. Stability issues can be revealed at both
low and high (operative) frequencies and above. In order to have a stable PA, the
design must be stable for all frequencies (even the ones outside the band of
interest). At the band of interest, the stability problem can be solved by
introducing at the input a series resistance (in this case 50 ) as oscillations are
mainly due to the fact that negative resistance are revealed at the input side of the
transistor. However this would lead to lower overall gain. At the low frequency
(up to few hundreds MHz) as well as at the high frequencies, the stability issue is
mainly due to the bias insertion networks [1]. Therefore, it is very important to
design the correct bias network in order to avoid oscillation issues. In this case,
for the choice of the bias network elements, the standard network (slightly
simplified) and decoupling capacitor values given from the CREE datasheet
[Appendix B] have been used in both input and output port.

One aspect which has not been so far taken into account is the input matching
network which is coupled with the input bias network design. The aim of
designing an input matching network is to avoid input mismatch and to reach the
desired output power with minimum drive power level, resulting in maximum
gain. However, this novel design has been focused on the output matching
network, which demonstrates that providing the right combination of fundamental
and harmonic impedance points, in accordance with the mathematical theory,
multiple solutions delivering constant output power and drain efficiency can be
achieved. Nevertheless, in this case an RC parallel network has been used in the
input side to mainly provide a constant flat gain along the frequency band, as

shown later in Fig. 5.18, and to avoid oscillation issues as previously mentioned.
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Fig. 5.14 shows a Smith chart presenting the first three harmonic target
terminations as well as the output matching network behaviour. The fundamental
impedance range varies from 0.5 GHz to 1.2 GHz, and as it can be noted, the
output matching network fundamental load behaviour is in good agreement with
the appropriate target loads. The required second harmonic reflection coefficient
needs to change rapidly to present the high reflection necessary for the
Continuous Class-FV mode. However, despite the resulting resistive second
harmonic load, the overall performance does not degrade substantially. This is due
to the fact that, although presenting a resistive second harmonic termination, by
adjusting the fundamental load in accordance with the “Extended Continuous
Class-F” theory, satisfactory output power and drain efficiency performance can
be achieved. The Continuous Class-FV theory leads to a variation in only
fundamental and second harmonic termination while maintaining a constant open-
circuit third harmonic load. Therefore, when this Continuous Class-FV PA was
designed, there was no knowledge on where the third harmonic impedance range
should be. In this design, to keep expected output performance over bandwidth, it
has been found that the third harmonic termination has to stay “somewhere* close
to the edge of the Smith chart (I'=1). However, as mentioned earlier, the
theoretical explanation of this concept will be presented through theoretical

analysis and measurement in Section 5.4 of this Chapter.

Fig. 5.14 — Continuous Class-FV target loads and output matching network behaviour.
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Once the design has been completed the next step before the actual physical
realisation is the Momentum simulations. This step is very important as it takes
into account the various electromagnetic field effects. For the Continuous Class-
FV PA momentum simulation an RT/duroid 5880 substrate has been used. After
the Momentum simulations the overall output performance, especially in terms of
efficiency, was slightly degraded. Here, small adjustments have been made on the
matching network microstrip lines in order to improve the overall output

performance. Fig. 5.15 shows the Continuous Class-FV layout as well as the

substrate RT/duroid 5880 parameters used.

Lavout RT/duroid 5880
y Parameter | Unit Name
H=0.508 mm Thickness
Relative
B constant
€r=2.2 dielectric
m conductor
T=17.5 H thickness
relative
Mur=1 permeability
conductor
Cond:5.961e7 Conductivity
dielectric
TanD:00009 IOSS tang
“ mil cover
Hu=3.9x10 height
R=0 mm Rough

Fig. 5.15 — Continuous Class-FV layout and substrate RT/duroid 5880 characteristic.

Fig. 5.16 shows the Continuous Class-FV simulated performance when using

the matching network of Fig. 5.13. Here the drain efficiency is greater than a
target minimum value of 70% with maximum value up to 83.4% from 0.52 GHz

to 1.16 GHz. In this range of frequencies the output power is maintained at
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an almost constant level around 40 dBm as well as the transducer power gain with

an average value of 11 dB.
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Fig. 5.16 — Simulated Continuous Class-FV drain efficiency, output power and
transducer power gain as a function of frequency.

5.3.3 Continuous Class-FV PA Realisation
Once the CAD design has been completed, the next step is the physical
implementation of the Continuous Class-FV power amplifier as shown in the

photo of Fig 5.17 [1] with the PA size of 11.6 x13.7 cm’.

Fig. 5.17 — Photo of the realised Continuous Class-FV 10 W power amplifier (size
11.6x13.7 cm?).

The broadband Continuous Class-FV PA measured output performance is
shown in Fig. 5.18. Here, the simulated performance (of Fig. 5.16) is displayed
too in order to compare simulated (dotted lines) and measured (solid lines) results.
The PA delivers efficiency greater than 65% with maximum peak up to 80%

(average efficiency of 74%) over a wide band of frequencies from 0.55 GHz to
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1.1 GHz resulting in an octave (66.6%) bandwidth. In this range of frequencies
the output power is greater than 39.3 dBm (8.5 W) with a maximum value of 41.2
dBm (13.2 W), with an average power of 40.2 dBm = 10.5 W. The average
transducer power gain is around 11 dB, from 9.5 dB to 12 dB, across the
bandwidth. Besides, the PA performance shows that for a smaller range of
frequencies, ranging from 0.55 to 0.925 GHz, higher efficiency greater than 70%

is obtained resulting in around 51% of bandwidth.

100 ——| Measurements: —@— Efficiency[%], —— P, ;[dBm],—— Gt[dB]; Simulations:- & - Efficiency[%],- & - Pgy[dBm],- & - Gt[dB]|—

80% —- ————— D = e == e T Yt
65% o e A

minimum drain efficiency target level=65% :
Eff > 65% for Bandwidth = 66.6%

|
P m +
40 (=== = —f——p—S——F—5———8F—=& - f- = =83
|
|
e
+

2 P Eff > 70% for Bandwidth = 51% g
- I <
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A
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0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
Frequency [GHZ]

Fig. 5.18 — Measured (solid lines) and simulated (dotted lines) Continuous
Class-FV drain efficiency, output power and transducer power gain function of
frequency.

Figures 5.19, 5.20 and 5.21 show the drain efficiency, output power and the
gain of the Continuous Class-FV PA versus the input power sweep (15 dB
dynamic range) for the lower frequency Fr=0.55 GHz, the centre frequency

Fc=0.825 GHz and the upper frequency Fy=1.1 GHz respectively.

80 — F_ = 0.55 GHz — 45
'\% 70+ - 40
£ 60 o
O 50+ o’
~ —30 -~
S 40 3
> 30— —25 3
3 20 - — 20
(&) N A A
£ 104 \/
w /‘/‘"——f — 15
0 I

P (dBm)

Fig. 5.19 — Measured Continuous Class-FV drain efficiency, output power and gain at
the lower frequency F1=0.55 GHz as a function of input power.
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Fc = 0.825 GHz

(wgp) "

Efficiency (%) / Gain (dB)

P\ (dBm)

Fig. 5.20 — Measured Continuous Class-FV drain efficiency, output power and gain at
the centre frequency F=0.825 GHz function of input power.
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Fig. 5.21 — Measured Continuous Class-FV drain efficiency, output power and gain at
the upper frequency Fy=1.1 GHz function of input power.

5.3.4 Continuous Class-FV Linearity performance

This thesis has not been focused on linearity investigation as the main focus is
to improve the power-efficiency state for a wideband of frequencies through the
new Continuous Mode technique so far explained. However, some information of
the Continuous Class-FV linearity performance is reported in this paragraph. As
known and already mentioned in Chapter 2 of this thesis, efficiency and linearity
are two inversely proportional parameters. This means that the higher the
efficiency is, the lower the linearity will be and vice-versa. In fact, the Class-A

PA is the most linear mode but with a maximum theoretical efficiency of 50%.
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The Class-F mode for example can ideally reach efficiency up to 100% (when
considering infinite harmonics and Vi,..=0) but the high efficiency state is
achieved thanks to the presence of the higher harmonics which will inevitable
degrade the linearity. Therefore, the Class-F as well as the Continuous Class-FV
modes are by definition highly efficient but non-linear power amplifiers.

Despite the non-linear behaviour of these modes, there are different
linearization techniques that can significantly improve the linearity of a highly
efficient PA [22-24]. In this case, for the realised Continuous Class-FV PA it will
be shown the final linearity performance without and with a “generic”
predistortion technique [25].

Initially, the linearity characterisation of the PA has been exploited without the
use of any predistortion technique. Here, a GSM (Global System for Mobile
Communications) test signal was used with a modulation frequency of 200 KHz
and the output spectrum measured at around 7 dB output power BO (Back OfY)
from the 2 dB of gain compression where the average power and drain efficiency
were around 35 dBm and 35-45% respectively. Figures 5.22, 5.23 and 5.24 show
the ACP (adjacent channel power) measurement results at three different
frequencies: lower frequency F;=0.55 GHz, central frequency Fc=0.83 GHz and
upper frequency Fpy=1.1 GHz respectively. Table 5.III sums up the ACPR
(Adjacent channel power ratio) referred to the 200 KHz GSM signal for the lower,
centre and upper frequency as well as for the frequencies ranking from 0.6 GHz to
1 GHz in steps of 0.1 GHz. As it can be noted from those figures as well as from
Table 5.111, for the different frequencies the ACPR is quite low compared with the
standards adopted for the modern wireless communication of around -45 dBc

[26].
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+400

1.7 dBc Avg Ch Pwr P 1 High
-26.3dBc Avg Ch Pwr 324mW ACP 2 High
-30.9dBc ACP 3 High

Fig. 5.22 — Measured ACP for a 200 KHz GSM signal at centre frequency 0.55 GHz
without using predistortion.

9 dBc Avg Ch Pwr 16.1dBm ACP 1 High
-26.7 dBc Avg Ch Pwr 40.6 mW ACP 2 High
-32.1dBc ACP 3 High

Fig. 5.23 — Measured ACP for a 200 KHz GSM signal at centre frequency 0.83 GHz
without using predistortion.

5dBc Aw Pwi 16.7 dBm ACP 1 High
-27.2dBc Avg Ch Pwr 46.8 mW ACP 2 High
-32.6dBc ACP 3 High

Fig. 5.24 — Measured ACP for a 200 KHz GSM signal at centre frequency 1.1 GHz
without using predistortion.
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TABLE 5.111

SPECTRUM CONTENT VALUES WITHOUT USING PREDISTORTION
Freq (GHz) ACP1Low ACP1High ACP2Low ACP2High ACP3Low ACP 3 High

(dBc) (dBc) (dBc) (dBc) (dBc) (dBc)
0.55 -21.7 -21.8 -26.3 -26.4 -30.9 -29.8
0.6 -22.5 -22.6 -26.3 -26.2 -30.9 -30.1
0.7 -22.5 -22.4 -26.4 -26.7 -31.5 -30.5
0.8 -22.8 -22.8 -26.6 -26.5 -31.9 -31.3
0.83 -22.9 -23.2 -26.7 -26.8 -32.1 -31.1
0.9 -22.7 -22.9 -26.5 -26.6 -31.8 -31.1

1 -22.9 -22.9 -27.4 -27.2 -34.2 -34

1.1 -22.5 -22.6 -27.2 -27.2 -32.6 -31.7

Later, a “generic” predistortion technique, which will not be discussed in this
thesis but discussed elsewhere [25], was applied. In this case the investigation was
carried out using a 10 MHz LTE (Long Term Evolution) test signal at 0.8 GHz of
frequency. Here the PA was delivering around 27 dBm of average output power
and as it can be noted from the Fig. 5.25 as well as from Table 5.1V, the ACPR for
the 10 MHz bandwidth signal was reduced from around -17 dBc to around -44
dBc after applying the predistortion. Therefore, the improvement in linearity is
approximately 27 dBc in comparison with the output spectrum without the use of
the generic predistortion.

In this Section it is important to highlight that these broadband/Continuous
modes, for which reactive terminations are provided for fundamental and
harmonic impedances, can be predistorted, thus improving the overall linearity
performance. In this case the improvement is from around -17 dBc to around -44

dBc, necessary for the modern communications standards.

TABLE 5.1V

SPECTRUM CONTENT VALUES WITH USING PREDISTORSION
Freq (GHzZ) ACP1Low ACP1High ACP2Low ACP 2 High
(dBc) (dBc) (dBc) (dBc)

0.8 -45.41 -45.31 -48.14 -49.46
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Fig. 5.25 — Measured output spectrum for the 10 MHz LTE signal at 0.8 GHz of
frequency with (green) and without (blue) the use of the generic predistortion.
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5.4 Continuous Class-FV Mode Extended to the Third
Harmonic Termination

As mentioned earlier, the Continuous Class-FV theory leads to a variation in
only first two harmonic terminations while maintaining a constant open-circuit
third harmonic load. In this manner the output power and drain efficiency can be
maintained theoretically at a constant level.

Also, in Chapter 3 the Continuous Inverse Class-FI mode has been described
(with the measurement validation presented later in Chapter 6), where the new
formulation can also be applied to the current waveform, thus identifying a new
family of waveforms on the current side. Here by simultaneous variation of
fundamental and second harmonic susceptance, while maintaining a constant
short-circuit third harmonic load, it has again been demonstrated that is possible
to maintain ideally constant power and efficiency.

However, as shown in paragraph 5.3 of this Chapter, in real PA designs the
variation of the impedance solutions are translated into design space in the
frequency domain. Therefore, no constraints can be applied to any termination (in
this case the constant open-circuit third harmonic load) that inevitably vary
somewhere inside the Smith chart. In the realisation of the Continuous Class-FV

PA design, it has been noted that, although the third harmonic termination cannot
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be maintained constant, when varying it around the edge of the Smith chart

excellent output performance is demonstrated.

5.4.1 Theoretical Continuous Class-FV3

In this Section the Continuous Class-FV theory is extended to the third
harmonic termination, now termed Continuous Class-FV3 [27].

In the Continuous Class-FV mode only the voltage waveform is allowed to
vary while maintaining a constant current waveform. In the Continuous Class-FI
mode that variation is applied on the current waveform while maintaining a
constant voltage waveform. Therefore, the idea was that, if both waveforms are
allowed to vary simultaneously, this should allow the variation of the fundamental
and second harmonic impedance as well as the third harmonic termination. The
simultaneous variation of both voltage and current waveforms is what happens in
reality in real power transistors, as it is not possible to maintain perfectly constant
any waveform when varying the different parameters (i.e. output impedances).
This is because voltage and current waveforms are related through the knee region
[14].

Initially, the voltage equation adopted to describe the Continuous Class-FV3
voltage waveform was taken directly from the Continuous-FV mode (eq. 5.1),
while the current equation was taken directly from the Continuous Class-FI mode
(eq. 3.70, but in this case assuming first 2 harmonic components), both without

any further adjustment, as shown in (5.6) and (5.7).
2 ’ I
v(8)=|1-—=cosP| -|1+——=cos?|-(1-Isin ), 5.6
@)=[1-Focoss] (14 Fzcoss 103 ) 66

(9)=[ 142 b (—65si
1(3)_(1+ﬁc0s3+2c0s23J (1-5sin &). (5.7)

Those equations lead to the waveforms shown in Fig. 5.26 as a function of J,

with the relative impedance points shown in the Smith chart of Fig. 5.27.
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Fig. 5.26 — Theoretical Continuous Class-FV3 voltage and current waveforms for ¢
ranking between -1 and 1.
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Fig. 5.27 — Theoretical Continuous Class-FV3 range of first three impedances for 0
ranking between -1 and 1.

The second harmonic impedances goes inside the Smith chart with varying o.
This will obviously lead to a decrease in power and efficiency as the power is
dissipated in such harmonics. Besides, the third harmonic load varies with the
wrong direction; this would make the output matching network harder (if not
impossible) to design.

After looking carefully into the maths, it has been discovered that in order to
have constant power and efficiency through the simultaneous variation of first,
second and now also third harmonic terminations, i.e. through the variation of

both voltage and current waveforms, some adjustment of such equations was
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necessary, as shown in (5.8) and (5.9). As it can be noted, the voltage equation
remains the same while a modified correction is applied on the current equation.
Now the simple variation of the parameter o, will lead to a variation of both
voltage and current formulations, leading to a variation on both fundamental and
second harmonic impedances as well allowing a reactive excursion of the third

harmonic termination without any loss of power and/or efficiency.

v(g)z(l—%cosg)z -(1+%c053}-(l—5sin3), (5.8)

i(9)= (1+%cos 9 +;—cos 23)-(1+%sin 519) (5.9

The Smith Chart of Fig. 5.28 shows the desired range of fundamental, second
and third harmonic impedances when dividing the appropriate voltage and current
Fourier components function of the parameter 6. Now both the second and the
third harmonic terminations vary on the perimeter of the Smith chart. Indeed the
three impedances vary with the right direction, which has been accommodated by
varying the sign on the second bracket of 5.2. The possibility to move and vary
the fundamental, the second and now also the third harmonic termination with
frequency allows an easier process when designing the matching network in order

to present such impedances.

.5=l
6=—1
A
= A
A
Ziwo \4
A 5=0
A
A
A
A
o=1
=
" 8=—1

Fig. 5.28 — Theoretical Continuous Class-FV3 range of first three impedances for ¢
ranking between -1 and 0. Impedances between 0 and 1 will be the mirrored ones.
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Expanding the two equations (5.8) and (5.9), the following voltage (V) and

current (/,) components are obtained:

2 2
I/lz_ﬁ-i-]g’ 11233 (510)
7 1
V22_1—6\/§5, L=3 (5.11)
1 )
Vz——3ﬁ, Li==J>5 (5.12)
1 1
V,=j—=36, I,=—j——&, 5.13
4 16\/5 4 ]5\/5 ( )
1
V=0, I =—J§5, (5.14)
1
V :0’ ] :—'—55 5.15
6 6 ]5«/5 ( )
1
V,=0 I,=—j—6 5.16
7 s 7 ]20 s ( )

The components from V; to V7 represent the voltage Fourier components from
1* to the 7" harmonic, as well as the components from [; to I; represent the
corresponding current Fourier components. It should be noted, the voltage
components from 4 to 7 are set to zero, while higher current components (up to
the 7™) have been considered; this can be justified as a good approximation in
most practical cases, based on the probability that higher voltage harmonics will
usually be suppressed by the device parasitic capacitances.

Figures 5.29 and 5.30 show the theoretical voltage and current waveforms and
the respective load-lines when applying (5.1) and (5.2) for J ranging between -1
and 0 with step of 0.5. The range 0 < 0< 1 (not displayed) would give the
mirrored waveforms of -1 <0 <0.

When applying this theory, and including harmonic content greater than 3 (up
to 7™), optimum results can be obtained, however it will be seen in the
measurement results that satisfactory output performance can still be achieved by

considering only the first three harmonic components.
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Fig. 5.29 — Theoretical Continuous Class-FV3 voltage and current waveforms for ¢
varying between -1 and 0 in steps of 0.5.
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Fig. 5.30 — Theoretical Continuous Class-FV3 load-lines for J varying between
-1 and 0 in steps of 0.5

5.4.2 Continuous Class-FV3 Measurement Results

The theoretical analysis reported in Section 5.4.1 has been applied
experimentally on a 6x200 um (1.2 mm) AlGaN/GaN power transistor from
Fraunhofer IAF [28], using a 28 V supply voltage at 1 GHz fundamental
frequency. As for the Continuous Class-FV measurements presented in Chapter 4,
these experimental results have been carried out on the active ELP measurement
system developed at Cardiff University [29].

Initially the standard Class-F mode has been obtained through the process
implemented in [30-31]. For this power transistor, with bias voltage of Vg=-3.1 V

(pinch-off voltage Vip=-2.4 V), input power of Pin=14 dBm (source available
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power Pays=20.4 dBm) and presenting Zpo=0.49L45.8°, Z,ro=1L-180° and
Z3r0=1L 68° at the extrinsic plane, an efficiency of #=80.6%, output power of
Pour=35.9 dBm and available gain of Gay=15.4 dB have been achieved at around
1.5-2 dB of gain compression. Once the standard Class-F mode has been obtained
the first three harmonic impedances have been simultaneously varied as explained
in section 5.4.1. Theory and measurements have been performed at the device
intrinsic plane after de-embedding the drain-source capacitor Cps=0.45 pF.

Fig. 5.31 shows the measured output performance in terms of power, efficiency

and gain as a function of J, for a constant source available power Pays=20.4dBm.
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Fig. 5.31 — Measured Continuous Class-F3 drain efficiency, output power and available
gain for -1 <0 <1 in steps of 0.2.

As can be seen, the output power and available gain are maintained at an
almost constant level with varying J, at around 35.5-35.8 dBm and 15 dB
respectively. Interestingly, moving toward 0<0 the efficiency increases, reaching a
maximum value of 83.7% for 0=-0.6 whilst for 6>0 it decreases when
approaching towards the edge of J. This may be caused either by the non-
unilateral device characteristic or some non-linearity in the device
transconductance as well as the influence of the higher harmonics.

Fig. 5.32 shows the measured Continuous Class-FV3 voltage and current
waveforms for constant Pays=20.4 dBm. Both voltage and current waveforms
vary as a function of 0 (between -1 and 0 in steps of 0.5), which means that all of
the first three harmonic impedances are being varied, revealing the new design

space.
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Fig. 5.32 — Measured Continuous Class-F3 voltage (red lines) and current (blue lines)
waveforms for -1 <0 <0 in steps of 0.5.

Fig. 5.33 shows efficiency and output power as a function of the input bias
voltage Vi and the parameter o. It can be seen that decreasing Vg from its original
value of -3.1 V, the efficiency increases up to 85% for Vg=-3.6 V and =-0.5
while still maintaining satisfactory output power of 35.7 dBm (3.7 W) at almost
the same compression level, Gay=14.7 dB. Fig. 5.34 shows the drain efficiency
and gain behaviour function of the output power sweep for gate bias Vg=-3.1 V
and for different values of § from -1 to 1 in steps of 0.5. Here it can be noted as
well that the highest efficiency of 83.7% is obtained for =-0.5 (green line), while
higher linear gain of around 18.7 dB is achieved for 6=-1 (blue line). However, in
this case of d=-1 the device compresses revealing lower efficiency and output

power.
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Fig. 5.33 — Measured drain efficiency and output power function of gate bias Vg and 9,
where -4 < Vg <-2.7V in steps of 0.1 and -1 <J < 1 in steps of 0.5.
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Fig. 5.34 — Measured drain efficiency and gain Vs output power sweep for different
values of d, where -1 <J < 1 in steps of 0.5.
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5.5 Chapter Summary

This Chapter has demonstrated the full realisation of a 10 W highly efficient
and broadband Continuous Class-FV PA. Starting from the standard Class-F
design procedure, the various steps for the realisation of the broadband PA have
been demonstrated. Here, knowing the right fundamental and harmonic
impedances utilising the Continuous mode theory, the appropriate output
matching network has been designed in order to present the target impedances for
which the high power-efficiency state is revealed. The realised Continuous
Class-FV PA has shown satisfactory results comparable with the simulated
performance. Here, the measured drain efficiency between 65% and 80% for an
octave bandwidth of 0.55-1.1 GHz with the expected output power of around 10.5
W and gain of 11 dB has been achieved. Linearity performance has been
presented as well, showing the possibility of linearity improvement when
applying a generic predistortion technique. In addition, as previously known, it
would be difficult, if not impossible, to maintain constant (in this case open-
circuit) the third harmonic load (or other impedances) when designing the output
matching network. Therefore, a new formulation for the current waveform has
been presented revealing different range for the third harmonic reactive
termination as well. This would allow for an easier and more flexible design when
varying the first three harmonic impedances for the realisation of highly power

efficient and broadband PAs.
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Chapter 6

Conventional and Continuous

Inverse Class-F Measurements

6.1 Introduction

This Chapter will provide the experimental design procedure for an optimum
Inverse Class-F power amplifier design, and starting from here, the Continuous
Inverse Class-F modes will be experimentally explored through measurement
activity.

Once the standard Inverse Class-F mode is obtained through the appropriate
design approach, the next step forward moved towards the design of a broadband
power amplifier is the Continuous Inverse Class-F state. These modes consist of
two different broadband modes termed Continuous Inverse Class-FV and
Continuous Inverse Class-FI, as already theoretically presented in Chapter 3. The
Continuous Inverse Class-FV design space consists of new output impedance
solutions achieved through the variation of the voltage waveform while
maintaining a constant current waveform. Vice-versa, in the Continuous Inverse
Class-FI, the new output terminations are achieved by varying the current

waveform while maintaining a constant voltage waveform.
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Here, it will be demonstrated through measurement results that in both cases, the
new admittance solutions will reveal constant output performance in terms of
power and efficiency. Indeed, an extended current formulation will be presented
revealing a yet wider design space for which the output performance does not
significantly degrade.

A first attempt for the realisation of the Continuous Inverse Class-FI PA has
been made as shown in Section 6.6. It will be seen that although the results do not
satisfy the initial target, high power-efficiency can be still achieved for a very wide

band of frequencies.

6.2 Standard Inverse Class-F

6.2.1 Practical limitations

As described in the Class-F and Continuous Class-FV/FI measurement sections
of Chapter 4, when measuring real power transistors in a real measurement system
environment, practical limitations must be taken into account. Therefore, as for the
Class-F case, the Inverse Class-F perfect theoretical voltage and current waveforms
cannot be achieved.

The different Class-F and Inverse Class-F classes of operation have different
properties that can be exploited when considered in conjunction with different
device technologies. This concept is especially valid when dealing with broadband
PA modes. For example, for the realisation of a Class-F power amplifier the first
three harmonics must be taken into account. This means that if the fr of the device
1s 90 GHz the maximum fundamental design frequency (Fy) cannot go above 30
GHz as the third harmonic will be 3*Fy=3*30=90 GHz. Besides, as shown in [1]
the device efficiency is function of the impedances ratio. Fig. 6.1 shows the
measured efficiency as a function of the ratio Z,p¢/Zro for a GaAs pHEMT device
[1]. Here, for fixed optimum fundamental and third harmonic impedances the
second harmonic load was varied, and as can be noted, the efficiency decreases as
the ratio increases. This means that for high optimum impedances (small device
sizes) better performance can be achieved in Class-F configuration whilst when

dealing with big device sizes (small fundamental impedance) a better output
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performance could be revealed for example in the Inverse Class-F configuration.

More details of this concept can be found in [2].
60
55

60—

Efficiency [%]

45—

40_I | I I ! 1
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Harmanic Termination Ratio

Fig. 6.1 — Measured efficiency vs. harmonic terminations ratio [1].

6.2.2 Standard Inverse Class-F Measurements

For the standard Inverse Class-F mode a square current waveform and a half-
wave rectified sinusoidal voltage waveform must be presented at the device
intrinsic current generator plane [3-10]. As mentioned earlier in this thesis, infinite
harmonic content cannot be considered in real measurements, thus more realistic
finite harmonic content waveforms are required. In this case harmonic terminations
since up to three can be controlled therefore a three harmonic square current
waveform and a second harmonic peaking voltage waveform would be considered.

The approach followed for the initial standard Inverse Class-F design procedure
can be found in detail in [11]. Here, by using the same 6x50 um GaAs device from
TriQuint (used for the Continuous Class-FV measurements shown in Chapter 4),
the initial gate bias voltage and input power sweeps have been performed in order
to find the right bias point for the appropriate input power. Considering the same
concept of the Class-F approach where the half-wave rectified sinusoidal current
waveform was revealed by presenting a null third harmonic current component, in
this Inverse Class-F case the bias voltage has been chosen in order to minimise the
second harmonic content component. This bias voltage is typically the Class-A bias
point for which Ipc=Imax/2. Since the transistor is an input voltage controlled
current source, this means that the drain current waveform is achieved by proper

engineering of the input voltage [12]. Therefore, when biasing the device in Class-
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A, the initial Class-A sinusoidal current waveform should ideally be revealed and
maintained even when varying the output fundamental and harmonic impedances.
However, in real devices, the drain voltage and current waveforms are related to
each other through the knee region, as well as through the feedback gate-drain
capacitor Cgp. This means that the voltage and current waveforms interact with
each other when varying the fundamental and harmonic impedances.

Fig. 6.2 shows the contour plot of second harmonic content as a function of the
available source power (P,,) and the gate bias voltage (V,). In this case the second
harmonic content is minimised at around 0.5-1 mA for V, values of around
-0.3 +-0.4 V. Thus, for an optimum design at the higher-end of the available input

power level of 4 dBm a value of V,=-0.4 has been chosen.
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Fig. 6.2 — Measured second harmonic content as a function of input power and gate bias
voltage [11].

It is important to highlight that the different approaches have demonstrated that
the standard Inverse Class-F mode can be achieved by biasing the device either in
Class-A and Class-B mode [3, 4, 12]. In the Class-A mode the initial sinusoidal
current waveform is significantly clipped. When biasing the device in Class-B, the
current waveform would initially be half-wave rectified sinusoidal, this means that
the bottom part of the waveform is already squared, then by introducing third
harmonic current component the top part of the waveform can also be clipped. The
downside is that in this case 6 dB more drive power is in theory necessary, which

means a possible decrease of 6 dB in the overall gain.

Chapter 6 199



. . / .
Conventional & Continuous Class-F Measurements - Vincenzo Carrubba -

Once the right bias voltage has been chosen (in this case a Class-A bias), the
appropriate output terminations must be presented in order to obtain the Inverse
Class-F state, thus the appropriate Inverse Class-F voltage and current waveforms

as shown in Fig. 6.3.

12 —

Vp (V)
(vw) 9

Time (ns)

Fig. 6.3 — Measured voltage and current waveforms function of the input power sweep.

The measurements are performed at the intrinsic current generator plane, hence
an open-circuited second harmonic termination and a short-circuited third harmonic
load have been provided while the fundamental impedance has been varied. The
optimum trade-off between efficiency, output power and gain has been found for a
fundamental impedance of Zp;=165+j0 Q. Fig. 6.4 shows the measured output
performance in terms of drain efficiency, available gain and output power. Drain
efficiency #=80.4%, gain of G=18 dB and output power of Poyr=19.4 dBm were
achieved at approximately 2-3 dB of gain compression.
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Fig. 6.4 — Measured efficiency and gain function of the output power sweep.
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6.3 Continuous Inverse Class-FV Measurements

The previous section has discussed the Inverse Class-F mode optimum design
procedure presenting the experimental measurements required to optimise the
power transistor efficiency, output power and gain. In this standard case the design
was performed for the standard combination of the first three harmonic
impedances. Once the standard singular solution Inverse Class-F mode is obtained,
the Continuous Inverse Class-FV theory shown in Chapter 3 can be applied in
order to realize the new broadband mode [13-14]. Therefore, with the same DC
drain voltage Vpc=4 V, working frequency Fy=0.9 GHz, input bias voltage Vg=-
0.4 V and starting from the optimum fundamental impedance Zgo=165+j0 €, open
circuit second harmonic impedance Z,rp and short-circuit third harmonic
termination Zspo at around 4 dB of gain compression, such impedances have been
swept in accordance with the Continuous Inverse Class-FV theory, with the voltage

and current equations shown in (6.1) and (6.2):

vCont_FV4 (

19)=(l—\/5008194-%008219)'[1_5Sin‘9] (6.1)

iConszVfl ('9) = Ipc +1; €083 +1, c0s 28 —i; €08 39 (6.2)

where in this case a finite number of harmonics in both voltage and current

waveforms have been considered.

O Zg
O Zyro
O Zzrg

=0 ©

Fig. 6.5 — Measured Continuous Inverse Class-FV first three harmonic impedances for
-1 <0<1insteps of 0.1.
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Varying the empiric parameter o, the simultaneous variation of fundamental and
third harmonic impedances have been identified and reported in Fig. 6.5.

When varying o, the fundamental impedance varies on its circle of constant
resistance (where Rpg=165Q) while the third harmonic termination varies around
the perimeter of the Smith chart from the short-circuit condition. The second
harmonic load is a fixed open-circuit. In this case, as opposed to the Continuous
Class-FV case of Chapter 4, there are no oscillation issues observed with varying
the different loads, thus the third harmonic termination could be placed in the right
position around the Smith chart for the entire J range (between -1 and 1) in
accordance with the mathematical formulation [13].

Fig. 6.6 shows drain efficiency and output power function of fundamental and
third harmonic reactances X; and X3 both normalised to the fundamental resistance

R,. Here the inverse relationship between X; and X3 can be noted (green line).
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Fig. 6.6 — Measured Continuous Inverse Class-FV drain efficiency and output power
for coupled variations of fundamental and third harmonic reactance for -1 <¢J <1 in steps
of 0.1 and keeping short-circuited the third harmonic load.

Fig. 6.7 shows the output performance in terms of drain efficiency, output
power, available gain and available input power (Pays) with varying 6. Output
power is maintained at an almost constant level around 19.5 dBm (from 19.2 to
19.6 dBm) for all the range of . The drain efficiency is maintained greater than
75% for -0.5 < 6 < 1 with a maximum peak value of 80.1% for 6 = 0.4, but starts
degrading for 6 < -0.5. The maximum value of gain Gay=15 dB (@ P4 dB) is

achieved when ¢ = 0, which then decreases with J, down to around 10dB. This is
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due to the fact that with varying o, the input power (Pavs) needs to be adjusted in

order to maintain the square current waveform (as shown in Fig. 6.7).

It is important to highlight that the gain shows an increase in the region of ¢
between around -0.4 and 0. This can easily been explained by observing the device
input behaviour as shown in Fig. 6.8. In such J range the input reflection
coefficient is greater than 1 causing the stability problem and therefore the increase
in gain. Therefore, this behaviour must be taken into account and properly

addressed when designing the PA input matching network.

Efficiency (%)

(wgp) SNy 7 (gp) Yo 1 (wgp) 14

Fig. 6.7 — Measured Continuous Inverse Class-FV drain efficiency, output power,
available gain and available input power for -0.7 <0 <1 in steps of 0.1.
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Fig. 6.8 — Measured Continuous Inverse Class-FV input reflection coefficient
magnitude and phase for -0.7 <J <1 in steps of 0.1.
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The drain efficiency and output power should remain constant along the J
variation [13], but as it can be noted from the measured results [14] the output
performance tend to degrade towards the edges of 0. In this particular case the
drain efficiency degrades when varying ¢ with negative sign and especially below
-0.5. This can be due to the interaction with the knee region [12], the non-unilateral
characteristic of the device, the feedback capacitor [15] as well as the non-ideal de-
embedding. In this on-wafer device, only the drain-source capacitor Cpg needed to
be de-embedded, but when working with packaged devices it is very important to
use a de-embedding network that is as accurate as possible in order to follow the
right line of constant resistance when varying 0.

The plots in Fig. 6.9 and 6.10 show the measured Continuous Inverse Class-FV
voltage and current waveforms for ¢ varying between -0.7 and 1 in steps of 0.1. As
it can be noted, the measured current waveforms (Fig. 6.10) are maintained at an
almost constant level of around 70 mA (peak value) with varying 6. This can be
achieved by varying the input power as already shown in Fig. 6.7. The variation of
the input power in order to keep constant such waveforms can be exploited during
the input matching network design. However, the variation of ¢ leads to the
variation of the voltage waveforms as shown in Fig. 6.9, thus revealing the new
family of Continuous Inverse Class-FV waveforms. The harmonic limited half-
wave rectified (second harmonic peaking) sinusoidal voltage waveform is obtained
for 0=0 (blue waveform) with maximum peak at around 12 V, consistent with the
computed standard Inverse Class-F state Vppax=n*Vpc value where Vpc=4 V.
When varying the parameter ¢ the new family of waveforms with higher peak-to-

average ratio (PAR) are achieved, revealing the new design space.
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Fig. 6.9 — Measured Continuous Inverse Class-FV voltage waveforms for between -0.7
and 1 in steps of 0.1.
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Time (s)
Fig. 6.10 — Measured Continuous Inverse Class-FV current waveforms for between -0.7
and 1 in steps of 0.1.
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Fig. 6.11 — Measured Continuous Inverse Class-FV drain efficiency (left) and output
power (right) as a function of X, and X; for constant input power.
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To provide more insight, contours have been plotted over the entire design space
function of fundamental and third harmonic impedances, shown in Fig. 6.11.

For these measurements the second harmonic load is kept open-circuited and the
input drive power is kept constant. These Figures do not show the actual optimum
device behaviour as shown in Figures 6.6 and 6.7 because as already mentioned,
here the input power was maintained at a constant value. Nevertheless, it can still
be seen that the best behaviour is obtained when fundamental reactance X; is
positive and third harmonic reactance X3 is negative and vice-versa (approx.) in

accordance with the theory and highlighted in orange.

6.4 Continuous Inverse Class-FI Measurements

Section 6.3 has shown the Inverse Class-FV measurements where fundamental
and third harmonic impedances were varied leading to a new family of Inverse
Class-F voltage waveforms while maintaining a constant current waveform. In this
section it will be demonstrated that the drain efficiency and output power can be
maintained reasonably constant for different current waveforms while maintaining
the voltage waveform constant [16]. The Continuous Inverse Class-FI equations
(shown in (6.3) and (6.4)) and already presented in Chapter 3 of this thesis, are
similar to the previous Continuous Inverse Class-FV ones with the exception that

now the operator [1-dsind] is applied to the current equation:

v, ()= (1 —J2cos 9+ % cos 23) , (6.3)

z'Com_F[_l (9) = (iDC +1i, cos $+i, cos 29 —1, cos 39)- [1 —o0sin 19], (6.4)

where in this case: ipc=0.37, 1;=0.43, 1,=0 and 1;=0.43.

The variation of the voltage and the current waveforms depends on the variation
of the fundamental and harmonic impedances. This means that depending on the
device properties and behaviour as well as the design target the different PA modes

can be adopted.
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As in the previous cases, measurements have been performed on the same
wafer-probeable transistor from TriQuint at 0.9 GHz operating frequency and 4 V
of DC drain voltage.

Therefore, starting from the optimum standard Inverse Class-F implemented in
section 6.2, the parameter 0 was varied leading to the new fundamental and second
harmonic termination ranges and constant short-circuited third harmonic load
shown in the Smith chart of Fig. 6.12. Note that the positive variation of 0 leads to
a positive variation of the second harmonic termination and a negative variation of

the fundamental load.

O Zgg
© Zoro
O Zsro

Zsro

Zsro @

Fig. 6.12 — Measured Continuous Inverse Class-FI first three harmonic admittances for
-1 <6 <1insteps of 0.1.

This concept can also be presented in terms of admittances Y=G+jB. In this
case, when varying the parameter o, the conductance G remains constant while the
variation will be applied on the susceptance B. Therefore, the fundamental load
varies on its circle of constant conductance (G1) (variation on B1) while the second
harmonic susceptance B2 (Z2F0) varies inversely proportional to Bl on the
perimeter of the Smith chart from the open-circuit point.

The relative voltage and current waveforms are provided in Fig. 6.13. For the
standard Inverse Class-F mode (waveform highlighted in red) as already
demonstrated in the sections 6.1 and 6.2 the maximum drain current peak reaches

around 70 mA. When varying ¢ the voltage waveforms are maintained almost
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constant while a big variation on the current waveforms is observed. This leads to
the output performance shown in Fig. 6.14. Here, the measured drain efficiency
and output power are constant to around 79-80% and 19.5-20 dBm respectively for

the range of d between -1 and 1, thus satisfying the theory.

Ip [MA]

0.0 0.5 1.0 15  2.0x10°
Time (s)

Fig. 6.13 — Measured Continuous Inverse Class-FI voltage and current waveforms for
-1 <6 <1insteps of 0.1.
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Fig. 6.14 — Measured Continuous Inverse Class-FI drain efficiency, output power
transducer power gain and available input power for -1 < < 1 in steps of 0.1.

Fig. 6.15 shows the measured drain efficiency surface plot as a function of
different combinations of fundamental and second harmonic susceptances. A
maximum constant efficiency of about 79-80% is achieved for the entire range of &
between -1 to 1, for which the inverse relationship of B1 and B2 is valid in
accordance with (6.4). When presenting different load combinations, for example

B1 and B2 either positive or negative, the device performance clearly degrades.
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Fig. 6.15 — Measured Continuous Inverse Class-FI drain efficiency as a function of B1 and
B2 both normalised to G1 for constant drive signal

Another interesting behaviour to observe is the load-line shown in Fig. 6.16.
Here, for the DUT, when 6=0 the optimum trade-off between power and efficiency
is found for a drain DC quiescent current around 35mA. This corresponds to an RF
current swing that does not extend up to Ima, as shown in the highlighted red
current waveform of Fig. 6.13, because of the increasing Vy,;, in the knee region.
Now, for this device, when dealing with the new Continuous Inverse Class-FI
mode, (i.e. for 0==*1, dotted load-lines in Fig. 6.16), it is possible to utilize the full

current drive capability without compromising efficiency.

100 {,,
75 - 1
<
E 50—
_D
25 -
0_

Fig. 6.16 — Measured DCIV and RF load-line for § = 0 (red highlighted solid line), for
0 =1 (blue dotted line) and for 6 = —1 (green dotted line).
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6.5 Extended Continuous Inverse Class-FI Theory and
Measurement Results

In the previous Section the experimental results of the Continuous Inverse
Class-F mode, for which a new family of current waveforms are revealed, has been
presented. In that case it has been seen that when varying the second harmonic
impedance around the edge of the Smith chart from the open-circuit condition, and
by adjusting the susceptance of the fundamental load from zero, constant optimum
output performance can be maintained.

Section 6.5.1 will describe a novel theory for which the second harmonic
termination is allowed to vary inside the Smith chart (I'<l) [17] and then, based

upon such theory, experimental results will be presented in Section 6.5.2.

6.5.1 Extended Continuous Inverse Class-FI Theory with
Resistive Second Harmonic Termination

When dealing with real PAs, it is not possible to realize ideal matching networks
with reflection coefficients equal to unity. This means for instance that the
harmonic impedances (in this case the second harmonic load) cannot be maintained
as a perfect open-circuit. For this reason, a new mathematical formulation for the
current waveform that allows the impact of a second harmonic load with I'< 1 to be
considered, in the presence of an optimum fundamental load, is now derived.

Equation (6.5) is the formulation for the constant second harmonic peaking half-
wave rectified sinusoidal voltage waveform v(p), whilst (6.6) represents the general
current formulation i(p) for “Continuous Inverse Class-F mode with resistive
second harmonic load” which will be termed “Extended Continuous Class-F'* and

which will be a function of both parameters ¢ and a.

v(3)=[%+cosl9j (6.5)
i(9)= (i, — i, cos 9+ iy cos 39)- (1 + a cos 3)- (1 - 5sin I). (6.6)

Extending equation (6.6) gives:
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i(9)= iy —Zi |+ (aipo—i, Jeos 9 + 8| Ziy + Zi i, |sin 9+
2 47 4
a . . O . RN :
+E(z3—zl)cos 219+E(z3 +i, — ot )sin 29 + i cos 39 +

+5%i1 sin 3,9—%3 sin 49—5%1'3 sin59,  (6.7)

where:
. a .
Ipe =ipe — 711’ (6.8)
Real(l,)=a i, —i, (6.9)
a, .
Real([z)zz(l3 ~i), (6.10)
Real(l,)=1,. (6.11)
Imag(l,)= 5(31’3 +2 —iDCj, (6.12)
47 4
S . :
Imag(12)25(13 i —aipe ), (6.13)
Imag(13)=5%il (6.14)
S,
Imag([4)=—513, (6.15)
Imag(l,)= —5%1'3 . (6.16)

Ipc represents the quiescent current. Real(1;,1,13) (equations from 6.9 to 6.11)
represent the real part of the current components of the fundamental, second and
third harmonic impedances, and Imag(1;,1>,131415) (equations from 6.12 to 6.16)
represent the imaginary part of the current components of the fundamental, second,
third, fourth and fifth harmonic impedances. The real parts greater than three and
the imaginary parts greater than five are equal to zero.

The Continuous Inverse Class-FI mode presented in Section 6.4, for which the

second harmonic impedance varies around the perimeter of the Smith chart from
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the open-circuit condition, is computed when o=0 in (6.6). Here the highest
efficiency of 81.85% can be obtained when considering three harmonics for both
current and voltage.

When varying ¢ and including the parameter o#0 a new enlarged design space
where fundamental and second harmonic loads can now both be located inside the

Smith Chart is presented, as shown in Fig. 6.17.

-ZFO
500 -ZZFO
increasing § decreasing, .

A

a=0.2

a=04 a=0

Fig. 6.17 — Theoretical Extended Continuous Inverse Class-FI for the first two
harmonic impedances (third harmonic load is kept short-circuited) when varying
-1 <6 <1 both in steps of 0.2.

When varying the second harmonic load inside the Smith chart (¢>0) the output
performance starts to slowly degrade, but by properly adjusting the fundamental
load in accordance with the theory, useful performance in terms of power and
efficiency can still be achieved.

Fig. 6.18 shows the theoretical computed new family of current waveforms as a
function of both parameters a and . The current waveform amplitudes decrease
with increasing a. This is due to the fact that by increasing a, the fundamental
impedance also increases, therefore maintaining a constant half-wave rectified
sinusoidal voltage waveform, the current waveforms then must decrease in
magnitude. Besides, it can be noted that if considering the standard class-F™' (=0,
red waveforms), when increasing a, bigger troughs in the waveforms are
developed. As already mentioned earlier, the parameter 6 and now also a must be

varied between -1 and 1 to maintain non-zero crossing current waveforms.
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Fig. 6.18 - Theoretical extended Continuous Class-FI"' current waveforms for -1<6<1 in steps of 0.25 and
0<a<0.4insteps of 0.2.

It can be seen from Fig. 6.19 that drain efficiency varies with a, but would be
maintained constant with varying 6. However, it is important to highlight that in
order to present a positive second harmonic impedance (inside the Smith chart), the
parameter a should be constrained between 0 and 1. This is because for negative
values of a, -1 < a < 0, the current waveform will still be positive, but negative
second harmonic impedances need to be presented [18-19] in order to allow the

Continuous mode to exist.
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Fig. 6.19 — Theoretical Extended Continuous Inverse Class-FI efficiency (#) contour
plot function of o and J with both been varied between -1 and 1.

Fig. 6.20 shows the variation of efficiency as a function of a with a constant
value of 6=0. It can be seen that for a=0 the standard Class-F' with drain
efficiency (77) of 81.85% is obtained. When increasing a, the value of efficiency
starts to decrease, but considering a certain pre-determined target minimum value
of efficiency, in this case #=70%, thus giving a maximum value for a=0.4, a very

large range of impedances can be obtained maintaining efficiencies greater than

Chapter 6 213



~ . . 1
Conventional & Continuous Class-F Measurements - Vincenzo Carrubba -

70%. The small degradation in efficiency is traded-off against the advantage of
having multiple solutions in order to facilitate the design of broadband PAs. It
should be noted that for a<0 the efficiency increases from its optimum of 81.85%
up to almost 100%. Again, this is due to the fact that for a<0 negative second
harmonic impedances are presented. For the analysis and measurements presented

in this paper, only positive values of a, thus positive impedances, have been

considered.
negative R2 -#—— I — = positive R2
100 00
90 -
g 80 — 100
2 L : PN
3 %7 ! e
£ 50 :
“ ! - -100
40 — I
309 i - -200
T

I I I I I
-1.0 -0.8 -06 -04 -0.2 00 02 04 06 08 1.0

o

Fig. 6.20 — Theoretical Extended Continuous Inverse Class-FI efficiency and second
harmonic resistance function of -1 < a <1 in steps of 0.2, for constant J=0.

Table 6.1 shows the reflection coefficient of both fundamental and second
harmonic impedances as a function of a, for 0 < a < 0.4 with steps of 0.1, for a
constant value 6=0 and considering a 50 Q optimum fundamental load for the

standard class-F.

TABLE 6.1
REFLECTION COEFFICIENTS (T') OF FUNDAMENTAL AND SECOND HARMONIC
IMPEDANCES AS A FUNCTION OF ALPHA

a=0 a=0.1 a=0.2 a=0.3 a=0.4
| @ Zro 0 0.046 0.096 0.15 0.21
| @ Zaxo 1 0.78 0.61 0.46 0.34

The phases of both Zry and Zyg¢ are all equal to zero for the different values of
a, as in this case a constant value 6=0 has been considered (impedances on the real

axes of the Smith chart). Besides, as it can be seen from both Table 6.1 and Fig.
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6.17, starting from the standard Class-F"' condition (¢=0) where Zg=50 Ohm
(0£0°) and Zypp=open-circuit (1.£0°), increasing the value of o, the fundamental
load goes toward higher impedances whilst the second harmonic load goes inside

the Smith chart. The third harmonic impedance is kept constant at a short-circuit.

6.5.2 Experimental Results

The design space defined theoretically in Section 6.5.1 has been experimentally
explored using the same active envelope load-pull (ELP) measurement system
developed at Cardiff University and described in Chapter 2.

The measurements have been carried out on the same GaAs power transistor at
4 V of drain voltage and 1 GHz fundamental frequency.

Initially, the same process applied in Section 6.2 has been applied to the
standard Inverse Class-F state. Here, for the 1 GHz frequency condition, the
optimum device bias voltage and fundamental impedance for which the best trade-
off of power, efficiency and gain has been obtained were Vgs=-0.45 V and Zg;=
150+j*0 Q (at the device current generator plane) respectively. The second and
third harmonic impedances were open-circuited and short-circuited respectively.
Again, once this initial point was established, the new theory described in the
previous Section was applied and the new impedance points have been investigated

(function of o and ¢) as shown in the Smith chart of Fig. 6.21.

@
-0
A FO: O 0=0
AA +OO + a=0.2
Z3F0 N
g{ +0 [2F0: O a=0
+ + 0=0.2
#%ﬁ +9 A 0=0.4
+
s |
VAVAS . _
Z,:O/ = 5 |3F0 O a0
4 + o=0.2
+ A 0=0.4
2F0_7 \2

Fig. 6.21 - Measured extended continuous Inverse Class-F range of fundamental (red)
second (blue) and third (green) harmonic loads for a=0 (circles), a=0.2 (crosses) and
0=0.4 (triangles).
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Fig. 6.22 shows the measured current and voltage waveforms for the impedance
points presented in Fig. 6.21, which means for 0 < a < 0.4 and for -1 < < 1 both
with steps of 0.2; in addition the load-lines for 0 < a < 0.4 with step of 0.2 and for
-1 <0 <1 with step of 1 are also presented. As predicted in the theoretical
waveforms (Fig. 6.18), when increasing the parameter a, the achievable maximum

peak current waveform decreases. Again, the waveforms for =0 (red ones) show

bigger troughs with increasing a, consistent with theoretical predictions.

Vo (V)

Fig. 6.22 - Measured extended continuous class-F' current waveforms when varying -1 <6 <1 in
steps 0f 0.2 and 0 < a < 0.4 in steps of 0.2 and load-lines for -1 <J <1 insteps of l and 0 <a < 0.4 in
steps of 0.2.

All these new current waveforms are achieved for fundamental and second
harmonic impedances varied in accordance with equations (6.9), (6.10), (6.12) and
(6.13) and shown in Fig. 6.22, therefore in this case such equations have been
normalized to the optimum initial fundamental impedance of R;=150+j0 Q. For all
the measurements, the third harmonic impedance was set close to a short-circuit
whilst the higher impedances greater than three have been considered to be equal to
the measurement system characteristic impedance, i.e. 50 Q.

Figures 6.23 and 6.24 show the measured drain efficiency, output power,
available gain and source available power as a function of both « and ¢. It can be

seen that when varying the parameter o, the device output performance can be
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maintained as almost invariant. The power is approximately constant for the whole
range of 0 whilst the efficiency is maintained greater than 70% with maximum
peak up to 80.9%. The efficiency drops on the edges of the range for the last points
of 0=t1. The available gain decreases with decreasing o, this is due to the fact that
for 6<0 the device need to be driven harder in order to maintain a constant voltage
waveform, this requirement is also identified in the Poys trace.

When varying the parameter o, the output performance is obviously degraded as
the second harmonic impedance goes inside the Smith chart. However, by adjusting
the fundamental impedance in accordance with this new theory, efficiencies greater
than 70% can still be achieved, thus allowing the realization of high efficiency
Class-F"' PAs, but now for a significantly expanded design space. This will then
translate into the ability to design circuits with variable reactive impedances,

tracking this “design space” over a wider band of frequencies.
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Fig. 6.23 - Measured drain efficiency and output power when varying -1 <¢ < 1 and
0 < a < 0.4 with both in steps of 0.2.
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Fig. 6.24 - Measured available gain Gay and source available power when varying
-1 <6 <1 and 0 <o <0.4 with both in steps of 0.2.
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6.6 Continuous Inverse Class-FI PA Realisation

Here a first PA design based on the Continuous Inverse Class-FI approach has
been realised. The design and realisation of this mode was based on the same 10 W
GaN HEMT device from CREE that was used for the realisation of the Continuous
Class-FV at 28 V of drain voltage and 2 GHz of fundamental frequency.

Initially the device was optimised in order to present the optimum classic
Inverse Class-F state. The different parameters: input bias Vgg, input power Py and
fundamental and harmonic impedances have been swept for the achievement of the
best trade-off between power, efficiency and gain.

Optimum Inverse Class-F bias voltage Vgs=-2.7 V, input available power
Pn=33 dBm and fundamental and harmonic impedances Zpy=54.3+j0.37 Q,
Zyro=open-circuit and Zspp=short-circuit have been found at the device intrinsic
current generator plane after de-embedding the package and extrinsic elements.
Fig. 6.25 shows the simulated drain efficiency, output power and gain function of
the input power sweep for the bias voltage and impedances previously described.
Maximum drain efficiency of DE=84.7%, output power of Poyr=41.2 dBm and
gain of G=18 dB have been achieved for which the device is at around 2 dB of gain
compression with maximum linear gain of 22.5 dB. Fig. 6.26 shows the related
Inverse Class-F half-wave rectified sinusoidal voltage waveform (second harmonic
peaking) and the compressed square current waveform at both the device intrinsic

and package plane with the load-lines shown in Fig. 6.27.
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Fig. 6.25 — Drain efficiency, output power and gain as a function of the input power
sweep.
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Fig. 6.26 — Drain voltage (red) and current (blue) waveforms at the device intrinsic current
generator plane (left) and device package plane (right) function of the power sweep.
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Fig. 6.27 — Load-lines at the device intrinsic plane (green) and package plane (red) at input
power Pn=33 dBm.

After achieving the standard Inverse Class-F state, the Continuous Inverse
Class-FI mode theory presented in Chapter 3 has been applied and the various
ranges of fundamental and second harmonic impedance have been identified at the
device current generator plane (Igen-plane) and then shifted to the package plane (as

detailed in Chapter 5) as shown respectively in the Smith charts of Fig. 6.28.
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Fig. 6.28 — Continuous Inverse Class-FI first three harmonic impedances at the intrinsic
plane (left) and package plane (right).
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The different impedance points determined by applying the Continuous theory
can then be considered points on the Smith chart where the output performance is
maintained constant. Therefore by designing the appropriate output matching
network capable of synthesising such impedances as a function of frequency, as
shown in the in the PA layout of Fig. 6.29 (the green circles represent the
decoupling capacitors), the constant optimum output performance is obtained over

a given bandwidth, with the simulated results shown in Fig. 6.31.

Output Matching Network

Fig. 6.29 — Continuous Inverse Class-FI Layout.

From the simulation results it can be noted that the performance is maintained
almost constant over the frequency band 1.2-2.8 GHz. In particular, the power is
maintained almost constant between 39.9 dBm and 41.4 dBm in the frequency
range 1.2-2.6 GHz while the gain is maintained around 15 dB and 17 dB in the
whole range 1.2-2.8 GHz. The drain efficiency is kept greater than 60 % with
maximum peak up to around 78% in the frequency range 1.5-2.6 GHz. It is
important to highlight that the high power-efficiency state cannot ideally reach or
break the octave bandwidth with the Continuous theory. This is due to the fact that
the fundamental and harmonic impedance will be overlapped. However, real
designs cannot maintain the performance perfectly constant over frequency. Such
power-efficiency tends to degrade on the edge of the given bandwidth as shown in
the measurement results presented in this thesis.

Fig. 6.30 shows the photo of the actual Continuous Class-FI"' PA realisation.

Unfortunately the measured results do not match with the simulation performance.
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Fig. 6.30 — Continuous Inverse Class-FI photo.

First of all it can be noted from the measured results of Fig. 6.31 that the
frequency range for which acceptable output results are achieved is smaller
compared with simulation performance, in this case from around 1.3 GHz to 2
GHz. Here, the drain efficiency is maintained greater than 50% from 1.2 to
2.05GHz (with maximum value of 64% at 1.5 GHz) however still resulting in
around 49% of bandwidth. The output power is maintained almost constant around
40-41 dBm from 1.2 to 2.1 GHz. However, disappointing gain between 5 and 10dB
has been achieved in the requested bandwidth. This is mainly due to the fact that
such PA has not been matched in the input side, even though better gain
performance was expected.

Despite the disappointing results compared with the simulation performance, it
can be noted that the output power and gain are maintained around constant for
almost 50% bandwidth in the frequency range 1.2-2.7 GHz. The drain efficiency
can be surely improved (at the higher frequency greater than around 1.5GHz) of
around 5-10% over the bandwidth by designing a more accurate output matching
network, while the gain can be improved 5-10 dB more if taken into account and
designing the input matching network.

The improvement of such new PA mode can be addressed in further research
and future work (as some considerations have been given in Future Work of
Chapter 7), studying the different behaviours of the Continuous inverted and

Continuous non-inverted PA modes for the actual PA realisations.
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Fig. 6.31 — Simulated and measured Continuous Inverse Class-FI drain efficiency (DE),
output power (Poyr) and Gain function of frequency.
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6.7 Chapter Summary

In this Chapter the full procedure for an optimum Class-F"' PA design has been
initially shown. Here it has been shown that by sweeping the different parameters
in the appropriate way: input bias, input power and fundamental and harmonic
impedances, an optimum Class-F"' PA design can be realised. Starting from here, a
new theory termed Continuous Inverse Class-F has been applied. In this theory
(presented in detail in Chapter 3) it has been discovered that by varying properly
and reactively the fundamental and harmonic terminations from the short or open-
circuit points, different voltage and/or current waveforms are obtained for which
the output device performance is maintained almost constant from the initial
optimum classic Class-F"'. The theory has been applied on both the voltage and
current waveforms, therefore named Continuous Class-FV™! and Continuous Class-
FI'. Indeed, an extended mathematical formulation applied on the current
waveform has shown that by varying the second harmonic load inside the Smith
chart from the open-circuit condition and adjusting properly reactively, and now
also resistively the fundamental impedance the output performance does not
degrade significantly from its optimum behaviour. The measurements carried out
on the GaAs pHEMT transistor have shown a good agreement with the theoretical
performance thus validating this new broadband PA approach.

Furthermore, for the first time the physical Continuous Inverse Class-FI PA has
been realised. Here the PA performance does not match the same performance
carried out in the simulation design. However, high power-efficiency has been still

achieved in the frequency range between 1.3 GHz and 2 GHz.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

The research presented in this thesis aimed to explore new modes for the
realisation of high power-efficiency and broadband power amplifiers (PAs) used in
wireless communications. The continuous demand of wireless services has led the
scientific community to improve such networks, and as a result, cellular phones
and base stations have improved considerably in the last few years.

The objective of developing new power amplifier modes comes hand-in-hand
with the concept of waveform engineering which is related to multi-harmonic
output matching requirements.

From the literature review, as shown in Chapter 2, the different combinations
of input bias and output impedances lead to the different standard PA classes,
starting from the linear Class-A state, through the switched modes Class-D and
Class-E to the high-efficiency harmonically tuned Class-F and Inverse Class-F.
These standard PA modes have shown in the last 20-30 years the possibility of
delivering high output overall performance for “narrow band” frequencies. This

means that to satisfy the wide bandwidth requirements of nowadays and future
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4G-5G standards new practical solutions need to be developed. Therefore, a new
research investigating for the first time what has been here termed “Continuous
Mode” has been in this thesis undertaken.

The discovery of these “Continuous Modes”, explained theoretically in
Chapter 3, shows for the first time that any standard PA mode reveals a
continuous set of waveforms where output power and drain efficiency are
maintained theoretically constant. The different waveforms are revealed by
presenting simultaneously and properly different fundamental and harmonic
terminations. Therefore, the possibility of having different solutions where the
output performance does not change is translated in what has been termed “Design
Space” where the overall PA performance does not degrade from its initial
optimum behaviour.

The Continuous Modes described experimentally in Chapter 3 have been
experimentally demonstrated in Chapter 4 on the Class-F mode, in this case
termed Continuous Class-FV. The experimental measurements have shown that
once the standard Class-F mode is obtained delivering in this case 20 dBm of
output power and around 80-85% of drain efficiency, the new
Continuous Class-FV mode can maintain such output performance over different
load solutions, which is translated into different frequency points allowing the
realisation of high power-efficiency and now broadband PAs. Indeed, an extended
theory of the Continuous Class-FV mode has been for the first time theoretically
and experimentally presented through measurement results for which the
fundamental and second harmonic impedances were allowed to vary both
reactively and resistively while still keeping the overall performance greater then a
certain value, in this case 75%.

The actual physical PA realisation using the Continuous Class-FV approach has
been here for the first time realised and presented in Chapter 5. The realised PA
delivers drain efficiency between 65% and 80% for an octave (66.7%) bandwidth.
In this range of frequencies output power was between 39.3 dBm and 41.2 dBm.
The average gain was around 11 dB (from 9.5 dB to 12 dB) across the bandwidth.
Furthermore, here it has been seen that when designing broadband PAs, the

harmonic terminations cannot easily be constrained to short-circuit and/or open-
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circuit conditions with varying frequency. Therefore, the possibility of presenting
the appropriate variable third harmonic termination as well as the fundamental and
second harmonic is an important step for the realisation of broadband PAs allowing
easier, more flexible and achievable design requirements. The measurement results
varying simultaneously the first three terminations have delivered satisfactory
performance thus validating the new approach.

Chapter 6 describes the experimental measurements conducted for the
achievement of the Continuous mode applied to the Inverse Class-F state. Here
both the voltage and current waveforms have been varied by applying the different
theories termed Continuous Class-FV and Continuous Class-FI. As for the
Continuous Class-F case, the measurements show a good agreement with the
theoretical results, where the output performance in terms of drain efficiency and
output power was maintained almost constant at around 75-80% and 19-20 dBm
respectively. Again, as for the Continuous Class-FV, an extended version of the
Continuous Inverse Class-FI mode has been theoretically and experimentally

presented.

Table 7.1 shows the State-of-Art (last 5 years: 2009-2013) summarizing some of
the single ended broadband power amplifiers operating for L band, S band and
below. Despite different techniques can be applied for the achievement of
broadband PAs, after the introduction of the class-J [1-2] and then the Continuous
mode approach [3-8] presented in this thesis, various PA using such techniques for
the realisation of broadband PAs operating in the mobile phone communication
frequency range have been exploited and realised.

As it can be noted from such Table 7.1, the first Class-J PA was realized in 2010
at Cardiff University [2], showing for the first time the possibility to realize
broadband PAs through proper fundamental and second harmonic matching
delivering efficiency in the range of 60-70% for the broadband spectrum BW=60%
(BW=Bandwidth).

The first realisation of Continuous Class-FV PA (presented in this thesis)
highlighted in red in Table 7.1, has shown a broadband (BW=67%) power amplifier

while delivering efficiency greater than Class-J, in this case >65% with maximum
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peak up to 80%. The choice of realizing Class-J or Continuous Class-F PA depends
of the trade-off between the linearity and efficiency requirement, as explained in

Chapter 2 of this thesis.

Overall, the novelty of this research was in presenting new theoretical analysis
supported by measurement results as well as the actual power amplifier realisation
for which the output performance is maintained constant for different load
solutions, thus validating the novel approach. As explained throughout this thesis,
the different Continuous Mode output load solutions for which the PA performance
remains constant/satisfactory, allows the realisation of broadband power amplifiers
by proper output matching. Such wideband PAs can therefore be used in mobile
phones and base station transmitters for the next generation of wireless

communication standards.

TABLE 7.1
STATE-OF-ART OF BROADBAND POWER AMPLIFIERS IN THE MOBILE PHONE
COMMUNICATION FREQUENCY RANGE

Freq BW | DE & PAE Pout
Year [Ref] (GHz) (%) (%) (dBm) Mode
2-2.5 222 PAE > 71 38.5-41
200901 | 5107 | 25 | PAE>53 | 39.741 Classk
2000[10] | 1929 | 42 | DE=60-65 | 45458 Simplified real
frequency technique
2010 [2] 1.4-2.6 60 DE = 60-65 40 Class-J
_ This work

2010 [5] 0.55-1.1 67 DE =65-80 | 39.3-41.2 Continuous Class-FV
2010 [11] 1.9-4.3 78 DE =57-72 40-41.7 Source-pull/load-pull
2011 [12] 1-2 67 PAE=50 48-50 Source-pull/load-pull
2011 [13] 0.9-2-2 83.9 63-89 40-43 Class-E

2011 [14] 2.3-2.7 16 60-69 40-40.8 Class-J

2012 [15] 0.5-1.8 113 50-69 39-40.8 Class-J

2012 [15] 1.6-2.2 33 55-68 40-41 Class-J
2012[16] | 0.9-1.5 50 5561 | 432 (avg) | Cxploiting wideband

large signal matching
_ Continuous ClassF

2012 [17] 1.3-3.3 87 DE = 60-83 40-40.4 / Continuous ClassE™
2013[18] 0.1-1 163 | PAE=54.5-61.3 | 30.7-31.7 Feedback technique
2013[19] | 2.25-3.075 31 DE = 50-58 24-27 Class-J
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7.2 Future Work

The work discussed in this thesis has provided a significant step forward for the
realisation of new broadband power amplifiers used in the ongoing wireless
communication systems.

Various theories supported by experimental results with an actual PA realisation
have been discussed. However, this section outlines the future work necessary in

moving forward the work undertaken in this thesis.

7.2.1 Linearity in Continuous Modes

Stepping through this thesis it can be noted that this research was mainly
focused on the optimisation of power and efficiency for the broadband spectrum
requirements.

Another very important parameter which has not been investigated for these
new Continuous Modes (however shown in the PA realisation of Chapter 5) is the
“linearity”. The linearity is the parameter which refers to the fidelity of the signal.
Therefore, any wireless network must satisfy the requirements of high efficiency,
high power and high gain for the specified broadband frequency spectrum as well
as satisfying the appropriate linearity requirements of the used standard. For
example, the UMTS (Universal Mobile Telecommunication System) standard
requires WCDMA (Wideband Code Division Multi Access) modulation with 5
MHz bandwidth and adjacent channel power ratio (ACPR) of -45 dBc at the offset
frequency of 5 MHz with a signal of PAR of 7 dB to 10. This means that the third
order intermodulation (IM3) signals must be at least -45dBc lower than the
fundamental carrier.

Unfortunately, high power-efficiency over a wide band of frequencies with high
linearity performance is not easy (or even possible), or very expensive in actual
applications. High efficiency systems would degrade the linearity performance and

vice versa as shown in Fig. 7.1.
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-

Efficiency

Fig. 7.1 — Linearity and Efficiency trade-off.

There are different enhancement techniques for the realisation of linear power
amplifiers, starting from the known predistortion approaches [1, 20] to the more
advanced baseband impedances enhancements [21-22], through other advanced
linearization techniques as [23-26].

Furthermore, it is common that once the high efficiency state is obtained using
highly efficient but non-linear modes, linear operation can be achieved by reducing
the RF input power to a level that is sufficiently low to avoid saturation of the
active devices. When a high degree of linearity is required, the back-off mode of
operation inevitably degrades overall efficiency and output power. Consequently,
as indicated in Fig. 7.1, in modern RF power amplifier applications fulfilling
linearity, for preserving fidelity of the signal, as well as power amplifier efficiency,

imposes two conflicting design requirements.

The Continuous Modes presented in this work show how to design broadband
power amplifiers. In particular by varying properly and simultaneously the
fundamental and high harmonic output impedances the power and efficiency are
maintained constant. However, no theoretical or experimental investigations have
been carried out in terms of linearity when presenting the different load conditions.
In this work, the linearity has only been measured on the Continuous Class-FV PA

presented in Chapter 5. It is important to highlight that the Continuous-broadband
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PA was designed/built from the Class-F mode, thus from a non-linear mode as high
harmonics are taken into account for the achievement of the high efficiency state.
However, it has been demonstrated that despite the non-linear behaviour of such
PA, these Continuous modes can be predistorted by using a generic linearity pre-
distortion enhancement technique [27] as shown in Chapter 5. Therefore, the
linearity can definitely be improved satisfying the requirements of 3G as well as

present and future 4G and 5G standards.

Future work can be addressed on the study of the linearity performance of the
Continuous modes when presenting different reactive fundamental and high
harmonic load conditions. Any new solution would probably show a different
linearity result, therefore, future work in this area would reveal if these broadband
modes deliver worse or better linearity performance compared with the classic

narrow band modes.

7.2.2 Continuous Class-Al Considerations

Chapter 3 has presented the overall Continuous modes applied on the various
classes, and it has been theoretically demonstrated that each standard case reveals a
continuum of waveforms. Such theoretical analysis was also accompanied by
simulations results confirming the validity of the new approach. Unfortunately such
simulation analysis, described in Appendix C, did not deliver the desired output
performance when applied on the Class-Al case. Despite the variation of the
parameter £, the current waveform did not vary from its starting sinusoidal shape.
This is probably due to the fact that only first two harmonic terminations have been
taken into account. The thinking is that if considering more than two harmonics, at
least up to the third, the approach will work on this mode as well. The use of the
third harmonic termination would probably improve the performance on the
Continuous Class-AV as well. However, this mode needs to be improved with
further investigations; therefore it can be left open for future work carrying on the

research presented in this thesis.
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7.2.3 Continuous Inverse Class-FI PA Considerations

Chapter 3 has presented the theoretical broadband Continuous PA modes
applied to the different standard PA states showing that each standard mode reveals
a continuum of waveforms/solutions through the correct combination of
fundamental and harmonic terminations, where the overall output performance
does not degrade. Using an active load-pull measurement system capable of
presenting the proper fundamental and harmonic output impedances some of the
Continuous theories have also been validated through measurement results, in this
case applied to the Class-F and the Inverse Class-F modes.

The actual physical power amplifiers have been realised based on the
Continuous Class-FV [4-5] and Continuous Inverse Class-FI modes [6]. The
Continuous Class-FV has revealed satisfactory results in terms of both power-
efficiency and bandwidth. The Continuous Inverse Class-FI did not reach the
targeted specifications.

The simulation based on the Continuous Inverse Class-FI design has revealed
very good performance both in terms of power, efficiency and gain in the wide
frequency range from 1.2 GHz to 2.6 GHz. However, despite the satisfactory
simulations the actual PA did not deliver the expected performance.

This could be due to the fact that in the non-inverted mode the current
waveform corresponds almost entirely with a voltage that is inside to the knee
clipping region. Therefore the associated current waveform takes place through
very small changes in the lower part of the voltage waveform. This means that a
very small variation in the bottom part of the voltage waveform corresponds to a
large variation in the top part of the current waveform.

This concept can however be investigated in future work. Successful work in
this area, where allowing the realisation of the Continuous modes based on both
inverted and non-inverted classes, would allow the PA community to realise
broadband power amplifiers for different specifications, device properties and

conditions, increasing the PA design flexibility and applicability.
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Appendix A

ELP (Envelope Load Pull) Panels

The active envelope load-pull (ELP) measurement system calibration can be
divided in two parts:
1. Calibration of the measurement system (small signal and large signal
calibration).
2. Calibration of the ELP boxes (fiundamental, second and third
harmonic impedances).
In this Appendix Section a brief explanation of the ELP panels available from
the ELP Igor software developed at Cardiff University would be given. Detailed
information of how to calibrate the measurement system and the ELP boxes is

available in reference [13, 32] of Chapter 2.

Measurement System Calibration

Fig. A1 shows the panel for the measurement system:
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Fig. A1 — Measurement system calibration main panel.
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e [Initialisation: enables IGOR to access to the GBIP Bus and initialise the
measurement system instrumentation and switches.

o [F Initialisation: Opens the IF measurement control box to control the low
frequency IF test set.

e Test Set Control: RF, source and load switch control.

e MTA Settings: These control the MTA during the sweep mode of
operation.

e Bias Control: Set the voltage and current for the DC supplies. Note
negative voltage for the 6629 are supplied using an inverter.ed using the
check box. Port resistance will de embed the voltage drop across resistor in
the DC network.

e Features: Opens a second panel with additional options. Bias Dependent s-
parameters. Waveform Biasing, this enables s-parameter measurements at
DC Data points loaded from a file.

e Measurement Control: This performs sparameter measurements.
Individual s-parameter buttons will produce calibrated input and output
reflection coefficients.

- Measure All Measures the four s-parameters to produce real s-
parameters.

- Correct All converts measured data from corrected reflection
coefficients to s-parameters.

e Chart Display: This displays the relevant chart for data display and
automatically displays the s-parameter checked in the data display box.

e Data Display: Once an s-parameter measurement has been performed, the
data can be appended to a display chart manually. Check box allows
automatic display of data with the chart display.

e Frequency List: This defines the frequency points for the MTA. The 2
Tone frequency list generates a list of frequency components generated
within the bandwidth of the MTA system.

e Calibration: Opens the dialogue boxes to perform the s-parameter
calibration and the absolute Full calibration of the system. Check box will
display Corrected or Raw data on chart.
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Clearing data from

ELP Calibration
Fig. A2 shows the panel for the ELP calibration panel:
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Fig. A2 — ELP calibration main panel.

e Zero channel: this clear the NiDAQ (digital to analog interface board
from National Instruments) channel.

e Harmonic control: here it is possible to specify the number of
harmonics to be controlled (maximum up to the 319,

e Calibrate: with this button the ELP software starts the calibration
procedure. In few words, the software presents some target impedance
points function of the frequency (for example usually around 15 points)
as well it presents the actual impedances presented by the system.
Therefore, knowing the error between target values and the one actual
presented, the software can calculate the a2 wave values (for the three
impedances) needed.
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Output Waveform Measurement Software

Fig. A3 shows the overall output waveform measurement main panel.
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The overall measurement panel of Fig. A3 can be divided into 3 parts: a), b) and c).
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Fig. A4

In the a) part of the output panel (Fig. A4) it is
possible to set the following different parameters:

Initialise: enables IGOR to access the GBIP
Bus and configures the measurement system
instrumentation and switches.

Features: enables to open a new window
with DC supply options.

Load Cal: from here it is possible to upload
the calibration file.

RF Stimulus: here it is possible to control
the RF input power (maximum up to 0 dBm
to avoid and damage on the MTA), the
operating fundamental frequency, the
number of harmonics taken into account, the
averaging (default=64) and number of trace
data points (default=512).

Measurement control: here the button
BOTH starts the single measurement,
besides t is possible to do input and
output power sweep as well as save the
data.

DC Stimulus: enables the setting of the
input and output DC bias conditions.

The b) part of the panel (Fig. A5) enables the
fundamental and harmonic impedances to be set.

Here the impedances can be set either as
real and imaginary or magnitude and phase
or in Cartesian coordinate (X and Y).
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Fig. A6

The c¢) part of the overall panel (Fig. A6)
displays the input and output voltage (red) and
current waveforms, the transfer characteristic,
the DCIV and load-line.

Furthermore it shows the input and output
fundamental, second and third harmonic
impedance as well as the achieved measured
output parameters such as: input power, output
power, drain efficiency, PAE available gain and
maximum available gain
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Appendix B

Cree CGH40010F 10 W GaN HEMT datasheet

CGH40010

10 W, RF Power GaMN HEMT

Cree's CGH40010 is an unmatched, gallium nitride [GaMN) high
electron mobility transistor (HEMT). The CGH£0010, operating
from a 28 volt rail, offers a general purpose, broadband seluticn

to a variety of RF and microwave applications. GaN HEMTs offer

high efficiency, high gain and wide bandwidth capakilities making

the CGH40010 ideal for linear and compressed amplifier circuits. Fadkrer——
. ) . . ckage Types; 4q01EE
The transistor is available in both screw-down, flange and solder- PNs: CoHa 0010F g

) 440158
CGH4001 o

down, pill packages.

FEATURES APPLICATIONS

Up to & GHz Operation 2-Way Private Radio
16 dB& Small Signal Gain at 2.0 GHz Broadband Amplifiers
14 dB& Small Signal Gain at 4.0 GHz Cellular Infrastructure
13 W typical P__ Test Instrumentation

65 % Efficiency at Py Class A, AB, Linear amplifiers suitable
28 \V Operation for OFDM, W-CDMA, EDGE, CDMA

waveforms

Large Signal Madels Avallasle for SIC & GaN

A o
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CREE®

Absolute Maximum Ratings (not simultaneous) at 25°C Case Temperature

s e |
Parameter Symibsol Rating Units
Drain-Scurce Voltage Vo a4 Vaolts
Gate-to-Source Vokage - -10, +2 Valts
Storage Temperature 1F— -65, +150 g =
COiperating Junction Temperature T bl by =
Maximum Forward Gate Current | - 4.0 mA
Soidering Temperature® Ts 245 b =
Sorew Torgue T (1] in=az
Thermal Resistance, Junction to Case” R B0 =i
Case Operating Temperatures T, -40, +150 =

Note:

! Refer to the Application Note on soldering at www.cree.com/products’wireless_appnotes.zsp

# Measured for the CGH40010F at P = 14 W.
3 See also, the Power Dissipation De-rating Curve on Page 6.

Electrical Characteristics (T_ = 25°C)

_ — m——— aa— —— |

Gate Threshold Voltage | - -3.8 =13 2.3 Ve Ve =10, [, = 26 mA
Gate Quiescent Voltage Vo - -1.0 - N, W, = 2BV, I = 200 mA
Saturated Drain Current I 29 i5 - A Ve = B0V, Wy, =20V
Drain-Source Breakdown Voitage Ve 120 - - Ve Ve =-8V,L,=316mA
Small Signal Gain Gy 12.% 14.5 - dB Vo = 28 W, 1, = 200 ma
Power Output! P 10 12.8 - W V=281 =200ma
Drain Efficiency” n L1 65 - L Vop = 28 ¥, Ly, = 200 mA, Py
Ko damage at all phase angles,
Output Mismatch Stress VEWR - - w:1 o Voo = 28 W, L, = 200 ma,
Po ™ 10 W oW
Input Capaciance s - 4.5 - pF Vo = ZEW, W, = -8V, f= 1 Mhz
Output Capacitance G, - 1.3 - pF Vg = ZEV, ¥ = -8V, f= 1 MHz
Feadback Capacitance [ = - 0.2 - pF Vi = 2BW, W, = -8V, f= 1 MHz
Maotes:

! Measured on wafer prior to packaging.
* Measured in CGH40010-TE.
ip_ is defined as I_ = 0.36 mA.

* Drain Efficiency = P, / P

Cree, Inc.

4500 Silksdn Ditel

Copapright f 2006- 2011 Cree Inc. All rights reserved. The infeemaiion in this decwment is subject s change without nobioe. Cres snd Dusrham, MNC ITHI3
Ehe Crest logo & rigisbernd rademarks of Cres, Inc USA Tal: «1. 988313 5300

Feee: +1.949.860.2733
2 CA 0010 Rev 3.1 W co. o uiraton
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CREE®

Typical Performance
| —— R —

Small Signal Gain and Return Loss vs Frequency
of the CGH40010 in the CGH40010-TE

3 49}; ABGHE
14.9 \\? / 1431 B
& 10 ,,-th 360 |[370E Ri‘ux
k= o 1453 B | [ 147dB ~A.
= .
- A -
| e
E o ;
= 8 - 37k g f
5| 0.
E ) . '.n'-ﬂu:l!- P
E i
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< = DS ) “T K \
It EFTET 58 O
B DRIS 110 -10.65 0B N-a?l:ﬂ -E.540 o
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25 3 as 4 45

Fraquency (GHz)

P, Gain, and Drain Efficiency vs Frequency of the
CGH40010F in the CGH40010-TE
Voo = 28 W, Im2 = 200 mA
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= E
& 1 s

o
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Cres, Inc.

500 SHikoen Drive

Copyright § 2006-201 1 Cree, Inc. mmuu reserved. The infermation in this decament ks subject te change without notike. Tres and Desrham, NC 27703
Ehe Crést logo are reg)lsiered mademarks of Cree, Inc USA Tel= 1,986,313 5300

P #1.9809.860.2733
3 TR, T s
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CREEE

Typical Performance

[

G ain (28]

Gain (48]

.
Swept CW Data of CGH40010F vs. Output Power with Source

and Load Impedances Optimized for Drain Efficiency at 2.0 GHz
Voo = 28V, I, = 200 mA
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CREE®

Typical Performance
| — e —————— —

Swept CW Data of CGH40010F vs. Output Power with Source
and Load Impedances Optimized for P1 Power at 3.6 GHz
Vo = 28 W, In-u = 200 mA
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Simulated Maximum Available Gain and K Factor of the CGH40010F
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CREE®

Typical Noise Performance
P ———— ——— — e

Simulated Minimum Moise Figure and Noise Resistance vs Frequency of the CGH40010F
V=28V, IIHI = 100 mA

3 100
A=CIEHFRIN ] L] 4S3RR (R
CEHA00F COHOF |;
- 25 /833
]
= 0
E
E &=
E 2 B5.T 5
g g
o
LN 50 5
z .g
E o
= T
£ 1 353 z
= E
=
0.5 16.7
. —8—a._ - . o B ;
0.5 2.3 4.5 &
Frequency (SHz)

Electrostatic Discharge (ESD) Classifications

Human Body Madel HEM 14 = 280 W JEDEC JESD22 All4-D

Charge Device Model oM 1< 200V JEDEC JESD22 C101-C

Cre, Inc.
4500 Slken Drive
Capyright & 2006- 5011 Cris, Inc. Al FIghis ressrved. The mlsrmation in Uil decsment 1 subject b Changs sithbul notie. Cnes Snd Desrhism, NC 27703

Ehi Créé bago &Fé Figjlibensd irademnarks of Cres, Inc USA T &1.999.313.5300

[P »1.940.6868.2733
G T Oy eirekess
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CREEE

Source and Load Impedances
 — —— e G ——— —

5
Freguency {MHEz) Z Source Z Load
£00 2002 + j16.18 51.7 + j15.2
1000 8318 + j9.46 al.4 + j28.8
1580 737 + i 2818 + 29
2500 3119 - j4.76 19 + 9.2
%00 118-j1313 14.6 + |T.46

Meote 1. W, = 28V, I, = 200mA in the 440166 package.

Mote 2. Optimized for powen, gain, P, and PAE.

MNote 3, When using this device at low frequency, series resistors
should be used to maintain amplifier stabilicy.

CGH40010 Power Dissipation De-rating Curve

e ———— —_— e -1

Power Dissipation W)
-

[ ] 28 50 TS o] 128 150 s 200 L] 280
Maximum Cace Temperxhars (*C)

MNote 1. Area exceeds Maximum Case Operating Temperature [See Page 2).

Cree, Inc_
400 Sl Ditve
Copyright § 206-30 1 Cree, Inc. All rights reserved. The infsemartion in this decement Is subject b change without notioe. Cres and Desrham, BT 2TH03

bt Ot lago &Fe regishered trademnarks of Cres, Inc. USA Tl +1.929.313.5300
Feee: #1.989.869.2733
L O DS e

T CGHADD10 Rev 3.1
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CREE®

CGH40010-TB Demonstration Amplifier Circuit Bill of Materials
—_ —_

Designator Description Qty
R1,R2 RES, 1/ 1EW, 00, 1%,,0 OHmt i
R3 RES, 1/ 16, 0603, 1%, 47 OHMS 1
F4 RES, 1/ 160603 1%, 100 OHMS i §
B CAF, A70PF, 59,1000, 0603 L
(o rJ CAP, 33 UF, 20%, G CASE 1
ClB CAF, 1.0UF, 100V, 1048, ¥7R, 1210 1
ce CAP L0UF 16 TANTALUM 1
Cl4 CAF, 100.09F, +/-5%, 0603 L
1 CAP, 0.5pF, +/-0.05pF, 0603 1
c2 CAP, 0.7pF, +/-0.1pF, D403 1
C10,C11 CAP, 1.0pF, +/-0.1pF, 0803 2
ca.C12 CAF, 10.0pF,+/-55%, D603 -
e T k] CAP, 39pF, +/-5%, 0603 2
c7.015 CAR,23000FF, 0BOS, 100V, X7R 2
13,14 COMM SMA TR PANEL JACK RECP 1
iz HEADER AT>PLZ. LCEN LK 2 POS 1
J1 HEADER RT>FLZ .1CEM LK SPOS 1§
PCB, RO43IS08, Er = 3.48, h = 20 mil 1
q CGH40010F or OGHA0010P 1

CGH40010-TE Demonstration Amplifier Circuit

e ——— e ———————,
00—

Cree, Inc.

400 Silkosn Ditve

Copyright ) 2006- 301 1 Cres Inc. All rights reserned . The infermaiion in this decoment |8 subject i change without notloe. Cres snd Dwsrham, NC ITRO3
the Cres logo are registered mademaris of Cres, Inc USA, Tal= »1.948.313.5300
Feee: & 1.980.868.2733

8 PR OO el
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CREE®

CGH40010-TEB Demonstration Amplifier Circuit Schematic
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Cree, Inc.
4500 SHlken Drive
Copyright & 2006-2011 Cres, Inc. All rights neserved. The inlsrmation in this decament B Subject b changs sithoul notkis. Cres and Desrham, NC 37703

Ehe Cres lago &e reglsbered tradenaris of Cres, Inc USA Tel: l-:l..i:li.]-i]jm
Feee= &1 999.869.2733
9 CGH40010 Rev 3.1 W S
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CREE®

Typical Package S-Parameters for CGH40010
(Small Signal, v,; = 28 V, I,, = 100 mA, angle in degrees)

e e e s e
Frequency Mag 511 Ang 511 Mag 51 Ang 521 Mag 512 Ang 512 Mag 522 Ang 5212
500 MHz 0.2 -123.34 17.19 108,22 0.0z7 21.36 0.243 -50.81
BOD MHz 0902 -133.06& 14.86 101 82 0.0z8 1560 D329 -58.65
700 MHz 0.897 -140.73 13.04 96,45 0.028 10.87 0321 -104.84
BOD MHz 0.824 -146.96 11.58 9178 0.0 G.B4 0317 -109.84
S00 MHz 0.891 -152.18 10.41 &7.E1 0.029 113 0316 -113.9%
1.0 GHz 0.850 -156.60 9.43 B3Bz 0.0 0.19 D318 -117.42
1.1 GHz 0.889 -160.47 g.62 B0.11 0.023 -2.86 0321 -120.40
1.2 GHz 0.8E8 =163.90 193 Franz 0.0 =3B 0326 =130z
1.3 GHz 0.8%7 -166.95 7.34 7150 0.029 -1 0.332 -125.38
1.4 GHz 0.8E7 -169.80 hE2 p B 0.0 -10u01 D338 -127.51
1.5 GHz 0.887 -172.35 638 6805 0.0 -1218 0.245 -1249.50
1.5 GHz 0.8E7 =174.80 298 -} 0.0:8 -14.24 0353 =131.37
1.7 GHz 0.887 -177.07 L% 6259 0.028 -168.21 0,360 -133.15%
1.B GHz 0887 =192 - Fd .97 0.0:28 -18.09 0359 -134.87
1.9 GHz 0.887 178.73 £.04 5741 0.028 15,51 0.377 -136 54
4.0 GHz 0.8E8 16768 478 S4.B9 007 =21.66 RS L] =138.17
2.1 GHz 0.828 174,88 455 52.42 0.0z7 -23.3% 0.393 -139.77
4.2 GHz 0.828 17302 4. 14 4959 0.0:z7 -24.58 DLz -141_34
2.3 GHz 0.828 171.23 415 47 B0 0.026 -26.56 0410 -142.90
2.4 GHz 0.883 169.48 57 45 24 0.028 -2B.048 D418 =144 45
2.5 GHz 0.883 1E7.78 ER§1 42,50 0.02% -29.5% 0426 -14599
4.6 GHz 0.850 166.07 366 4055 0025 -30.58 D434 -147.53
2.7 GHz 0.8590 16439 in 3830 0.025 32 38 0442 -149.06
2.8 GHz 0.850 162.74 340 303 0.025 -331.69 0450 =-150.5%9
2.9 GHz 0.8591 1B1.10 aze 1178 0.024 -34.57 0458 -152.12
1.0 GHz 0.891 159,458 alr .= 0.024 -36.20 D485 -153.65
1.2 GHz 0.8592 155.21 297 Fr 8 I 0.023 -38 81 0.479 -186.72
1.4 GHz 0.823 152.96 L9 2273 0.0 -40.E3 D493 =-139.80
1.8 GHz 0.8593 145.85 264 1838 o.az2 -42 52 0.505 -182.90
1.B GHz 0.854 146,38 250 14.0% 0021 -44.17 D217 -166.03
4.0 GHz 0.894 143.03 238 9.72 0.020 -45. 55 0527 -189.19
4.2 GHz 0.824 139,61 L.2B 5.40 0.0139 -4B.E7 0537 =172.39
4.4 GHz 0.8595 135.11 218 107 0.01% -AT.45 0546 -175.84
4.6 GHz 0.895 132.53 2.0%9 -3.29 0.018 -47.50 0554 -178.9%
4.8 GHz 0.895 128.8%5 201 -7.868 0.017 -4 756 0561 177.69
.0 GHz 0.895 125,06 1.94 =12.10 0.017 -4 Bl 0.8 174,25
E.2 GHz 0.895 12118 188 -18.58 0.016 4624 0573 170.72
5.4 GHz 0.895 117.11 1.82 =112 0.0156 -45. 67 05278 167.10
5.8 GHz 0.895 112.94 177 -25.73 0.015 44,12 0.552 163,38
5.8 GHz 0.895 106,62 1.72 -30.42 0.015 4230 D586 155.54
6.0 GHz 0.895 104.15 LER -35.20 0.015 -40.33 0.549 15555

Download this s-parameter file in ".52p" format at

Capyright § 3006- 30 1 Cree, Inc. All rights ressrved. The isdsemnaiion in this decoment ks subject o change without notios. Cres snd

e Cree lego are reglsiered tademarks of Cres, Inc.
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CREE®

Typical Package S-Parameters for CGH40010
(small Signal, V,; = 28 V, I, = 200 mA, angle in degrees)

E— By By —leeee——— B ]
Freguency Mag 511 Ang 511 Mag 521 Ang 521 Mag 512 Ang 512 Mag 522 Ang 522
500 MHz 0.911 -130.62 18.41 105,41 0.022 19.44 0.303 -112.24
EO0 MHZ 0. 50 =139.8% 15.80 o947 0023 14,31 0299 =119.483
700 MHz 0.902 -146.70 13.80 94,50 0.023 1017 0.298 -125.50
BOO0 MHz 0. 859 =152.41 1222 20.19 0023 BE8 0299 =129.85%
500 MHz 0.898 -157.17 10.98 BE 34 0.024 187 0,302 -133.28
1.0 GHz [ . - -161.24 9.92 5282 0024 0539 0.30% -135610%
1.1 GHz 0.856 -164. 75 5.08 79.58 0.024 -1.41 0,309 -138 34
1.2 GHz 0,895 LT A1 B33 Fh4g 0024 362 0214 -140.30
1.3 GHz 0.895 -170.80 .70 ne 0.023 -EE8 0.320 -142.01
1.4 GHz 0,554 -173.41 AT a1 -] 0023 1] 0325 -143.54
1.5 GHz 0.8954 -175.82 B.70 5808 0.023 -5.1% 0,332 -144 94
1.6 GHz 0.854 =-178.05 628 a5.47 0023 -11.0% 0332 -1db 24
1.7 GHz 0.854 179.78 592 6252 0.023 -12EE 0,345 -147.48
1.5 GHz 0,554 17175 259 5043 0023 -14.19 0352 -148.68
1.9 GHz 0.454 17541 530 5799 0.023 -15.65 0.358 -149.84
4.0 GHz 0,554 173194 .04 3354 0.0 =1705 0355 =130.9%9
2.1 GHz 0.894 17211 4.80 5323 0.022 -18.39 0.372 -152.12
4.2 GHz 0.8594 17037 4.58 50901 o.gz2 -19067 0.379 -15326
2.3 GHz 0.895 168.85 4.38 48 61 0.022 -20.90 0,388 -154.39
2.4 GHz 0.895 16696 420 #5313 0021 -22.08 0.393 -155.54
2.5 GHz 0.895 165.30 4.02 4408 0.021 -23.20 0.400 -156.65
4.6 GHz 0,595 1B3. 55 A.E28 41 B4 0.0l ~Z4 X7 D407 =13785
2.7 GHz 0.895 162.04 3174 3363 0.021 -25.28 0414 -159.03
4.5 GHz 0,595 1B0.43 .60 e ] 0020 =EBE. 25 D420 =l1E02E
2.9 GHr 0.855 158.83 348 3524 0.020 -27.18 0427 -161.42
1.0 GHz [ . - 157.24 . 3306 0020 -ZB.02 0433 -162.64
1.2 GHz 0.856 154.08 118 2874 0.019 -29.57 0448 -165.13
.4 GHz 0. 8% 13087 2.98 2444 00149 -30.88 D457 16769
1.6 GHz 0.895 147,86 282 20.18 0.0:4 -31.9% 0488 -170.31
LB GHz 0.897 144,41 2568 15.89 0,014 ~AL MG D472 -173.00
4.0 GHz 0.897 141.10 258 11.61 o.a17 -31.30 0488 -175.77
4.2 GHz 0.8597 137.72 2.45% 733 0017 -311.5% 0497 =-178.61
4.4 GHz 0.897 134,26 2138 102 o.a17 -31.80 0.50% 178.47
4.6 GHz 04897 130.71 226 =1.31 0.01% -3318 0.>12 175,85
4.8 GHz 0.896 127.06 217 -5.58 0.016 -32 88 0518 172.36
=0 GHz 0. 554 143,30 210 -10.0% 0.01% -31.74 0524 159, 16
5.2 GHz 0.895 119.42 204 -14.57 0.015 -30.72 0.529 185,85
5.4 GHz 0.896 115.41 1.598 -19.10 0.016 -Z25.60 0.534 156344
5B GHz 0.895 111.25 152 =271 0.015 -28.45 0.537 158,29
5B GHz 0.895 10697 1.E8T -d8.40 0.017 -Z7.41 0.=40 155.20
6.0 GHz 0.895 102.53 182 -11.19 0.017 -26.54 0.543 151.36

Download this s-parameter file in ".s2p" format at

Cree Inc.

4500 Slloen Drfee

Capyright § 2006-2011 Cres, Inc. All rights reserved. The infsrmation n this decement & subjjert b changs without notios. Tres Snd Desrhiaim, NC 27703
b T logo e Feglsbered tradensrks of Cres, InC USA Tal: +1.989.313.5300
e «1. 940565 3733
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CREE®

Typical Package S-Parameters for CGH40010
(Small Signal, V,; = 28 V, I, = 500 mA, angle in degrees)

e e " ————
Freguency Mag 511 Ang 511 Mag 521 Ang 521 Mag 512 Ang 512 Mag 522 Ang 522
500 MHz 0914 -135.02 18.58 103,70 0.020 18.36 0.300 -126.80
EO0 MHZ 090 -143.57 15.88 95,05 0.020 1367 0302 -133.51
700 MHz 0.908 -150.23 13.83 9333 0.0z1 5.50 0,304 -138.40
BOD MHz 0.904 =155 .51 12.23 8323 0.021 ET7 0307 -l42 08
S00 MHz 0.903 -160.0% 10.95 B5.56 0.021 4,08 311 -144.94
1.0 GHz 0.902 -lg3.93 2.91 _ril 0.021 1.1 D314 -l47.23
1.1 GHz 0.8901 -167.29 8.04 7909 0.021 -0.41 0318 -143.10
1.2 GHz 0.801 =170.29 811 TH.15 0.021 =215 0323 -150.69
L3 GHz 0.900 -173.00 189 b 0021 -4.12 0328 -152.07
1.4 GHz 0.900 -175.50 .15 064 0.021 -5.78 0333 -153.29
1.5 GHz 0.900 -177.81 665 68,07 0.0z1 732 0338 -154.41
1.6 GHz 0.900 -173.98 6.27 6554 0.021 -8.37 D344 -155. 44
1.7 GHz 0.900 177.96 591 63.08 0.020 -10.15 0345 -156.43
1.8 GHz 0.859 176.00 £.59 Bl.ET 0.020 -11.45 0.35% -157.38
1.9 GHz 0.4 174,12 530 5830 0.020 1268 381 -158.30
2.0 GHz 0.859 17231 5.04 5597 0.0 -13.85 0355 -189.22
2.1 GHz 0.8%3 170.54 480 53167 0.020 -14.56 0372 -160.14
4.2 GHz 0.300 168.83 4.58 5140 0.020 ~1E6.01 0378 ~1B1.0G
2.3 GHz 0.900 167.15 4.39 4916 0.019 -17.01 0.384 -161.99
2.4 GHz 0.900 165.49 421 45 G4 0.019 -17.95 0.290 -162.93
2.5 GHz 0.900 183.87 4.04 4473 0.019 -18.85 0398 -163.88
4.0 GHz 0.900 1B2.26 .85 4254 0.019 -19063 a0z -164. 86
2.7 GHz 0.900 180,56 ars #0.37 0.019 -20.48 0407 -165.85
4.8 GHz 0.900 189.08 a6 8.2 0.019 =21_£1 ka1l -1EL. 86
2.8 GHz 0.900 157.51 150 35,05 0.018 -21.8%9 0418 -167.89
1.0 GHz 0.300 185,93 ix I35 0.018 -22 52 Dd424 -1E8.95
1.2 GHz 0.900 152.79 11 H.ES 0.018 2361 0435 =171.12
1.4 GHz 0.900 149.64 200 25.40 0017 -24.448 D445 -173.38
1.6 GHz 0.900 146,45 288 21.17 0.017 -25.11 0454 -175.73
1.8 GHz 0.900 143.23 271 15693 0017 -25.51 DLas3 -178.17
4.0 GHz 0.900 139,94 258 1269 0.017 -25.67 0471 174.30
4.2 GHz 0.900 136,58 2.47 243 0.0026 -25.60 DAz 17E.67
4.4 GHz 0.4 133,14 238 4,15 0.016 -25.52 0488 173,94
4.6 GHz 0.859 129.61 2.25 -0.17 0.006 -24_B5 D492 171.12
4.8 GHz 0.8%3 12597 221 -4.53 0.01& -24.24 D438 168,148
5.0 GHz 0.8598 122,21 213 -B.54 0.01& -23.54 0.503 185.13
5.2 GHz 0.8%8 118.36 207 -13.41 0.016 2280 0.507 161.96
5.4 GHz 0.898 114.346 2.01 -17.95% 0017 =22 11 0511 158. 66
5.6 GHz 0.897 110.22 198 -32.56 0.017 -21.54 0514 158,22
5.8 GHz 0.8597 105.94 1.90 =& 2B 0.018 -21.16 0517 151.63
E.0 GHz 0.897 101.51 LEE -32.04 0.019 -21.04 0519 147,87

Download this s-parameter file in ".s2p" format at

Cree, Inc.

SE00 Sllkoen Drive

Capyright § 2006- 2011 Cree, Inc. Al rights retarved. The infsrmartion In this decament i subiject b changs without notics. Cres: snd Desrhiaim, NC 27703
e Créit lago e reglibered rademarks of Cres, Inc. USH Tal: &1.989.313.5300
Fere= &1 . 980.B65.2733

12 CGH40010 Rev 3.1 e
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CREE®

Product Dimensions CGH40010F (Package Type — 440166)
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CREE®

Disclaimer
| ——— —— ———

Specifications are subject to change without notice, Cree, Inc. believes the information contained within this data sheet
to be accurate and reliable. However, no responsibility is assumed by Cree for any infringement of patents or other
rights of third parties which may result from its use. No license is granted by implication or otherwise under any patent
or patent rights of Cree, Cree makes no warranty, representation or guarantee regarding the suitabilicy of its producs
for any particular purpose. "Typical” parameters are the average values expected by Cree in large guantities and are
provided for information purposes only, Thess values can and do vary in different applications and actual performance
can vary over time. All operating parameters should be validated by customer’s technical experts for each application.
Cree products are not designed, intended or authorized for use as components in applications intended for surgical
implant into the body or to support or sustain life, in applications in which the failure of the Cree product could result
in personal injury or death or in applications for planning, construction, maintenance or direct operation of a nuclear

facility.

For more infermation, please contact:

Cree, Inc,
4600 Silicon Drive
Durham, NC 27703

Ryan Baker
Marketing

Cree, RF Componants
519.407.7816

Tom Dekker

Sales Director

Cree, RF Components
919.407.3639

Cre, IniC.
4500 Slikcen Drive

Copyright § 2006-201 1 Crat, Inc. All rights resanved . The Infsrmation In this decement 8 subject b chsngs witholl notkie. Cres Snd Destisim, NC 27703
Ehe Cree bago bne rejlsiered ademarks of Cres, Inc USA Tel: »1.9#89.313 5300
Feor: #1.929.869.2733

14 T OOy winekess
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Appendix C

Continuous Modes Simulation Results Applied on the 10W
GaN HEMT Transistor

For the validation of the new broadband Continuous modes based on the
different classes and theoretically presented in Chapter 3, simulation analysis using
the Agilent ADS (Advanced Design System) on the accurate model for the
CGH40010W GaN HEMT (high electron mobility transistor) transistor from
CREE [Appendix B] have been performed. Simulations have been conducted at 28
V of supply voltage and two different fundamental frequencies: 0.9 GHz for the
Continuous modes applied on the Class-A state and 2.1 GHz for all the other ones.
The Figures from C1 to C21 show the different family of voltage and current
waveforms exploited at the device intrinsic current-generator plane as well as the
different range of fundamental and high harmonic terminations at both the current
generator-plane and the package measurement plane. Indeed, for each mode the
device output behaviour in terms of power, drain efficiency and gain as well as the

input power function of the two parameters 0 and £ is shown.

Continuous Class-Al

The simulation results applied on the 10 W GaN transistor exploiting the
Continuous Class-Al mode where varying the current waveform did not deliver the
expected performance shown in the theoretical paragraph 3.4 of Chapter 3.
Therefore, this mode needs to be investigated more in details and it is thus
proposed as future work carrying on the research undertaken in this thesis as

discussed in the Future Work of Chapter 7.
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Continuous Class-AV

(a)
/f_rjf\
| Igen-plane .

Fig. C1 — Simulated Continuous Class-AV fundamental and second harmonic
impedances at both (a) Igen.pLane and (b) package plane for 0 varying between -1 and 1 in
steps of 0.2.

time, nsec

Fig. C2 — Simulated Continuous Class-AV voltage waveforms at the Iggn_prane for 0
varying between -1 and 1 in steps of 0.2.

|—e— Efficiency / —5— Pout /| —&— Gain /| —¥— Pinl

R
— 45

50 _| Pout %_
= 8 = @ 8 ~— = 5 8- 40 %
g O ——2 O 35
P | — 30 ®

g 30 Gav z
.g — 25 o
10 - | 15 7
0 10 ’g
T T T T T 3

-1.0 -0.5 0.0 0.5 1.0

)

Fig. C3 — Simulated Continuous Class-AV drain efficiency, output power, available gain
and input power for ¢ varying between -1 and 1 in steps of 0.2.
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Continuous Class-BV
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Fig. C4 — Simulated Continuous Class-BV fundamental and second harmonic
impedances at both (a) Igen.pLane and (b) package plane for J varying between -1 and 1 in

steps of 0.2.
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Fig. C5 — Simulated Continuous Class-BV voltage waveforms at the Igen.pLane as well as
fundamental and second harmonic impedances at the measurement package plane for &
varying between -1 and 1 in steps of 0.2.
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Fig. C6 — Simulated Continuous Class-BV drain efficiency, output power, available gain
and input power for ¢ varying between -1 and 1 in steps of 0.2.
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Continuous Class-BI

Fig. C7 — Simulated Continuous Class-BI fundamental and second harmonic
impedances at both (a) IgenpLane and (b) package plane for £ varying between -1 and 1 in
steps of 0.2.

0.0 0.5 1.0 1.5 2.0 2.5

time, nsec
Fig. C8 — Simulated Continuous Class-BI current waveforms at the Igen_prang plane for &
varying between -1 and 1 in steps of 0.2.
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Fig. C9 — Simulated Continuous Class-BI drain efficiency, output power, available gain
and input power for ¢ varying between -1 and 1 in steps of 0.2.
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Continuous Class-FV
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Fig. C10 — Simulated Continuous Class-FV fundamental, second and third harmonic
impedances at both (a) IgenpLane and (b) package plane for 6 varying between -1 and 1 in

steps of 0.2.
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Fig. C11 - Simulated Continuous Class-FV voltage waveforms at the Igen.prang 0 Varying
between -1 and 1 in steps of 0.2.
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Fig. C12 - Simulated Continuous Class-FV drain efficiency, output power, available
gain and input power for § varying between -1 and 1 in steps of 0.2.
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Continuous Class-FI
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Fig. C13 — Simulated Continuous Class-FI fundamental, second and third harmonic
impedances at both (a) Igen_pLane and (b) package plane for &£ varying between -1 and 1 in
steps of 0.2.
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Fig. C14 — Simulated Continuous Class-FI current waveforms at the Iggn.prang for &
varying between -1 and 1 in steps of 0.2.
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Fig. C15 - Simulated Continuous Class-FI drain efficiency, output power, available gain
and input power for ¢ varying between -1 and 1 in steps of 0.2.
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Continuous Class-FV!
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Fig. C16 — Simulated Continuous Class-FV™' fundamental, second and third harmonic
impedances at both (a) IgenpLane and (b) package plane for 6 varying between -1 and 1 in
steps of 0.2.
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Fig. C17 — Simulated Continuous Class-FV! voltage waveforms at the Iggn.pLang as well
as fundamental, second and third harmonic impedances at the package plane for § varying
between -1 and 1 in steps of 0.2.
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Fig. C18 — Simulated Continuous Class-FV™' drain efficiency, output power, available gain
and input power for d varying between -1 and 1 in steps of 0.2.
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Continuous Class-FI'!
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Fig. C19 — Simulated Continuous Class-FI"' fundamental, second and third harmonic
impedances at both (a) Igen.pLane and (b) package plane for & varying between -1 and 1 in

steps of 0.2.
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Fig. C20 — Simulated Continuous Class-FI"' current waveforms at the Iggn.prane for &

varying between -1 and 1 in steps of 0.2.
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Fig. C21 — Simulated Continuous Class-FI™ drain efficiency, output power, available gain

and input power for ¢ varying between -1 and 1 in steps of 0.2.
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The various simulations applied on the different classes have shown the ability
of the Continuous mode approach to provide new waveform solutions on both
voltage and current. This means that the new impedance solutions are able to
provide an almost constant (or greater than a satisfactory target) output
performance in terms of power and drain efficiency. Each mode cannot obviously
provide the perfect constant solutions with changing ¢ or ¢ due to practical issues
as no perfect de-embedding or no symmetrical device characteristic. However, with
the exception of the Continuous Class-Al mode which is proposed for future
research, the simulations have shown satisfactory output performance validating
the approaches.

Table C.I shows the various ranges output parameters as drain efficiency, output
power, gain as well the input power drive function of the different Continuous
classes.

All the classes, again with the exception of the Class-Al (not displayed), have
delivered the desired performance. The output power was the one expected with
average at around 40 dBm as well as the drain efficiency with approximately the
Class-A around 40%, Class-B around 70-77%, Class-F around 80-80% and Inverse
Class-F at around 72-84%. As it can also be noted, a big variation on the gain is
obtained due to the different input power levels provided for the achievement of
these modes. This is firstly due to the fact that the input transistor was not matched,
therefore varying the parameters J or ¢ different input power levels need to be
presented in order to maintain the constant voltage or current waveform. Indeed,
the gain variation can be associated to stability considerations. This explains the
high gain values greater than 20-25 dB for some classes and ¢ or £ points. Stability
issues can obviously be overcome when designing the power amplifier input

matching network and the proper bias networks.
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TABLE C.I

SIMULATED OUTPUT PERFORMANCE FOR THE DIFFERENT CONTINUOUS MODES

Modes

Cont. Class-AV
Cont. Class-Al
Cont. Class-BY
Cont. Class-BI
Cont. Class-FV
Cont. Class-F1
Cont. Class-FV!
Cont. Class-FI'!

DE (%)
38.8-41.3
72.2-77.4
70.1 —74.7
79.6 — 88.4
82.8 — 86.6
72.1 —84.8

75 —84.8

POUT (dBm)
393-41.2

39.7-40.3
39.7-40.4
39.9-40.8
40.4 -40.8
40.5-41.2
41.1-41.4

Gain (dB)
18.9-25.1

17.4 - 31
19.9-2438
16.6 —29.6
19.4 —-20.8
159-213
16.4-19.9

PIN (dBm)
15.9-22

8.8-224
15.6 -20
11-233
19.5-20.3
19.3 -24.6
213-25
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Appendix D

Class-F Measurements on the IAF 6x200 pm transistor

Chapter 5 has shown the validity of the Continuous Class-F3 theory through
measurement results applied on the 6x200 um width transistor from the Fraunhofer
Institute (IAF). However, before the Continuous Mode where varying the first three
harmonic terminations can be applied, the device must initially be optimised in
standard Class-F. This means that the various parameters (presented in Chapter 4
and 5 in a different transistor) as input bias, input power and fundamental and
harmonic impedances must properly be varied going through the pseudo-ClassB,

ClassB and finally the ClassF state.

Specifics:
e Investigation type: Class-F

Fo=1GHz

e Vpc=28V

e Wg=6x200pum=1.2mm
e [g=025um

e Ipss =900 mA/mm

DCIV:
VGSZO A/
500 —
400 —
é 300 —
- 200 —
100
0 T T T T T T Vas=-2.5V
0 2 4 6 8 10 12
Vp V]

Fig. D1 — DCIV for Vgs from -2.5 V to 0 V in steps of 0.1 V.

e The device pinch-off has been found at Vgs=-2.4 V
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Drain Voltage (V)
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Identification Pseudo-ClassB point:

For Vgs=2.4 V and impedances greater than two short-circuited the

fundamental impedance was swept for different drive power levels.

425 47 50;_5_3./56‘5\ 0. 35.85 364361 4237
| of@l/w ~ o) 36.45 32 29.4
0/ ™
(LT ko] © 58 ™ K 34.6
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Fig. D2 — Load-pull contour for Efficiency, Poyr and Gain.
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Fig. D3 — Pseudo-ClassB voltage and current waveform at the Igen_plane-

Table D.I

r Z(Q) Y (S) Inc (A)
Mmax = 59% | 021 £27.5° | 71.9+j15 [ 0.013-j2.78*10 | 0.2924
P,,.,=36.7dBm | 0.14 £61.7° | 55.46+j14.7 | 0.016-j4.46*10 | 0.2655

e In this case a trade-off value of Zrg = 0.18 £20° has been chosen.

Therefore:
Vpc=28 V
Vz(s:= 24V Eff. = 58.5%
Zro=0.18 £ 20° > Pour = 36.5 dBm
Zn=0forn>1 Gain=25dB
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Identification Class-B point:

The next step is to optimise the bias point to correctly engineer the drain current

waveform. Here, presenting the fundamental impedance of the pseudo-ClassB

point and again leaving short-circuit the high harmonic terminations, the input

power and input bias point have been varied. Fig. D4 shows the contour plot with

the measured third harmonic current as well as drain efficiency, Poyt and gain Vs.

the available input power.
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Fig. D4 — Load-pull contour plot showing: 3" harmonic current magnitude, drain
efficiency, output power and gain.

The trade-off between bias voltage and available input power for which small

third harmonic content as well as high efficiency, output power and gain are

revealed 1s Vgs=-3.1 V and Pays=20.1 dBm.
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Fig. D5 — Load-pull contour plot showing: drain efficiency, output power and gain.
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Fig. D6 — Class-B voltage and current waveform at the IGeN_prane-
Table D.II
r Z(Q) Y (S Inc (A)
Nmax = 64% 0.31 £20.77° | 87.5+j121.3 | 0.01-j2.62*10~ | 0.21824
Pmax=35.8dBm | 0.16 £72.6° | 52.63+j17.24 0.017-j5.62*107 | 0.2744
e In this case a trade-off value of Zro = 0.17 £30.5° has been chosen.
Therefore:
VDC: 28 V
VGS =31V Eff. = 58.5%
Pavs=202dBm | DEEEEED> | Pour=36.5dBm
Zro=0.17 £ 30.5° Gain =25 dB
Zn=0forn>1
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Identification Class-F point:

The Class-B mode presents a half-wave rectified sinusoidal current waveform
and a sinusoidal voltage waveform. In order to square the voltage waveform for the
achievement of the Class-F mode, the third harmonic load, Zsro, has to be set to an
open-circuit. Taking into account the drain-source capacitor Cps of this device,
which has been found to be Cps = 0.45pF, shows that the current generator-plane
will rotate to the measurement-plane into the upper-hemisphere of the Smith chart.

Through sweeping the third harmonic phase from -90° to 90° around the open-
edge of the Smith chart it was found that the actual optimal load was Zzpg = 1 £
55 The second harmonic impedance was swept around the short-edge of the Smith
chart and the optimum value was actually Z,ry = 1.£180 ° (ideal short-circuit)

Once the optimum higher harmonic terminations have been identified, to reach
the maximum swing voltage, the fundamental impedance must be increased by
around 2/73. In this case optimum trade-off of Eff, Poyr and Gain was found for

which fundamental impedance is Zgo = 0.42.£28°.

40 —

—%— Pout —80 m
38 - —A— Gain =
—e— Efficiency =70 S
36— |[-+-PAE =
€ —60 3
>
8 34 m
g 32 %0 '3\0'
5 |
—40 @
30 — =1
28_;/( NI Vo ..‘.“Aﬂ\‘—so 3
- 20
I I I I I I I
0 2 4 6 8 10 12
Pin [dBm[

Fig. D7 - Output parameters and measured drain efficiency, PAE, otuput power and
gain Vs. input power.

Therefore:

Final Class-F performance:

Zro=0.42 £ 28°

ZQFOZIZ 180(sh0rt) POUT: 36 dBm
Z}FOZI Z 55.5° Gain =23.8 dB
Zn=0forn>3 Drain Eff.=79.7%
Vgs=-3.1V PAE=79.35%
V[)s =28V

CDS =045 pF
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Below are reported the Class-F load-lines and output voltage and current

waveforms at both the measurement and intrinsic device plane:

Drain Current (mA) Drain Current (mA)

Drain Voltage (V)

500 | Package Plane, RF Load Lines| z 500 7 [Current Generator Plane, RF Load Lines
400 E 400
300 g 300
200 — 5
O 200 —
100 — <
©
0 - 8 100 —
-100 : 0
I I I I I
0 10 20 30 40 50 0
Drain Voltage (V) Drain Voltage (V)
Fig. D8 - load-line at the package measurement and intrinsic device plane.
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Fig. D9 - Current waveforms at the package measurement and intrinsic device plane.
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Fig. D10 - Voltage waveforms at the package measurement and intrinsic device plane.
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Appendix E

Predictor Waveform Engineering Software Panels

Fig. E1 shows the panel of the Igor predictor software used for the achievement
of the initial parameters: bias, fundamental and harmonic output impedances in
order to speed-up the measurement activity. This panel is referred to the intrinsic

device plane.
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. o - - w3 oisz4 2 0 2R3 184205 B =
1] 14 maw | 0 1 Imax |0 2 max _El _ 4-?92839'05 195529'05
1 & lstep B 2] fstep | 1 2] fstep vs0 [ (0[5 A5 |34917905 X5 | 4.383432-05

0 i | 0 min | 0 ' ;._ z

0 4 | max | 01325 max | 0 18 | max 0 B 2 S :
vil105 2 180 | Rl | 630432 14 %1 9.96489-05

1 step | 1 lefftep |1 &l o il B o0f

Gain [dE] - Ef[x]823363 ¢

Pl  vokags (4]

Fig. E1 — Predictor software panel screenshot — at the intrinsic device plane.

In the yellow boxes the appropriate parameters must be set by the
user, then running the predictor software the blue boxes return the

predicted values.
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o [Initialise DC-1V button: this button initialise the DCIV predicted
characteristic.

e  Run DC-1V button: this button run the DCIV.

e DCIV Parameters: here the input (Vgs) and output (Vps) bias point ranges
can be set.

o Type of Transfer: here the different transfer characteristic can be chosen. If
using the linear function switch the linear box to 1 and the tanzh box to 0
and chose the gm value. Vice-versa, for the tanh function chose the
appropriate value (A, B, C and D) that describe such characteristic. For both
linear and tanh characteristic the values of gm, A, B, C and D can be chosen
by fitting the transfer predicted characteristic to the measured one which
can be uploaded with the “Real Measurement” button.

o Extracted Parameters: here must be uploaded the measured DC values of
V1H, Vbs, Vinee and Ipss.

o Input Parameters: here chose a range of input power. The predictor will
return (in the blue boxes) the values of the input voltage.

e Qutput power limits: set here the appropriate output power limits. It is
important to highlight that if the range is too wide compared with the
optimum expected the predictor could converge towards very low power for
which the efficiency is maximised.

e VGS Bias: here the input bias range can be set. The blue box will return the
predicted bias point.

o Type of PA: select the class-F of class-F' PA mode.
o [Initialise RF button: this button initialise the RF performance.

e Set output voltage sweep: here fundamental and harmonics (up to the 5™)
voltage contents range in terms of magnitude and phase can be set. Such
contents are normalised to the DC voltage.

e Qutput results: here it is shown the output voltage and impedance values
(again up to the 5™ harmonic). Furthermore the output performance in terms
of power, drain efficiency, DC power and input available power Pays are
shown. Indeed by clicking the appropriate boxes it can be shown the figures
with the predicted: voltage and current waveforms, Smith chart and
spectrum voltage and current harmonic.

o Engineering Waveforms button: this button runs the RF predicted
performance sweeping the whole parameters.

o The output plane button opens the window shown in Fig. E2.
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Fig. E2 — Panel at the measured device plane.

As said in Chapter 4, this software can be applied for transistor on-wafer. This
means that the only the drain source capacitor needs to be de-embedded. The panel
in Fig. E2 shows the first 5 harmonic impedances at the intrinsic device current
generator plane. Such impedances can be obtained by setting the drain-source

capacitor and the operating fundamental frequency.
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Appendix F

Continuous Class-F ADS Schematic

INPUT SIDE:

CREE
CGRIM0
L

Fig. F1 - Schematic — Input side
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OUTPUT SIDE:

Fig. F2 - Schematic — Output side.
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Abstract — This paper presents, for the first time the theoretical
introduction and experimental validation of the “Continuous
Class-F Mode Power Amplifier” that provides for a new design
space for the design of high efficiency and broadband power
amplifiers. Starting from the standard class-F mode, this work
shows that it is possible to maintain constant or even improved
output power and efficiency for coupled variations of
fundamental and second harmonic impedances. The investigation
was carried out on GaAs pHEMT devices and demonstrates that
a near constant efficiency between 82% and 87% can be
achieved along with a constant output power of 20dBm, over a
wide range of fundamental and second harmonic loads.

[. INTRODUCTION

There is now a great demand on power amplifier (PA)
designers to improve efficiency and linearity over increasingly
broad frequency ranges without significantly sacrificing
output power levels. The challenge in designing harmonically
tuned PA modes such as class-F and inverse class-F [1],[2] is
to maintain the required short and open circuit harmonic
terminations, which due to practical constrains must be placed
at a distance from the device, and generally limit achievable
relative bandwidths. However, recent publications [3],[4] have
shown a theoretical formulation for the voltage waveforms in
RF power amplifiers (RFPAs) and introduce new PA modes
that maintain a constant and high efficiency over a continuous
range of fundamental and second harmonic impedances. The
results presented to date have demonstrated a continuous set
of waveforms unifying the class-B and class-J modes of
operation, allowing more flexibility in PA design. This work
builds on this new theoretical formulation and extends it, for
the first time, to the class-F PA mode of operation. The new
“continuous class-F mode PA” shows that there are many
more useful solutions that guarantee the same or even higher
output power and efficiency of around 85%.

The time-domain waveform measurement system used in
these measurements for the validation of the continuous
class-F mode is based on the Microwave Transition Analyzer
(MTA). The MTA allows input and output waveforms to be
sampled. A sweeper in the source provides the necessary input
power to drive the device at the fundamental frequency. An
active harmonic envelope load-pull (ELP) system [5] is used
to present the requested three harmonic impedances which is
necessary for a wide range of measurements where harmonic
impedances are continuously varied.

II. CONVENTIONAL CLASS-F PA DESIGN

The ideal class-F power amplifier mode requires a square
voltage waveform and a half-rectified current waveform at its
output current-generator plane [6]. These waveforms are
typically described by the following equations [7]:

vD (3) =Vpc+"N cos(3)+ 73 cos(33)+ Vs cos(59)+, ......

ip (3) =Ipc -1 sin(S)— I cos(23)— Iy cos(419}|», ......

Assuming a spectral content that includes an infinite
number of harmonics an efficiency of 100% can be achieved.
When reducing the number of utilized harmonics to three, the
maximum efficiency reduces to 90.7% [1]. It is important to
note however that in practice the current waveform is not
limited to three harmonic components, hence the replication of
such truncated modes requires higher harmonics to be
short-circuited. The key in achieving such high efficiencies is
that the presence of higher harmonics that allow for an
increase in the fundamental voltage.

In practical PA design, the current waveform is obtained
through a suitable DC bias of the device, typically around the
ideal class-B point of operation. The correct output voltage
waveform is then obtained using an output filter generating
odd-harmonic voltage components at the current-generator
plane. This implementation requires the even harmonics to be
shorted to prevent the harmonic content of the current
waveform being imposed on that of the voltage. This
requirement presents a significant design challenge as any
shunt resonator can be placed only at the extrinsic plane of the
transistor.

[II. THE THEORETICAL CONTINUOUS CLASS-F MODE

Through investigations into this new power amplifier mode,
it becomes clear that when working with a constant open third
harmonic impedance, a shorted second harmonic component
is not a unique solution for achieving maximum efficiency and
output power. The required voltage waveforms are defined by
the equation (3), which has been derived from the generic
factorial representation of voltage waveforms as defined by
Cripps [4].

OR (1 —%cos 9}2 -(1 +%cos 3) (=ysing), ()

where 7 is an empirical parameter, which is swept over the
range —1<y <1 in order to sustain a positive voltage for all

angles. If that voltage waveform crosses zero at any point, the
device current will drop immediately to zero resulting in a
drastic reduction of power and efficiency and highly
non-linear behaviour. This new family of voltage waveforms,
derived from (3), is shown in Fig. 1.
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Fig. 1 Continuous class-F current waveform (black line) and voltage

waveforms for —1 < y <1 with steps of 0.5.

Fory =0, the standard class-F voltage waveform is

achieved with a theoretical drain efficiency of 90.7%. For all
other values of y, the new voltage waveforms still maintain
the standard class-F power and efficiency performance.
Throughout the complete waveform set the current waveform
(black line) is maintained as a constant half-rectified sinusoid.

The key to engineering this new PA mode lies in changing
the reactive component of the fundamental load whilst varying
the phase of the second harmonic impedance, in accordance
with (3). In this way, it is possible to keep the voltage
waveform above zero and maintain a constant, high efficiency
state. The required impedances are shown in Fig. 2 with y
changing from -1 to 1 generating second harmonic reactance
that vary around the edge of the smith chart, while the
fundamental harmonic impedance simultaneously varies on a
circle of constant resistance.

e 71
m 72
A 73

Fig. 2 Continuous class-F impedance range for the first three harmonic
impedances when varying —1 < y <1 with steps of 0.25.

This collection of valid loads represents a new “design
space” which allows increased flexibility in PA design. In this
space different values of fundamental and second harmonic
impedances can be chosen to maintain the same theoretical
output power and efficiency. The important aspect to highlight
is that PA designers do not necessary need to provide a short
second harmonic impedance in an actual PA design, but have
a choice of a significantly wider design space over which
optimum device performance is maintained.

Fig. 3 shows the reactive part of the fundamental and
second harmonic impedances, normalized to the fundamental
resistance R1, against the empiric parameter y . It can be seen

that when increasingy, the second harmonic reactance
increases whilst the fundamental reactance decreases.
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Fig. 3 Theoretical fundamental and second harmonic reactive impedances
(X1 and X2) as a function of ), for —1 < y <1 with steps of 0.25.

For y=0 with X1/R1=X2/R1=0, the standard class-F
mode is obtained. For all other values of y, a change of X1

must be accompanied by a negative change of X2 to maintain
constant output power and efficiency.

IV. EXPERIMENTAL VERIFICATION

The design space defined theoretically in the previous
section has been explored experimentally using the ELP active
load-pull system developed at Cardiff University [5]. The
measurement system allows voltage and current waveforms to
be measured at the extrinsic device plane and then shifted to
the output generator plane by de-embedding the drain-source
capacitor Cpg [8]. The measurements have been conducted
on-wafer on a power transistor at 0.9GHz, 6V of drain voltage
and delivering 20dBm of output power.

A. Using the Class-F mode as starting point for the
Continuous Class-F

Before the new PA mode can be explored, the class-F
condition must initially be achieved [9]. In a first step a value
for the bias voltage (V) is selected for which the third
harmonic current is minimized. This condition produces the
half-rectified sinusoid current waveform required. Once the
current waveform is established, the desired class-B
fundamental load is determined with higher harmonic
impedances being short-circuited. To move toward the class-F
mode, harmonic load-pull is employed to engineer the voltage
waveform. Here, the second harmonic impedance is kept at a
short whilst the third harmonic impedance is open-circuited.
In the final step the fundamental impedance is scaled by 4/x to
increase the fundamental voltage component and therefore
regain the minimum voltage value of the squared waveform
that is comparable to the original class-B mode. The scaling of
the fundamental load also restores the fundamental current
swing that was created initially for class-B.



Following this procedure a maximum efficiency of 87.0%
and output power of 20.26dBm is achieved. Considering that
higher harmonic impedances were not short or open-circuits,
but kept at the 50Q characteristic impedance of the
measurement system, and that the actual knee-voltage is larger
than zero, the achieved performance is still close to the
theoretical optimum of 90.7%.

B. Validation of the Continuous Class-F
After achieving the class-F condition the new design space
was explored for the identified range of y. Here, the

reactance of the fundamental impedance (X1) was varied
versus a range of second harmonic reactance.
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Fig. 4. Measured efficiency for coupled variations of fundamental and second
harmonic reactance with an open-circuited third harmonic impedance.
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Fig. 5. Measured output power for coupled variations of fundamental and
second harmonic reactance with an open-circuited third harmonic impedance.

While stepping through the values of y, the drive power to
the device was actively adjusted to keep the output power
constant. In fact, the required drive power adjustment was
larger than initially expected, resulting in the experimental
verification of this new continuous class-F mode from y=-1
to 1. This translates to a variation of X1/R1 from 0.85 to -
0.85. During these measurements the third harmonic
impedance was maintained as an open circuit. Figures 4 and 5
show an extracted plot of measured efficiency and power over
the range of X1 and X2. Maximum efficiency of 87.0% is

achieved for X1/R1=0 (class-F). It is important to highlight
that efficiency and output power are maintained at almost
constant levels for a wide range of X1/R1 from -0.4 to 0.85,
consistent with the theoretical prediction.

For further investigations contour plots have been measured

over the new impedance design space as shown in Fig. 6 and
7.
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Fig. 6. Measured drain efficiency as a function of normalized X1 and X2,
measured for constant drive signal.
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Fig. 7. Measured output power as a function of normalized X1 and X2,
measured for constant drive signal.

During these measurements, the drive power has been kept
constant. The contour plots demonstrate that both drain
efficiency and output power are dependent on the fundamental
and second harmonic reactance, and clearly indicate the
predicted design space, producing an optimum device
performance ridge of coupled X1 and X2 solutions.

Device performance degrades most when both the
fundamental and second harmonic reactances are either
positive or negative, as within the continuous class-F mode
X1 and X2 have an inverse relationship. In practical design
such variations over frequency could be incorporated into the
design of the output matching network.



Interestingly, the realisation of the continuous class-F mode
does not seem to require an exact relationship between the two
harmonic voltage components and therefore allows some
additional design flexibility.

Fig. 8 depicts the changes of input reflection coefficient at
the fundamental frequency during the emulation of the
continuous class-F mode. These changes are thought to be
caused by the increased peak values of the drain voltage for
¥ # 0 and explain the need for drive power adjustments during
the emulation of this PA mode. Again, over frequency, this
can be compensated for in the design of the input matching
network.
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Fig. 8. Measured variations of the input reflection coefficient during the
emulation of the continuous class-F PA mode.
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Fig. 9. Measured RF voltage waveforms at current-generator plane for
‘continuous class-F mode’, with } ranging from -1 to 1.

Fig. 9 shows measured RF voltage waveforms at the
current-generator plane with y ranging from -1 to 1 with the

classic class-F waveform given for X1/R1=0 (highlighted
waveform). It can be seen that the waveforms are very similar
to the theoretical ones from Fig. 1.

Comparing the continuous class-F waveforms with those of
the standard class-F also highlights the increase in peak
voltage, which effectively creates the new design space, but at
the same time must be tolerated by the device technology.

Besides it can be seen that the peak of voltage waveforms
for y> 0 (red lines) don’t raise to the same peak of voltage

waveforms for y < 0 (green lines), this is because for y > 0.5

(X1/R1<-0.4) the second harmonic impedances cannot be
placed on the edge of the smith chart. This is due to the nature
of the device with consequence of non-optimum behaviour as
even shown in Fig. 4 and 5.

V. CONCLUSION

This paper has presented for first time a new power
amplifier mode that the authors have termed “Continuous
Class-F”. The novel theoretical formulation for the voltage
waveform allows for the realization of constant efficiency and
output power, equivalent to the standard class-F mode, over a
wider design space. This allows the achievement of
broadband, high efficiency RFPAs. It is important to
emphasize that the opportunity to move away from a unique
solution toward a constellation of solutions allows the PA
designer increased flexibility over the topology of subsequent
matching networks. The paper clearly shows that it is possible
to vary simultaneously, fundamental and second harmonic
impedances to maintain the desired output performance that is
consistent with that of the original class-F, producing constant
drain efficiencies around 85%. Future work will focus on
extensions of the new design space, its sensitivity and its
dependence on the underlying device technology.
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Abstract — The Extended Continuous Class-F Mode RFPA (RF
power amplifier) is presented for the first time. The
introduction and experimental validation of this novel PA mode
demonstrates a new design space over a wide band of
frequencies. This paper will show that high output power and
drain efficiency, equivalent to the class-F mode, can be
maintained by varying the reactive components of fundamental
and second harmonic impedances in accordance with the new
formulation of the voltage waveform. Additionally it will be
shown that, by varying both phase and magnitude of the
fundamental and second harmonic impedances, a yet wider
design space can be achieved, where the efficiency is
maintained at a level greater than a certain target value. For
the validation of this new theory, an experimental investigation
was carried out on GaAs pHEMT devices and demonstrates
that high output power and drain efficiency between 75% and
83% can be achieved over a wide range of fundamental and
second harmonic loads.

Index Terms—Broadband amplifiers, microwave amplifiers,
microwave measurements, power amplifiers, RF circuits.

I. INTRODUCTION

OWER  Amplifier (PA) design for wireless

communication has to date been largely focused on
improving efficiency and linearity for specified low
percentage RF  bandwidths. Conventionally, higher
efficiency PAs are designed for narrow-band operation [1]
and cannot be used in broadband applications covering
multiple bands in wireless communication systems. Future
4G (Fourth Generation) wireless network systems, which
include WiMax (Worldwide Interoperability for Microwave
Access) and LTE (Long term Evolution), are in continuous
progression to satisfy the great demand in mobile phones
with high QoS (Quality of Services). The development of a
PA design methodology for these advance systems will be
required in order to allow more services as higher data-rate
transmissions over long distances. However the
achievement of these new technologies with all these
services will require larger bandwidths.
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The challenge in designing broadband PAs is to maintain the
same performance in terms of linearity, output power and
efficiency compared with standard narrow-band modes such
as class-F or inverse class-F [1], [2]. For these two PA
modes the aim is to maintain the required short and open
circuit harmonic terminations, which due to practical
constraints must be placed at a distance from the device.
However this generally limits the achievable relative
bandwidth. Recent publications [3], [4], [5], [6] have shown
a theoretical formulation for the voltage waveforms in RF
power amplifiers (RFPAs) and introduce new PA modes that
maintain a constant and high efficiency over a continuous
range of fundamental and second harmonic impedances. The
results presented to date have demonstrated a continuous set
of waveforms unifying the class-B and class-J modes of
operation, allowing more flexibility in PA design. This work
builds on this new theoretical formulation and extends, to
the class-F PA mode of operation. The new “Extended
Continuous Class-F mode PA” shows that there are many
more useful solutions that guarantee high output power and
efficiency. This “design space” allows the designer more
flexibility in the realization of passive networks having
greater relative bandwidth than in conventional design
approaches. The time-domain waveform measurement
system used in these measurements for the validation of the
extended continuous class-F mode is based on the
Microwave Transition Analyzer (MTA). The MTA allows
input and output waveforms to be sampled. A sweeper in the
source provides the necessary input power to drive the
device at the fundamental frequency. An active harmonic
envelope load-pull (ELP) system [7] is used to present the
stipulated three harmonic impedances that are necessary for
the wide range of measurements where harmonic
impedances are continuously varied.

II. STANDARD CLASS-F DESIGN

The ideal class-F PA mode requires a squared-up voltage
waveform containing only fundamental and odd higher
harmonic components and a half-wave rectified sinusoidal
current waveform at its output current-generator plane [8].

These waveforms can be represented by the equations (1)
and (2) [2], [9]:

VD (3) =Vpc—" cos(,9)— V3 cos(39)— Vs cos(519)—, ...... (1)
in(9)=1,cos(9) —z/2<%<n/2
_o - <3<-7/2
- wl2<9<x > 2



where I, 18 the peak current and & represents the
conduction angle.

Assuming a spectral content that includes an infinite
number of harmonics, an ideal efficiency of 100% can be
achieved, when the voltage waveform becomes a perfect
square wave. When reducing the number of utilized voltage
harmonics to three, the maximum efficiency is reduced to
90.7%. It is important to note however that in practice the
current waveform is not limited to three harmonic
components, hence the replication of such truncated modes
(half rectified waveform) still requires higher odd harmonics
to be short-circuited [2].

The key in achieving such high efficiencies is to arrange
for the presence of harmonics to allow an increase in the
fundamental voltage component, whilst maintaining the
condition that the voltage never reaches zero during the RF
cycle. In practical PA design, the current waveform is
engineered through a suitable DC biasing of the device,
typically around the ideal “zero-bias” class-B point of
operation. The correct output voltage waveform is then
obtained using a passive output network which provides the
necessary harmonic terminations at the current-generator
plane. This conventional implementation has been
considered to require the even harmonics to be short
circuited to prevent the harmonic content of the current
waveform being imposed on that of the voltage. This
requirement presents a significant design challenge as any
shunt resonator can only be placed at the extrinsic plane of
the transistor, contributing to a very restricted frequency
range of operation.

III. CONTINUOUS CLASS-F MODE

Recent investigations into this new power amplifier mode
[5S] have shown that, when working with constant
open-circuited third harmonic impedance, a shorted second
harmonic component is not a unique solution for achieving
maximum efficiency and output power. The required voltage
waveforms are defined by (3), which has been derived from
the generic factorial representation of voltage waveforms as
defined by Cripps [4].

v(3)=(l—acos3)2 1+ Bcosd)-(1-ysind), 3)
where a, f and y are three parameters which define the
design space. It is very important that, for each combination
of the three values, the voltage waveform is kept above zero:

W9)>0. @)

If the voltage waveform crosses zero at any point, the
device current will drop immediately to zero resulting in a
drastic reduction of power and efficiency and highly
non-linear behaviour.

Equation (3) can be expanded to give the following
expression for the current-generator plane voltage:

v(9) =Vpc — 4 005(3)— Ay cos (28)— A3 cos (39)+
+B sin(9) + By sin(29)+ By sin(39)+ By sin(49),  (5)

where Vpe represents the supply voltage. A4,, A, and 4;
represent the voltage components of the real part of the
fundamental, second and third harmonic impedances, and Bj,

By, B; and B, represent the voltage components of the
imaginary part of the fundamental, second, third and fourth
harmonic impedances.

This gives:
VDC:1+%a2—aﬁ, (©6)
3 2
A1:2a—ﬁ—z(x B, (7)
1 >
h=af-—a”, ®)
1 2
dy=-—a’f, ©)
Blzy[%aﬂflfiazj, (10)
B~ a-3p-1a'p), (an
2 4
1 1 »
By zy(gaﬂ—za j (12)
1
By = —gmzﬂ : (13)
Real and imaginary harmonic impedances are normalised
to the DC voltage (Vpc).

For the theoretical continuous class-F, to achieve the
maximum drain efficiency, the second harmonic impedance
must be kept reactive. To obtain this, the parameter 4, in (8)
is set to zero, giving the condition

L=al2. (14)

The presence of the third harmonic voltage allows the
increase of fundamental component. Substituting the value
B =a/2 in the real part of the fundamental component (7):

3, 3

A =—a ——«. 15
173 5 (15)

Differentiating (15) as shown in (16), the maximum
amplitude of fundamental voltage (a) for optimum class-F
condition can be determined, as shown in (17):

A'(@)=2a’ -2 =0 (16)
8§ 2
giving
a=2/3 (17)

Keeping the parameters a and f constant, y is the only
parameter to be swept to reveal the continuous class-F mode:

-1<y<1. (18)

In accordance with (14), (17) and (18), the new family of
voltage waveforms, as a function of y, are derived from (5),
and are illustrated in Fig. 1 [5]. For y=0, the standard class-F
voltage waveform is achieved with a theoretical drain
efficiency of 90.7% (highlighted red line). For all other
values of y, the new voltage waveforms still maintain the
class-F power and efficiency performance, but have
significantly modified waveforms. We assume that the
device has sinusoidal input excitation and is biased for Class
B operation, resulting in a half-wave rectified sinusoidal
current waveform.
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Fig. 1. Theoretical continuous class-F current and voltage waveforms, for
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Fig. 2. Continuous class-F impedance range for the first three harmonic
impedances when varying -1 <y < 1 with steps of 0.25.

The key to engineering this new PA mode lies in
changing the reactive component of the fundamental load
whilst varying the phase of the second harmonic impedance,
in accordance with (5). In this way, it is possible to keep the
voltage waveform above zero and maintain a constant, high
efficiency state. The required impedances are shown in Fig.
2 with y changing from -1 to 1 generating a second harmonic
reactance that varies around the edge of the Smith chart,
while the fundamental harmonic impedance simultaneously
varies on a circle of constant resistance.

This set of viable loads represents a new “design space”
which allows increased flexibility in PA design. In this space
different corresponding values of fundamental and second
harmonic impedances can be chosen to maintain the same
theoretical output power and efficiency. The important
aspect to highlight is that PA designers do not necessarily
need to provide a short-circuit second harmonic impedance
in an actual PA design, but have a choice of a significantly
wider design space over which optimum device performance
is maintained.

Fig. 3 shows drain efficiency and reactance of the
fundamental and second harmonic impedances normalized
to the fundamental resistance R;, against the parameter y. It
can be seen that when increasing y, the second harmonic
reactance increases whilst the fundamental reactance
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Fig. 3. Theoretical efficiency and fundamental and second harmonic

reactive impedances (X; and X;), normalized to R, as a function of v, for -1
<y <1 with steps 0.25.

decreases, in this case the efficiency is kept constant to an
ideal value of 90.7%.

For y=0 with X;/R;=X,/R;=0, the standard class-F mode
is obtained. For all other values of y, a change of X; must be
accompanied by a negative change of X, in accordance with
(5) to maintain constant output power and efficiency.

IV. THE EXTENDED CONTINUOS CLASS-F MODE

In previous section, using a constant value of f=a/2 and
0=2/N3 (1.154 approx.), the parameter y was varied and the
“Continuous class-F mode” which defines a new design
space has been revealed. This new design space allows
second harmonic impedance to be varied on the edge of the
Smith chart whilst fundamental impedance is swept to the
circle at constant resistance maintaining constant maximum
output power and drain efficiency. The next step is to vary
the parameters a and f in order to maintain the drain
efficiency greater than a certain pre-determined useful value
which has been chosen here as 75%.

n>75%. (19)

Obviously the continuous class-F mode explained in Section
111, delivers the maximum efficiency because the value of a
was chosen in order to represent the standard class-F
condition, having an efficiency of 90.7%. In this case when
varying o,  and y it will be shown that efficiency greater
than 75% can be maintained over a significantly wider
design space than that discussed in previous section.

The continuous class-F mode and its extension are
achieved when voltage waveforms are positive. In order to
avoid that voltage waveforms drop below zero, for f=0/2 the
following conditions must be achieved:

2<a<2, a#0, (20)

-1<y<1 (2]

The range of a and y shown in (20) and (21) will be smaller
taking into account different values of £
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Fig. 4. Continuous class-F impedance range and efficiency contour plot for the first two harmonic impedances (the third is kept as an open) when varying 0.75 <

a<1.25and -1 <y <1 with a step of 0.5 and y step of 0.25.
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Fig. 5. Theoretical voltage waveforms for constant f=a/2 and y=0 function
of a, where 0.75 < o < 1.55 with steps of 0.1.

A. Extending the Continuous Class-F with second harmonic
impedance on the edge of the Smith chart (f=0/2)

Here with a constant value of f=a/2 and varying the other
two parameters o and y, the second harmonic impedance
varies still on the edge of the Smith chart, whilst the
fundamental impedance varies both magnitude and phase
still achieving high efficiencies states, as shown in Fig. 4.
Each fundamental load has its corresponding second
harmonic impedance in order to maintain high output power
and drain efficiency.

Fig. 5 shows the voltage waveforms with varying o,
keeping f=a/2, for y=0. Note that with increasing values of
a, bigger “troughs” in the voltage waveforms are developed.
This translates into lower efficiency due to the lower
fundamental voltage.

Fig. 6 shows the efficiency and output power variation
with a for a constant value of y=0. Note that highest
efficiency is achieved for a = 2/v3 which is the class-F
condition, but a wide range of fundamental impedances can
be chosen which still yield efficiencies greater than 75%.
Those theoretical values of efficiency and output power
remain constant over the range of -1<y <I.

To achieve a non zero-crossing voltage waveform, the
parameter a must be non-zero and lie between -2 and 2, as
shown in (20). In this case, in accordance with (5),
maintaining efficiency greater than 75 % causes the range of
o to be further restricted,

0.75<a<15. 22)
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Fig. 6. Efficiency and output power for constant f=a/2 and y=0 function of
a, where 0.75<a<1.5 with steps of 0.05.

B. Extending the Continuous Class-F with second harmonic
impedance inside the Smith chart (f>0/2)

Following the same procedure of Section A, the
parameters o, y and now also S will be varied. In the
previous section the value of f was restricted to f=0/2
(4,=0), thus the second harmonic impedance was swept
around the edge of the Smith chart. We now consider the
more general case where the second harmonic impedance
can be chosen inside the Smith chart, where for f>a/2, in
accordance with (8) and (5) the parameter A4, is kept greater
than zero.

The new condition of f variation delivers a wider range of
design space that guarantees a stipulated minimum output
performance.

When changing all three parameters, the range of those

parameters which yield a non zero-crossing voltage
waveform and a minimum drain efficiency of 75% is shown
in Table I, which is based on (4) and (19).
Voltage waveforms are shown for f = a / 1.6 in Fig. 7. Note
that with increasing value of a, again bigger troughs in the
voltage waveforms are developed. If the parameter S
increases, the range of o and y where voltage waveforms are
greater than zero and drain efficiency is greater than 75 % is
reduced, as shown in Fig.8. For f=a/2 the efficiency is
greater than 75 % for a wide range of a ranging from 0.75 to
1.5. For f=a/1.5 that range of a is between 0.9 and 1.2, and
for f=a/1.4 the only point that allows positive voltage and
high efficiency is a=1.05.
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Fig. 8. Drain efficiency function of a and f for constant y=0.

Fig. 9 shows the wide design space, which allows very
high flexibility in PA design. In this space it is important to
note the continuity of this new PA mode. Also in this case,
each fundamental load has its appropriate second harmonic
load. It shows for example one combination of fundamental
impedance (Z1°, red triangle, even shown inset) and second
harmonic impedance (Z2’, green square) in accordance with
(5) which maintain the stipulated high efficiency state (third
harmonic impedance Z3 is kept open). In this case a drain
efficiency of 89.5% is achieved.

Fig. 10 shows the maximum efficiency as a function of S
for a given optimum a. Note that the efficiency decreases
with increasing values of f but efficiencies greater than 75%
are still maintained.

Fig. 11 plots efficiency and output power as a function of
o and y with constant f=a/1.6. Note that for a greater than
0.95, (4) and (19) are valid for just =0 (red line). Again it
shows with increasing £, the useful design space decreases.

z1'

continbity

Fig. 9. Extended continuous class-F impedance range for the first three
harmonic impedances with f=a/1.9 when varying 0.75 < a < 1.45 and
-0.5 < y < 0.5 with both steps of 0.1, inset collection of fundamental
impedances.

90 —
88 —
86 —
84 —
82 —
80 —
78 —
76 —

Efficiency (%)

I I I I I I 1
a2 o/l9 /1.8 /1.7 /1.6 o/l.5 o/l.4

p

Fig. 10. Extended Continuous class-F efficiency function of § for y=0 and
optimum value of o =1.15.

VI. EXPERIMENTAL ANALYSIS AND VERIFICATION

The design space defined theoretically in the previous
section has been explored experimentally using the ELP
active load-pull system developed at Cardiff University [7].
The ELP load-pull architecture is shown in Fig. 12.

The device transmitted signal b, is down converted to the
baseband frequencies using an I/Q modulator. Here, the
down converted I, and Q, signals, are then injected in an
electronic control-unit box, and by setting the correct values
of the external variables X and Y (thorugh GPIB cable) the
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required signals I, and Q, are achieved (by using a software
developed in Cardiff University).
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Fig. 12. Envelope load-pull (ELP) architecture.

These signals can then be up converted to the RF
frequency, and the wave a, will go into the output of the
DUT (device under test). The emulated load reflection
coefficient (I') is therefore given by the ratio of the reflected
(ay) and the transmitted (b,) waves, as shown in (23).

r() =Z—§=X(t)+jY(t) 23)

The measurement system allows voltage and current
waveforms to be measured at the external (package) device
plane and then shifted to the device output generator plane
by de-embedding the drain-source capacitor Cpg [10].
Devices used in this paper are on-wafer from TriQuint
TQPED GaAs Foundry process, specifically 6x50 pm
depletion mode. The measurements have been conducted at
0.9 GHz, using 6 V drain supply voltage and approximately
20 dBm of output power.

A. Starting point: Class-F condition

Before the new PA modes can be explored, the class-F
condition must be initially achieved [11]. In this first step, a
value for the bias voltage (V) is selected for which the third
harmonic current is minimized. This condition produces the
half-rectified sinusoidal current waveform required. Once
the current waveform is established, the desired class-B
fundamental load is determined with higher harmonic
impedances being short-circuited. To move toward the class-
F mode, harmonic load-pull is employed to engineer the
voltage waveform. Here, the second harmonic impedance is
kept at a short whilst the third harmonic impedance is open-
circuited.

In the final step the fundamental impedance is scaled by
4/m to increase the fundamental voltage component and
therefore regain the minimum voltage value of the squared
waveform that is comparable to the original class-B mode.
In this case an optimum fundamental impedance
R=215+j*0 Q is obtained. The scaling of the fundamental
load also restores the fundamental current swing that was
created initially for class-B.

The measured maximum efficiency does not reach the
ideal wvalue of 90.7% because the higher harmonic
impedances were not short or open-circuits, but kept close to
the 50 Q characteristic impedance of the measurement
system. Additionally, the actual knee-voltage is greater than
zero, thus explaining the measured maximum efficiency
value of 82.89% and output power of 20.22 dBm.

B. Validation of the Continuous Class-F (f=a/2)

After achieving the class-F condition, a new design space
for a constant £ and a was explored for the identified range
of y. Here, the reactance of the fundamental impedance (X;)
was varied versus a range of second harmonic reactances
(X7). While stepping through the values of y the drive power
to the device was adjusted to keep the drain current constant.
This resulted in experimental verification of this new
continuous class-F mode from y =-1 to 1, which translates to
a variation of X,/R; from 1.05 to -0.9 and of X,/R, from -1.7
to 0.75. During these measurements the third harmonic
impedance was maintained at an open circuit.



Fig. 13 shows an extracted plot of measured efficiency
and power over the range of X; and X,. Maximum efficiency
of 82.89% is achieved for X,;/R;=0 (class-F). It is important
to highlight that efficiency and output power are maintained
at almost constant levels for a wide range of X;/R; from -0.5
to 1.05, consistent with the theoretical prediction. For
X1/R<-0.5 output power and the efficiency drop. This is due
to the fact that the load-pull system was not able to place the
second harmonic impedance on the edge of the smith chart
in accordance with (3) due to stability issues, so was kept
constant around 48°. This limitation is also attributed to the
non-unilateral characteristics of this device.
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Fig. 13. Measured efficiency and output power for coupled variations of
fundamental and second harmonic reactance with f=a/2, o=1.15 and
keeping open-circuited the third harmonic impedance.

For further investigations contour plots have been
measured over the new impedance design space as shown in
Fig. 14. During these measurements, the drive power has
been kept constant. The contour plots demonstrate that both
drain efficiency and output power are dependent on the
fundamental and second harmonic reactance, and clearly
indicate the predicted design space, producing an optimum
device performance region of coupled X; and X, solutions.
Best performance is when the fundamental is positive and
second harmonic reactance is negative, and vice versa, as
within the continuous class-F mode X; and X, have an
inverse relantionship. In practical design such variations
over frequency could be incorporated into the design of the
output matching network. The impedances of the standard
class-F mode are highlighted with the red squares in Fig. 14.

Fig. 15 shows measured RF voltage waveforms at the
current-generator plane with y ranging from -1 to 1, along

with the classic class-F waveform (X;/R;=0, highlighted). It
can be seen that the waveforms are very similar to the
theoretical predictions shown from Fig. 1. For y>0 (blue
waveforms) the voltage waveforms don’t reach the
maximum peak of around 20V due to the stability issues
explained previously.
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Fig. 15. Measured RF voltage waveforms at current-generator plane for
‘continuous class-F mode’, with y ranging from -1 to 1.

Comparing the continuous class-F waveforms with those
of the standard class-F also highlights the increase in peak
voltage, which effectively creates the new design space, but
at the same time must be tolerated by the device technology.
Although this may at first sight appear to be a serious



limitation for extended modes, there are in practice many
cases where such high peak voltages can be tolerated (e.g.
GaN devices, low voltage supply applications).
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Fig. 17. Measured output power function of 5, a and y.

C. Validation of the Extended Continuous Class-F (f>o0/2)

In this section it will be demonstrated that the design
space for a stipulated power and gain performance can be
further extended in comparison to that already discussed in
section V.B. The new PA mode that the authors have called
“Extended Continuous Class-F” provides a collection of
valid load points that describes a design space wider than
continuous class-F. In this case, in accordance with (3), the
second harmonic impedance can be chosen inside the Smith
chart but efficiencies greater than 75 % can still be obtained.

Figure 16 and 17 show the behavior of drain efficiency
and output power as a function of § and y. The parameter a
has been chosen in order to maintain the maximum range
where voltage waveforms are non zero-crossing. It can be
seen that best performance is achieved for f=a/2, which is
the class-F condition with maximum efficiency of 82.89%.
Note that as the parameter f increases, the efficiency and
output power decrease, and the range of valid cases (i.e.
cases where both the voltage is non zero-crossing and
efficiency greater than 75%) also decrease. Although the
second harmonic impedance has been chosen with a positive
real part (i.e. inside the Smith chart), drain efficiency is still
kept above the target efficiency of 75%. For X,/R;<-0.7
efficiency drops lower than 75%.

Fig. 18 shows the efficiency function of f and a with
constant y=0. In accordance with the theory, the highest

efficiency is achieved for lower values of S (e.g. f=a/2). It
also shows that with decreasing a, the efficiency also
decreases, and the range where both the efficiency is kept
greater than 75% and the voltage is non zero-crossing
decrease with increasing f, as explained theoretically in
section 11l and IV.
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Fig. 19. Peak voltages function of the second harmonic impedances based
on a 50 Ohm load-line resistance.

The new theoretical formulation for the voltage
waveforms can incur peak voltages that are higher than
twice the supply voltage. Fig. 19 shows the variation of
peak voltage as the second harmonic impedance is varied
over a large design space for the case of fundamental
impedance set to 50 Q. The higher value, zones can be
regarded as a potential reliability hazard in PAs, which are
designed using entirely empirical tuning techniques.

VI. CONCLUSION

This paper has presented for the first time a new
formulation for the voltage waveform that allows the
realization of high efficiency and output power states over a
wide range of frequencies. The new PA mode has
demonstrated that a drain efficiency greater than a certain
target value which has been chosen around 75%, can be
achieved over a significant impedance space. It has been
shown that it is possible to have different magnitudes and
phases of fundamental and second harmonic terminations
that still maintain high levels of output performance. The
importance of moving from a singular solution (standard



class-F) to an extended design space allows PA designers
increased flexibility for the realization of the matching
networks. In particular, PA designers do not need to struggle
anymore in order to achieve the exact short-circuit condition
for the second harmonic load in order to obtain the high
efficient class-F condition. With this new theory, different
fundamental and second harmonic impedances can be
chosen in accordance with the new voltage formulation, still
maintaining high efficiency and output power. Future work
will focus on the design and realization of this new PA
mode, and also its extension to different modes such as
inverse

Class-F.
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ABSTRACT — This paper presents a methodology that provides
estimation of the parameters necessary for the high-speed
characterization of transistor devices used in modern
microwave power amplifiers. The key in achieving this
significant measurement speed improvement is the use of a
systematic waveform postulation methodology in combination
with an active harmonic load-pull system. The methodology is
based on a rapid and systematic procedure that initially
requires only a few DC measurement parameters to
approximate to approximate the device’s transfer
characteristic and boundary conditions. Using these
parameters, it is then possible to accurately estimate or
‘postulate’ the idealized output current and voltage waveforms,
in this case for a three harmonic class-F mode. These
waveforms are rich in information and provide harmonic load
impedances as well as other key postulated parameters that can
then be used to ‘guide’ the harmonic active load-pull
measurement system resulting in a very time-efficient
characterization process.

Index Terms — Microwave devices, microwave measurements,
parameter estimation, power amplifiers, predictive models.

I. INTRODUCTION

The importance of minimizing the time required for the
characterization of modern microwave devices, such as
those used in the RF Power Amplifier (RFPA) has become
critical as it allows manufacturers to gain competitive
advantage.

An established and preferred approach in designing RFPAs
is based on non-linear device modeling, where CAD and a
well defined device model is used to reduce and ideally
eliminate measurement complexity, reducing to a minimum
the number of measurements needed to achieve a required or
'target' performance. In reality however, sufficiently accurate
device models tend not to be available for the emerging and
highly promising device technologies that may be of interest
to future PA designers. The alternative design approach is
based on direct device measurement and specifically
conducting exhaustive fundamental and harmonic load-pull
measurements, possibly at different drive and bias levels and
with the design targets usually being drain efficiency and
output power. As can be imagined, this approach demands
significant microwave measurement hardware and involves
a high degree of human interaction over a significant time
frame. This paper describes an intermediate design and
optimization process that lies somewhere between simple

modeling and measurements world, where by combining the
two approaches, it is possible to benefit from the advantages
of both. Obviously, the device cannot be perfectly described
using such a simple model, but using simple information of
the device itself it is shown how measurement and
characterization time can be substantially reduced. The
advantage of using an analytical procedure, in this case
IGOR software from WaveMetrics, is to achieve quick
results (without any further simulation) which can directly
guide and control the load-pull system, indicating the first
guess toward the measured optimum output performance.
The approach described in this paper is divided into two
stages. The first stage involves the extrapolation of simple
DC parameters from DCIV measurement data, from which a
linear or ‘modified’ hyperbolic tangent approximation of the
device’s transfer characteristic is derived. From here the
voltage and current PA waveform postulator, firstly
presented by Cripps [3], has been developed and used to
apply waveform engineering concepts in order to identify
high power and high efficiency modes of operation. The
resulting, postulated, achievable current waveforms are
initially used to identify optimum bias conditions and then
the required harmonic impedances. In the second stage,
waveform device characterization is 'guided' using the
postulated target waveforms that have been identified, and
these are then used as the basis for the load-pull
measurement activity. It will be shown that for well behaved
devices, and using postulated data generated from first step,
satisfactory measurement results can be achieved very
quickly. In fact, for both well-behaved and unpredictable
devices, this procedure can give a quick 'first-guess'
information for bias voltages and impedances, allowing
focused load-pull activity to be quickly conducted. A
comparison of output performance achieved using a typical
manual measurement procedure, where the optimum target
performance has been achieved using accurate but long load-
pull measurements, and this high-speed approach using
linear and modified tanh approximations of the device’s
transfer characteristic have been conducted in order to
demonstrate the validity of the approach. For this
investigation, QinetiQ GaN transistors operating at 0.9GHz
of frequency, 15V of drain voltage and delivering 23dBm of
output power are used. Measurements have been carried out
using the active envelope load-pull (ELP) measurement
system[4] developed at Cardiff University.



II. AUTOMATED APPROACH

The first stage of the developed automated approach is
based on DCIV measurement data, from which the two
approximations of the device’s transfer characteristic are
derived. Firstly, for the linear approximation, five
parameters are extracted to adequately describe the DC
boundaries and the device transfer characteristic.
Specifically, these are drain voltage (Vpc), pinch-off voltage
(V)), saturation drain current (Ipgs), knee voltage (Vigee) and
the transconductance (gpn). For the modified tanh
approximation, the addition of empirical parameters termed
A, B and C are used, as shown in (3). Once achieved the
quick DCIV measured data, these are then utilized by the
postulator to predict the required drive, bias voltage and
harmonic impedances, as well as the expected time-domain
voltage and current waveforms, output power and efficiency
for a specific mode of operation.

Drive level and input bias along with the device’s
boundary conditions play a significant role in shaping the
current waveform. In this analysis, input bias is typically
swept over a range around the theoretical class-F bias
setting, which will be in the region of the device's pinch-off
voltage. The relationship between the postulated output
current and voltage waveforms dictate the achievable output
power and drain efficiency. The link between the input bias
and output current waveform is provided by an appropriate
choice of the transfer characteristic as shown later in (2) and
(3).

For a successful optimization, it is important to accurately
specify and weight the targeted output power level. As an
example, for a given bias range the predictor may converge
towards a class C bias point thus optimizing for very high
efficiency at the expense of output power. Once the
optimum waveforms are identified by the postulator, the
resulting device conditions are uploaded into the time-
domain measurement system software, which then replicates
in reality the bias, drive, and harmonic loading conditions
identified by the postulator. To facilitate accurate
comparison with the waveforms measured at the output
reference plane established by the measurement system, the
predicted waveforms (which are postulated in the absence of
extrinsic and intrinsic parasitic effects) are embedded with
the effects of the device output parasitic capacitance. For
these measurements, a value of Cpg=0.04pF was used. It
should be noted that the embedding of the parasitic output
capacitance is necessary to verify the device performance in
terms of output waveforms, as well as to identify the
harmonic loads that need to be presented at the device
measurement plane.

[II. IMPLEMENTATION OF AUTOMATED APPROACH
A. Extraction of DCIV Parameters

For these measurements, the DC drain voltage was fixed
at Vps=15V. The knee voltage (Viu) is the point that
divides the saturation and the linear region of the device and
in terms of time domain waveforms, can be defined as the
minimum value of the achievable RF drain voltage. As it can
be seen from Fig. 1, Vi, can assume any value between 0
and 4V. A correct value can be established by knowing the
output RF power (Poyr) which is delivered by the device

according to the following equation:
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Fig. 1. Measured DCIV.

With reference to equation (1) and Fig. 1, if operating
with a knee voltage of 2V, the corresponding maximum
drain current is approximately 65mA and achievable output
power is approximately 23.2dBm, which in this case is the
closest to the datasheet value of 23dBm. The saturation
current (Ipgg) is the maximum current which the device can
deliver, and this parameter can again be easily found from
DCIV characteristic shown in Fig. 1. The pinch-off voltage
(Vy is the gate bias voltage where the device starts to
conduct current. This value can be obtained from the
extracted transfer characteristic. Gy, is the transconductance
of the device which is identified by the slope of the transfer
characteristic. A, B and C are empirical values used to fit as
close as possible the modify tanh approximation of the
transfer characteristic to the measured one. Table 1
summarizes the DC extracted parameters which are common
to both transfer characteristics.

TABLE 1
EXTRACTED DC PARAMETERS
Ve [V] Vi [V] Ipss [MA] | Viknee [V]
15 -5.5 105 2

B. Waveform Engineering Prediction

When using both the linear and hyperbolic tangent
approximations of the transfer characteristic, additional DC
parameters need to be extracted; example is shown in Table
1L

TABLE II
EXTRACTED PARAMETERS FOR DIFFERENT TRANSFER
CHARACTERISTIC
Linear Tanh
| gm [A/V] A B C
0.43 2.25 0.4 0.316




Using these two simple functions to model the transfer
characteristics as shown in (2) and (3), it is possible to
generate an idealized three-harmonic class-F voltage
waveform (3™ harmonic square waveform) that achieves
good postulated results in terms of bias voltage (V) and
harmonic impedances.

Vs
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Ip tanh =[(1+ 4-tanh(vg - BV, - C))/2]-2U pgs|1-e"bmee | (3)

where v, is the input voltage.

Fig. 2 shows that the linear function and especially the
tanh function in this case offer good approximations to the
measured transfer characteristic.
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Fig. 2. Measured linear and hyperbolic tangent characteristics.

Using the DC parameters established for the tanh
characteristic, the postulator identifies the optimum bias
point and harmonic impedances for, in this case a class-F
mode of operation. As this mode relies on a half rectified
sinusoidal current waveform, the third harmonic current
component is significantly suppressed.
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Fig. 3. Predicted class-F voltage and current waveforms at the
current-generator plane using the modified tanh characteristic.

The predictor will also develop waveforms such as those
in Fig. 3, as well as the expected output power and drain
efficiency, shown later in Table VI. Fig. 4 shows the
behavior of the third harmonic current as a function of gate
bias voltage (Vg) for the two modeled transfer
characteristics as well as from direct measurements. It can
be seen here that to minimize the third harmonic current (to
achieve the half rectified sinusoidal current waveform), the
hyperbolic tangent function offers a closer fit to the
measured device behavior.
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Fig. 4. Third harmonic current amplitude for measured, linear and
hyperbolic tangent functions.

In the manually measured case in Fig. 4, the class-F bias
point (Vg=-5.6V) is slightly lower than pinch-off (Vt=-5.5V)
resulting in a higher value of efficiency still maintaining the
expected output power. For both linear and tanh functions,
the optimum choice of bias voltage is not the one that
exactly minimize the third harmonic current. This is because
the aim is to achieve the best trade-off between efficiency
and output power. Considering for example the tanh
approximation, a bias point of Vg=-5.68 V offers the best
postulated efficiency (#=83%), but this is at the expense of
lower output power Poyr=22.7dBm. Changing the bias
voltage to V=-5.64V (shown in Table III) results in a better
compromise between efficiency #=82% and higher output
power Poyr=23dBm.

TABLE III

IDENTIFIED BIAS VOLTAGE FOR MINIMUM 3*” HARMONIC
CURRENT FOR DIFFERENT TRANSFER CHARACTERISTICS
Measured | Linear | Tanh

56V |-578V|-5.64V

Bias Points

B. Measurements using predicted parameters

Once the required bias voltage and harmonic impedances
have been identified as shown in Tables III and IV, the next
stage was to use these emulated values directly in the
measurement system in order to identify the resulting
measured waveforms, output power and efficiency on real
devices. Fig. 5 shows the measured and predicted (inset)
load-line for both device plane (green line) and output
measurement plane (red line). The predicted load-line has
been identified using the hyperbolic tangent characteristic
approximation. It can be seen that the measured results agree
quite well with those predicted. Besides it can be seen that
the knee voltage is approximately 2V, as expected.

TABLE IV
FUNDAMENTAL AND HARMONIC IMPEDANCES AT OUTPUT
MEASUREMENT PLANE
Z(fo) [Q] | Z(2f0) [Q] | Z(3f0) [Q]
Manual | 616+j2.96 | 0+j0.43 0+j954
Linear | 630+j91 0+j0 2209+j2131
Tanh 626+j90 0+j0 2152+j1708
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Fig. 5. Measured RF load-line at device current-generator plane
(green line) and output measurement plane (red line) with the
predicted RF load-line inset.

Similarly, as it can be seen from the measured time
domain voltage and current waveform in Fig. 6, there is a
good agreement with predicted waveforms of Fig. 3.
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Fig. 6. Measured voltage and current waveforms at the device

current-generator plane.

IV. RESULTS AND COMPARISON

Table V shows measurement results achieved using the
manual procedure [2], where all target parameters have been
obtained using long sweeps directly from the measurement
activity without any prediction. Table VI shows predicted
results, and measurement results when using the predicted
linear and modified tanh approximations. As it can be seen,
the new procedure yields device performances that are close
to that achieved when using the manually driven approach.
Obviously the predicted values will be closer to the
measured equivalents for well behaved devices. In any case,
an important first guess can be achieved, greatly reducing
the time taken to locate these optimums values.

Interestingly, both linear and hyperbolic tangent functions
are able to predict bias point and harmonic impedances that
show a very good agreement with those identified using the
manual approach, thus demonstrating the validity of the
approach. For unpredictable devices or higher frequencies,
starting from this first guess which gives a zoomed window,
load-pull can be conducted for the achievement of the
optimum condition.

TABLE V
MANUAL MEASUREMENT RESULTS

Measurements
Manual Pout=23.57dBm
n=281.024
TABLE VI
PREDICTED AND MEASURED RESULTS USING PREDICTION
Prediction Measurements
Linear Pout=22.93dBm Pout= 23.3dBm
n=82.71% n=179.6%
Tanh Pout=22.96dB Pout= 23.34dBm
n=82% n=280.35%

V. Conclusion

This paper has demonstrated that armed only with simple
DC information describing a real device, it is possible to
significantly speed up load-pull measurement activity. The
paper emphasizes how the incorporation of simple waveform
data, derived from basic set of DC measurements, can have a
significant impact in supplying important first-guess
measurement data including drive, bias and load condition,
improving dramatically the time utilization of the load-pull
measurement systems. This work is therefore of high
significance to the load-pull measurement community where
combining the measurement activity with modeling (albeit
simple modeling) knowledge, it is possible to avoid very
time consuming, exhaustive measurement activities. Results
based upon postulated waveforms show a good agreement
with those obtained using a conventional manual search
procedure for well behaved devices. Predictions and
measurements have been conducted using different
geometries of QinetiQ GaN transistors, and TriQuint and
RFMD GaAS transistors all giving satisfactory results.
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Abstract — A novel, highly efficient and broadband RF
power amplifier (PA) operating in “continuous class-F”
mode has been realized for first time. The introduction
and experimental verification of this new PA mode
demonstrates that it is possible to maintain expected
output performance, both in terms of efficiency and
power, over a very wide bandwidth. Using recently
established continuous class-F theory, an output
matching network was designed to terminate the first
three harmonic impedances. This resulted in a PA
delivering an average drain efficiency of 74% and
average output power of 10.5W for an octave bandwidth
between 0.55GHz and 1.1GHz. A commercially available
10W GaN HEMT transistor has been used for the PA
design and realization.

Index Terms — Microwave measurements, microwave
theory and techniques, power amplifiers, power transistors,
wideband.

1. INTRODUCTION

The overall efficiency of wireless communication
networks is predominantly determined by the power
amplifier (PA) stage. Low efficiency generally translates
into increased running costs for base stations and reduced
battery life for mobile handsets. Linearity is an equally
important performance target as it refers to the fidelity of the
signal. Once the expected performance is achieved in terms
of efficiency and output power, the next step is to address
the requirement of increased bandwidth. Wireless
communication networks work for different ranges of
frequencies, which depend on application and location. The
development of emerging 4G (Fourth Generation) multi-
purpose wireless communication networks, such as LTE
(Long Term Evolution) that provide higher data-rates
(downlink peak rates of at least 100Mbit/s and uplink of at
least 50Mbit/s) motivates the microwave community to
improve PA performance also in terms of bandwidth. In
these new communication systems, bandwidth is very
important, specifically as it is needed in order to transfer
large amount of data over finite communications channels.

Reported results on efficient class-F or inverse class-F
power amplifiers [1] have shown that high efficiency states
can be achieved for narrow bandwidths, typically less than
10%. In these cases, deviation from the center frequency will
degrade efficiency and output power due to the
high-Q resonant tuning conditions usually associated with

the narrow band modes. In the continuous class-F mode
presented here [2], it is shown that it is possible to have
multiple impedance solutions, maintaining the expected
output performance over a wider design space and hence
bandwidth. Critically, this means that it is now possible to
achieve the high efficiency associated with conventional
class-F designs, without the requirement of presenting
narrow band short and open harmonic terminations. As these
new solutions provide higher peaks in the voltage
waveforms, GaN devices have been used. In recent years,
GaN technologies have become very interesting for the
development of broadband applications due to the
advantages of high voltage operation in comparison with
other technologies.

The class-J power amplifier [3] has demonstrated that
starting from the class-B mode, it is possible to achieve high
efficiency states for a wideband of frequencies when
controlling the first two harmonic impedances. The
continuous class-F approach demonstrates that starting from
the standard narrow band class-F mode and varying the first
two harmonic impedances (while keeping the third harmonic
termination open-circuited) it is possible to achieve higher
efficiency and output power over an even wider bandwidth
than class-J mode.

Design has been conducted using the now well-established
and accurate non-linear model for the CGH40010 10W GaN
(gallium nitride) HEMT (high electron mobility transistor)
device from CREE. Based on simulations results, a PA has
been realized yielding a very broadband amplifier operating
at high efficiency and at output power levels normally
associated with the narrow band class-F mode.

II. THE CONTINUOUS CLASS-F MODE ANALYSIS

Recent investigations into this new PA mode [2] have
demonstrated that with constant open-circuited third
harmonic impedance, the shorted second harmonic
termination is not a unique solution for the achievement of
optimum efficiency and output power. The required voltage
waveforms are defined by equation (1), [2], which has been
derived from the generic factorial representation of voltage
waveforms, originally derived by Cripps [4]:

v(9)2[1 —%cos 3]2 .[H%cos 19]-(1—;/sin 8) (1)



Expanding the first two brackets in (1) gives:

v(3)=(1—%0053+ 3‘1/5 cos3n9J'(1—75in‘9) (2)

The first bracket of (2) is the standard voltage formulation
for the conventional class-F mode (i.e. with y=0), which has
no second harmonic component. The last bracket of (1) and
(2) is a defining term (1- y sind) that characterizes the new
design space. The variation of y must result in an entirely
positive voltage waveform. Zero crossing or negative
voltage waveforms will result in interaction with the knee
region, and highly non-linear behavior, usually accompanied
by reduced power and efficiency. Varying the y parameter
between -1 and 1, a family of voltage waveforms that
provide multiple solutions to maintain constant output
performance in terms of power and efficiency can be
obtained [2]. Over this range of y, at the device current-
generator plane (Igen-plane) the fundamental impedance
varies on a circle of constant resistance whilst the second
harmonic impedance remains purely reactive, as shown in
Fig. 1(a) [2]. The third harmonic impedance is maintained as
an open-circuit. A constant half-wave rectified current
waveform has also been assumed for all values of y.

For the conventional class-F mode (y=0) at 0.9GHz, the
simulated input power was swept in order to identify the
target 2dB of gain compression. For this compression point
(where Py=20.5dBm) a peak drain efficiency of 86.4% has
been obtained with 40.7dBm device output power at a drain
voltage of 28V. In accordance with (1) and for the input
power previously achieved (P @ P2dB), the first three
harmonic terminations have been computed at the Igen-
plane and then shifted to the device-package measurement
plane for y varying from -1 to 1, as shown in Fig. 1(b).

Equations (3) and (4) represent the continuous class-F
fundamental and second harmonic impedances at the
Igen-plane in order to maintain constant output power and
drain efficiency.

Zp, =Ry +j- X[, 3)
. T
Z)F, =0—J'?XL 4)

For the 10W GaN HEMT device the fundamental real
component impedance is R;=44.8Q. To keep a positive
voltage waveform, X;=t38.8Q are the minimum and
maximum values allowed for the reactive fundamental
component. Beyond those values of X; non-linear behavior
will be presented. The third harmonic impedance is kept
open-circuited at the Igen-plane, resulting in 1.£120° at the
package measurement plane.

Fig. 2 shows simulated engineered current and voltage
waveforms at the Igen-plane for first three harmonic
terminations, for the conventional class-F mode and for the
continuous class-F mode for y =-1.
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Fig. 1. First three harmonic target impedances for the 10W GaN
HEMT device at the Igen-plane (a) and at the device-package
measurement plane (b).
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Fig. 2. Simulated current and voltage waveforms at the Igen-plane
for a 10W GaN HEMT device for the standard Class-F mode
(dotted lines) and “Continuous Class-F” mode (solid lines) for y=-
1.

It can be seen that the current waveform is maintained as
half-wave rectified sinusoidal whilst the voltage waveform
presents a significantly higher peak value for the continuous
mode, which must be accommodated. The approach does
however provide a much wider design space where output
power and efficiency are maintained constant [2].

III. DESIGN OF BROADBAND CONTINUOUS CLASS-F PA

The PA has been designed using a 10W GaN HEMT
transistor and a non-linear CAD approach with the aim of
maximizing the drain efficiency whilst delivering the
expected output power over significant bandwidth. As
efficiency isrelated to the input bias voltage, drive power
level and harmonic terminations, an iterative procedure has
been applied to rapidly find these parameters [S]. In this
case, bias voltage Vs=-4.6V, available input power
Pays=29dBm and harmonic terminations at the package
plane shown in section II have been presented.

A. Output matching network design

Target harmonic impedances have been obtained for a single
frequency of 0.9GHz with varying y through the use of
equation(1). In PA design, the aim of the output matching
network is generally to present the requested terminations



over a specified range of frequencies. Fig. 3 shows the
broadband output matching network used for the continuous
class-F design.

DC

RF

; ;

Fig. 3. Continuous class-F output matching network schematic

Fig. 4 shows the target loads and the behavior of the
output matching network over a bandwidth of 0.5-1.2GHz.
The fundamental component is shown as a solid blue line.
The required second harmonic reflection coefficient needs to
change rapidly to quickly present high reflection necessary
for the continuous class-F mode (green solid/dotted line),
whilst the third harmonic component varies around the edge
of the Smith chart (black dotted line).

Target Loads: O Z1, O Z2 A Z3

Matching Network: —— 1%, — = 2" ceeees 3"

Fig. 4.  Target loads and S-parameters for the Continuous Class-
F output matching network.

It is important to highlight that the complexity of the
matching network (Fig. 3) is mainly due to two aspects: the
importance of fitting the network behavior over frequency to
the target loads and the accuracy of controlling the third
harmonic component. Theoretically the third harmonic
impedance should be considered as a constant point (red
triangle in Fig. 4), but when designing the matching network
for first two harmonics it obviously varies significantly on
the Smith chart. To keep expected output performance over
the bandwidth, it has been found that the third harmonic
termination has to stay as close as possible to the edge of the
Smith chart, as shown in Fig. 4.

B. Theoretical Second Harmonic termination inside the
Smith chart

When designing and realizing PAs, it is not possible to
devise ideal matching networks that present purely reactive
impedances, as shown in Fig. 4. This is mainly due to the
influence of the assumed broadband 50 Ohm termination.
For this reason it is important to establish a target efficiency
for which the second harmonic impedance can present a real
component without losing too much output performance in
terms of power and efficiency.

Equation (5) represents a more general formulation for the
continuous class-F mode:

V(19)=(1—OCCOS 3)2 -(l+ﬂcos 9)-(I—ysin .9) %)

In this case, varying the parameters a, f and y it is possible
to present second harmonic impedances inside the Smith
chart and achieve the correspondent fundamental impedance
for which efficiency and output power are maximized. This
explains why it is possible to have high efficiency and
output power over the bandwidth without perfect short
terminations. This is counter-intuitive, but represents an
important advance in PA theory. Again, it is important that
the voltage waveform is kept above zero to avoid non-linear
behavior of the device. Fig. 5 shows the theoretical
fundamental and second harmonic impedances as a function
of a, f and y in accordance with (5).
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Fig. 5. Extended continuous class-F mode with second
harmonic impedance inside the Smith chart with f=a/1.9 when
varying o between 0.6 and 1.5 and y between -0.7 and 0.7, inset
efficiency contour for fundamental load points.

It can be seen that varying the second harmonic
termination inside the Smith chart and varying fundamental
load in accordance with (5), high efficiency states greater
than 64% can still be achieved (i.e. Z1’ and Z2’ is one
optimum combination). The third harmonic impedance is
kept open circuited.
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Fig. 6 Measured and simulated drain efficiency, output power and transducer power gain for the realized continuous class-F PA across the

bandwidth from 0.5GHz to 1.2GHz.

IV. REALIZATION AND MEASUREMENTS OF THE
BROADBAND CONTINUOUS CLASS-F PA

The physical implementation of the continuous class-F
power amplifier is shown in Fig. 7. Fig. 6 shows the
simulated and measured behavior of drain efficiency, output
power and transducer power gain over frequencies ranging
between 0.5GHz and 1.2GHz. It can be seen how measured
results fit well with simulated results. A minimum target
efficiency of 65% was chosen.

Fig. 7. Realized Continuous Class-F 10W power amplifier.

The realized continuous class-F PA delivers efficiency
greater than 65% with maximum peak up to 80% (average
efficiency of 74%) over a wide band of frequencies from
0.55GHz to 1.1GHz resulting in an octave (66.6%)
bandwidth. In this range of frequencies output power is
greater than 39.3dBm with a maximum value of 41.2dBm
(average power of 40.2dBm=10.5W). The average
transducer power gain is around 11dB, from 9.5dB to 12dB,
across the bandwidth. Besides, the PA performance shows
that for a smaller range of frequency, ranging from 0.55 to
0.925GHz, higher efficiency greater than 70% is obtained
resulting in around 51% of bandwidth.

V. Conclusion

This paper has presented for first time the realization of the
“continuous class-F” power amplifier. Using a systematic
design process the theoretical identification of continuous
class-F fundamental and second harmonic terminations have
been carried out over the wide design space. It has been
shown that the fabricated continuous class-F PA delivers the
expected output power of around 10.5W for a very wide
band of frequencies from 0.55GHz to 1.1GHz, resulting in
an octave bandwidth. Very high efficiency state from 65%
up to 80% (average efficiency of 74%) across the octave
bandwidth, and greater than 70% over 51% bandwidth has
been obtained. In this work the realization of a highly
efficient and broadband PA has demonstrated the validation
of the continuous class-F theory.
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Abstract — This paper presents a novel formulation for the
inverse class-F mode of operation, termed the “continuous
inverse class-F mode”, resulting in an extended or continuous
set of 'allowed' current waveforms. In comparison to the
classical inverse class-F mode, this approach provides a much
wider design space for the realization of broadband power
amplifiers, where output performance can be maintained
through the proper termination of harmonic current
components over bandwidth. By varying simultaneously the
susceptance of fundamental and second harmonic terminations,
it will be shown how drain efficiency and output power can be
maintained at constant high levels over significant bandwidth.
For the validation of this new theory, measurements have been
carried out on GaAs pHEMT transistor at 0.9GHz and at a
drain voltage of 4V.

Keywords — inverse class-F mode; microwave measurements;
power amplifiers; broadband; high efficiency.

I. Introduction

The evolution of the various operational modes used in
microwave power amplifier (PA) design has largely been
motivated by the aim to improve efficiency, output power
and linearity over relatively narrow operational bandwidths
[1]. The challenge now is to maintain the same or better
performance over the significant modulation bandwidths
demanded by emerging 4G (Fourth Generation) wireless
network systems, as well as the desire to provide the mobile
communications industry with cost efficient PA
architectures that can simultaneously support multiple
modulation standards such as GSM, W-CDMA and LTE.

When using classical narrow band modes, such as class-
F and inverse class-F [1-2], the optimum drain efficiency
and output power is achieved by presenting required singular
impedances, generally short-circuit and open-circuit
harmonic terminations. In such cases, the high-efficiency
states achieved are limited to narrow bands of frequency due
to the high-Q matching structures used, and operation too far
either side of the center frequency can lead to a rapid
decrease in both efficiency and output power. However,
recent publications [3-4] have demonstrated that is possible
to achieve the same constant output performance in terms of
drain efficiency and output power for different combinations
of harmonic load condition, increasing the flexibility for PA
designers and making very broadband PAs much more

realizable, “in press” [5]. This previous work [4] has
focused on varying fundamental and second harmonic
terminations either side of the class-F case where the
fundamental impedance Zg is tuned fundamental impedance
Zp is tuned for optimum trade-off between power and
efficiency and the second harmonic impedance Z,q is tuned
to a short-circuit, whilst the third harmonic impedance Z3y is
maintained at a constant open-circuit. This results in
significant and specific 'shaping' of the voltage waveforms
whilst the current waveforms are maintained constant. The
new work presented in this paper will show, for the first
time, how similar performance can be achieved by
performing the current waveforms whilst maintaining a
constant voltage waveform. In this case, again fundamental
and second harmonic terminations have been varied, but this
time around an open-circuit second harmonic impedance,
whilst the third harmonic impedance is maintained at a
short-circuit. Through this new 'continuous' inverse class-F
broadband mode, the expected, classical inverse class-F
performance can still be achieved, but now over a significant
bandwidth.

These different continuous inverted and non-inverted
modes of class-F operation have different properties that can
be exploited when considered in conjunction with different
device technologies for broadband PA design.

1I. “Class-J” And “Continuous Class-F” Modes PA
Overview

Before exploring the new continuous inverse class-F
mode, an overview of the recent activity in the area of
broadband PA modes will be presented. The “class-J” [3]
and “continuous class-F” [4] modes both present a wide
design space through the use of the factorial representation
of voltage waveforms, as defined for the first time by Cripps
[6].

The conceptual starting point for both the “class-J” and
“continuous class-F” mode is the class-B condition, where a
half-wave rectified sinusoidal current waveform and
sinusoidal voltage waveform are developed at the current
generator plane (Igenplane) Within the device. In the class-J
mode, maintaining a constant short-circuit third harmonic
impedance while varying the fundamental and second
harmonic reactances in accordance with the class-J voltage

This work was supported in part by EPSRC grant EP/F033702/1
and in part by Freescale™ Semiconductor as part of OPERA-NET
— a Celtic Eureka funded R&D European Project.

formulation, exposes a wide design space where the
expected output power and the theoretical class-B efficiency
of 78.5% (assuming infinite harmonic content and three



harmonic voltages) can be achieved. In the continuous class-
F mode, the fundamental and second harmonic impedances
have been varied in accordance with the continuous class-F
theory, whilst maintaining constant open-circuit the third
harmonic impedance. In this case, as the expected
conventional class-F mode, constant output power and drain
efficiency of 90.7% (assuming infinite harmonic current
content and three harmonic voltage content) can be achieved
over the expected range of load conditions.

I1I. The Novel “Continuous Inverse Class-F” Mode of
Operation

The work into class-J and continuous class-F PA modes
both present a new formulation for the voltage waveform.
This means that a constant unchanged half-wave rectified
sinusoidal current waveform was assumed by proper input
bias condition and input power, therefore the new family of
voltage waveforms have been identified by varying the
harmonic terminations.

Differently from the class-J and continuous class-F
modes, the novel “continuous inverse class-F mode” relies
upon a new formulation for the current waveforms shown in
(1) whilst the voltage waveform is maintained constant at
half-wave rectified sinusoidal.

i(19): (iDC —ijcos $+ipcos23+i3 cos39)-(l—§sin 9), (1

where in this case: ipc =0.37, i =0.43, iy =0, i3 =0.06.

It can be seen how the first bracket of (1) represents the
classical inverse class-F mode square current waveform for
the first three harmonic components. The second bracket
represents the “key operator” where by varying [], a new
design space for fundamental and second harmonic loads
can be revealed, as shown in Fig. 1. Importantly, this mode
delivers output power and drain efficiency equivalent to that

Figure 1. Admittance chart for the theoretical “continuous inverse class-F”

admittances range for the first three harmonic loads, when varying -1<€<1
with steps of 0.25.

of the standard narrow band inverse class-F mode, allowing

the achievement of wider bandwidth.

The admittance Smith chart in Fig. 1 shows that, with a
constant Y3, when varying the second harmonic admittance
Y2 around the perimeter in accordance with (1), the
corresponding fundamental admittance Y1 varies on a circle
of constant susceptance. It is important to highlight that
when using this new inverse mode, it is not longer a

requirement for PA designers to attempt to engineer a
perfect, 'singular’ open circuit for the second harmonic.

Fig. 2 shows the theoretical current waveforms for the
new “continuous inverse class-F” mode. These waveforms
are achieved by assuming the admittance conditions
explained previously and shown in Fig. 1 together with a
constant three harmonic half-wave rectified sinusoidal
voltage waveform. By varying &, the new design space is
revealed, characterized by higher peak values in the current
waveforms. It is important to highlight that for this mode to
work successfully, non-zero crossing current waveforms are
essential. This property is achieved by ensuring that the
parameter & is limited to variations between -1 and 1. If § is
set beyond that range, the current drops below zero resulting
in strongly non-linear behavior coupled with a significant
reduction in power and efficiency.
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Figure 2. Theoretical continuous inverse class-F current and
voltage waveforms for -1<€<1 with steps of 0.2.

For the case where &=0, a classical inverse class-F
current waveform is obtained, as shown centrally
highlighted in red in Fig. 2. Assuming three harmonic
content for both current and voltage waveforms, this delivers
a theoretical drain efficiency of 81.85%. The new family of
current waveforms is presented for the other values of
&, either side of £=0. It should be noted that when varying
the harmonic terminations as a function of &, the shape of the
voltage waveform would normally be expected to vary. For
this analysis, this has been avoided through small
adjustments of the input drive, and for each load condition,
the output voltage has been restored to its original half-wave
rectified sinusoidal shape. Being able to control the current
waveform through adjustment in fundamental and second
harmonic impedance may seem counter-intuitive at first, but
in real devices, such variations can have a big impact on
both voltage and current waveforms as they are both related
by the knee region, as shown in (2) [1].

~(vas Vinee
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where v, represents the input voltage (bias and drive), g,
is the device’s transconductance, /,,,, represents the device’s
saturation current and V., is the knee voltage. As it can be
seen from (2), when V},..=0 (ideal transistor), the drain
current is only function of the input voltage v, and of the
device’s characteristics (g,, and I,,,). This means that the
device behaves as an input voltage controlled current source.
When dealing with real transistors, the knee voltage is not
zero, and the drain current will be function of the drive, the
drain voltage as well as the fundamental and harmonic
impedances giving rise to the output voltage waveform.



Therefore, when varying the harmonic impedances, if the
output voltage waveform can be maintained constant
through proper variation of the input drive, the current
waveform can be controlled in such a way to allow this new
mode to exist.

The powerful concept of this new current formulation is
that, by simply varying the single parameter &, and by
slightly adjusting the input power, the correct harmonic
admittances that allow a constant output performance to be
maintained can be identified.

Although varying this parameter causes fundamental and
second harmonic admittances to vary, both fundamental and
second harmonic conductances will be maintained constant.
Therefore, assuming a constant voltage waveform, a
constant output power over a wide range of & will be
maintained. As DC current and voltage components will also
be maintained constant, this leads to constant drain
efficiency as well.
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Figure 3. Theoretical fundamental and second harmonic
susceptances (B1 and B2) both normalised to the fundamental
conductance (G1) and efficiency and output power function of

&, for -1<E<1 with steps of 0.25.

Fig. 3 shows the behavior of fundamental and second
harmonic susceptances Bl and B2, both normalized to the
fundamental conductance G1, as well as output power and
efficiency as a function of &. It can be seen that increasing &
from -1 to 1, the required fundamental susceptance decreases
whilst the second harmonic susceptance increases. Choosing
simultaneously those points of fundamental and second
harmonic susceptances (with third harmonic load kept
ideally as a short-circuit) a constant output power (here
normalized to unity) and a drain efficiency of 81.85% are
maintained over the entire range of &.

IVv.

The active load-pull measurement system developed at
Cardiff University [7] has been used for the experimental
validation of this new theory. Measurements have been

Measurements And Results

carried out on a wafer-probeable transistor from TriQuint, at
a fundamental frequency of 0.9GHz and 4V of drain voltage.

A. The Novel Current Waveforms

The standard narrow-band inverse class-F mode
produces a peak output voltage of n*Vpc and as the
breakdown voltage of this device is known to be in the
region of 12V, a drain DC voltage of 4V has been used. In
the standard case (where £=0), and for the device used in this
experiment, the optimum trade-off between power and
efficiency is found for a drain DC quiescent current around
35mA. As shown in Fig. 4, this corresponds to an RF current
swing that does not extend up to L., because of the
increasing V;, in the knee region. Now, for this device,
when dealing with the new continuous inverse class-F mode,
(i.e. for &=t1, dotted load-lines in Fig. 4), it is possible to

utilize the full current drive capability without
100 {4,
75 {11
= .
E 50
_D
25 —
0_

compromising efficiency.
Figure 4. Measured DCIV and RF load-line for £&=0 (red
highlighted solid line), for &=1(blue dotted line) and for
&=—1 (green dotted line).

The process implemented in [8] has been used in order to
obtain an optimized standard inverse class-F design. An
initial gate bias and input power sweep has been conducted
in order to achieve the right bias voltage. For the standard
inverse class-F mode, the bias voltage has been chosen in
order to minimize the second harmonic current component
which is typically around the class-A bias point. For the
device used, Vg=-0.45V has been chosen. As measurements
have been conducted at the device’s Iyen-piane, @ short-circuit
third harmonic impedance and an open-circuit second
harmonic impedance has been provided, whilst the
fundamental impedance has been swept. In order to achieve
the best trade-off between output power and drain efficiency,
a fundamental load impedance of Z;=165+j*0Q has been
chosen where output power Poyr=19.4dBm and drain
efficiency #=78.7% have been obtained. Drive power during
the fundamental sweep was such that the device was
approximately 3dB into gain compression. On establishing
the conventional inverse class-F mode, the parameter & is
swept, presenting the harmonic terminations that produce the
new set of current waveforms as shown in Fig. 5.

For the standard inverse class-F mode (waveform in red
highlighted), a maximum drain current of around 70mA has
been achieved. With the new continuous current waveforms,
as already explained in previous section, a increased current
area can now be explored allowing the realization of the
wide design space but without sacrificing any output power
or more importantly drain efficiency. Whilst varying the



parameter &, the drive power was adjusted in order to
maintain the constant half-wave rectified sinusoidal voltage
waveform.
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Figure 5. Measured current waveforms for -1<&<1 with steps of 0.1.

Fig 6 shows the resulting measured source available
power (Pavs), transducer power gain (Gr), drain efficiency
(17) and output power (Poyr) as a function of &, which means
as a function of the harmonic loads of Fig. 1. The small
variation of the gain is due to the variation of the input
power in order to maintain constant the output voltage
waveform. Output power and efficiency are maintained
constant at around 20dBm and 79-80% respectively, over the
entire range of .
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Figure 6. Measured source available power P,ys, drain efficiency
n, output power Poyr and transducer power gain Gy for -
1<&<I with steps of 0.1.

Figure 7. Measured drain efficiency as a function of fundamental
and second harmonic susceptances (B1 and B2) normalised to the
fundamental conductance (G1), measured for constant input power.

Fig 7 shows the measured drain efficiency surface plot as
a function of different combinations of fundamental and
second harmonic susceptances. A maximum constant
efficiency of

about 79-80% is achieved for the entire range of
& ranging between -1 to 1, for which the inverse relationship
of Bl and B2 is valid in accordance with (1). When
presenting different load combinations, for example B1 and
B2 both positive or both negative, the device performance
clearly degrades.

V. Conclusion

This paper has presented for the first time the continuous
inverse class-F mode. The new way to present the current
waveform unifies the conventional narrow band inverse
class-F PA with this novel mode. It has been demonstrated
that varying just one parameter of the current formulation,
combinations of the harmonic terminations that maintain
constant output performance can be achieved. Varying the
second harmonic load from the open-circuit and changing
simultaneously the fundamental susceptance in accordance
with the newt current formulation a wider design space that
maintain constant drain efficiency and output power are
obtained. The possibility to have multiple solutions allows
easier way to design broadband PAs. Measurements
demonstrated that constant drain efficiency of around 79-
80% and output power of 20dBm has been achieved over the
wide design space.
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Abstract —  This paper presents for the first time an
experimental validation of the continuous inverse class-F mode
with varying the voltage waveforms, also known as inverse
class-FJ. Starting from the standard inverse class-F condition
and varying fundamental and third harmonic impedances
whilst maintaining an open-circuit second harmonic load it will
be demonstrated that output power and drain efficiency can be
maintained at near constant values. For the validation of the
approach, experimental measurements have been conducted
on-wafer on a GaAs pHEMT device operating at 4V supply
voltage and 0.9GHz fundamental frequency. The experimental
results show that output power of 19.3-19.6dBm and drain
efficiency of 75-80% can be maintained for different sets of
fundamental and third harmonic impedance solutions, which
can then be translated in a useful design space for designing
broadband power amplifiers.

Index Terms — broadband amplifiers, design methodology,
energy efficiency, microwave circuits, microwave amplifiers.

I. INTRODUCTION

Power Amplifier (PA) designers have in recent decades
focused on improving the transistor efficiency (#), output
power (Poyr), gain (G) and linearity. High power efficiency
is required in order to increase mobile phones battery life
and minimize CO, emissions. High gain can reduce the
number of stages required, thus minimizing manufacturing
costs. High linearity is required for communication signals
transmission. All these targets have been so far improved for
a narrow band of frequencies. In this case different PA
modes can be used in order to perform different services at
different frequencies. The next step is to achieve all the
targets so far explained: #, Poyr, G and linearity but for a
wideband of frequencies. In this case a single PA could be
used to cover different frequencies, reducing overall costs.
The new formulation of the voltage waveform for the
achievement of multiple harmonic impedance solutions, the
so called “design space”, has been discovered by Cripps [1].
Subsequently, many different modes have been identified by
applying the design space concept: Class-J [2], Class-BJ [3],
Continuous Class-F [4]. Extended work on the continuous
class-F mode shows that it is possible to maintain a certain
pre-determined high efficiency value by varying the second
harmonic impedance inside the Smith chart away from the
short-circuit condition [5].

For all these modes, the current waveform is maintained
constant while the new formulation has been applied to the
voltage waveform, identifying the design space.

Another mode, which has already been identified as
“Continuous Inverse Class-F” [6], shows that this concept
can also be applied to the current waveform. In this case the
voltage waveform is maintained constant and the new family
of waveforms is achieved on the current side. Being able to
control the current waveforms through adjustment in
fundamental and second harmonic impedances (while the 3™
harmonic load is kept short-circuited) seems counter-
intuitive at first, but in real devices such variations can have
a significant impact on both voltage and current waveforms
as they affect the interactions with the knee region [1]. In
this case by simultaneously varying fundamental and second
harmonic loads and by slightly adjusting the input power
(depending on the device’s characteristics) the new family of
current waveforms can be identified [6].

Another paper [7] shows a new version of the continuous
inverse class-F, called inverse class-FJ. Here, differently
from [6] the new formulation has been applied to the voltage
waveform. In that case only the theoretical analysis has been
reported.

This paper will show the experimental verification of the
inverse class-FJ explained theoretically in [7] by performing
measurements on-wafer on a 20dBm GaAs transistor at 4V
supply voltage and 0.9GHz fundamental frequency.

II. THEORETICAL INVERSE CLASS-FJ

For the continuous inverse class-F mode, in this case
called inverse class-FJ, the current waveform is maintained
as a constant square wave, whilst the new formulation is
applied to the voltage waveform, as shown in (1):

vt (9)- {%_ (3)}2 Tl asin(9)

1= eos(9)+ Jeos(29) - f-asin@)] (1)



For a=0 the second bracket of (1) will be equal to 1, this
means that the standard inverse class-F mode with the
harmonic limited half-wave rectified sinusoidal voltage
waveform is achieved (first bracket).

When varying the parameter a, a new family of voltage
waveforms is identified, while maintaining the ideal square
current waveform as shown in Fig. 1.
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Fig. 1. Inverse Class-FJ current and voltage waveforms for a
varying -1< a <1 in steps of 0.25.
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To ensure that the voltage waveforms remain positive, a
must be varied in the range -1<a<l. If a goes beyond that
range, the voltage waveform drops lower than zero resulting
in a drastic reduction in power and efficiency. All the
voltage waveforms shown in Fig. 1 will have the same
optimized output power and drain efficiency of the classic
inverse class-F mode [7]. Fig. 2 shows the reactive parts of
fundamental and third harmonic impedances as well as drain
efficiency and output power normalized to unity. It can be
noted that when increasing a, the required fundamental
reactance decreases while the third harmonic reactance
increases (the second harmonic load is kept open-circuited).
Choosing simultaneously those points of fundamental and
third harmonic reactances (with Rpg=Ropr and Rj3g=0)
constant output power (normalized to unity) and efficiency
(in this case 7=81.9%, considering three harmonic contents
in both voltage and current waveforms) can be achieved for
all the range of a ranking between -1 and 1.
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Fig. 2. Theoretical fundamental and third harmonic reactances,
output power and drain efficiency function of a varying between -1
and 1 in steps of 0.25.

By applying a Fast Fourier Transform (FFT) and dividing
the harmonic voltage components with the appropriate

harmonic current contents (from the square waveform) the
fundamental and harmonic impedances can be calculated
[71.

Fig. 3 shows the first 3 harmonic impedances when
considering a 50Q2 fundamental resistance. It is important to
remember that when varying o, the fundamental impedance
develops an imaginary component while the resistive
component is ideally maintained at constant value, which in
this case is considered to be 50Q. The second harmonic
impedance is kept open-circuited.
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Fig. 3. Inverse Class-FJ first three harmonic impedances for a
varying -1<e<l in steps of 0.25, when optimum fundamental
resistance Rpy=50Q.

III. MEASUREMENT VALIDATION

The theoretical analysis reported in detail in [7] and
briefly described on section II of this paper has been applied
experimentally on a 20dBm GaAs power transistor at 4V
drain voltage and 0.9GHz fundamental frequency. The
measurements have been carried out on the active envelope
load-pull (ELP) system developed at Cardiff University [8].

The first set of measurements was performed in order to

achieve the standard inverse class-F state. Following the
inverse class-F measurement procedure [9], bias voltage of
Vgs=-0.8V, Zri=0.53 L 0°, Zypg=0pen-circuit and Zzge=short-
circuit have been identified at the device current-generator
plane [10] by de-embedding the drain-source capacitor
CDS:0.3pF.
For those values of bias voltage, fundamental and harmonic
loads, a drain efficiency of #=78.4%, output power
Pour=19.3dBm and available gain Gxy=15dB (=3dB of gain
compression) have been achieved. From this starting point
the parameter a was then varied. Fig. 4 shows drain
efficiency, output power, available gain and available input
power (Pays) with varying a. Output power is maintained
almost at constant level around 19.5dBm (from 19.3 to
19.6dBm) for all the range of a. The drain efficiency is
maintained greater than 75% for -0.5<a<1 with a maximum
peak value of 80.1% for 0=0.4, but starts degrading for
0<-0.5. The maximum value of gain G,y=15dB is achieved
when a=0, which then decreases with a, down to around
10dB. This is due to the fact that with varying o, the input
power (Pays) needs to be adjusted in order to maintain the
square current waveform as shown in Fig. 4.
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Fig. 4. Measured Inverse Class-FJ drain efficiency, output power,
available gain and available input power for a varying between
-0.7<a <1 in steps of 0.1.

Theoretically output power and efficiency should remain
constant for all the range of a as shown in [7]. Here,
measurements demonstrate that the output performance
degrades towards the edges of the a range, in this particular
case the drain efficiency degrades when varying a with
negative sign and especially below -0.5. This can be due to
the interaction with the knee region, the non-unilateral
characteristic of the device, the feedback capacitor as well as
the non-ideal de-embedding. In this on-wafer device, only
the drain-source capacitor Cpg needed to be de-embedded,
but when working with package devices it is very important
to use a de-embedding network as accurate as possible in
order to follow the right line of constant resistance when
varying o.

The plots in Fig. 5 and 6 show the measured inverse
class-FJ voltage and current waveforms for o varying
between -0.7 and 1 in steps of 0.1.

As it can be seen, the inverse class-FJ voltage waveforms
vary with changing a. The harmonic limited half-wave
rectified sinusoidal voltage waveform is achieved when a=0
(blue waveform) with maximum peak at around 12V being
for the inverse class-F mode Vjeu=n*Vpc where Vpc=4V.
When varying the parameter a, the new family of voltage
waveforms are achieved with higher peak-to-average ratio
(PAR), giving the new design space.
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Fig.5. Measured Inverse Class-FJ voltage waveforms for a varying
between -0.7<a <1 in steps of 0.1.

The measured current waveforms are maintained with an
almost constant level of around 70mA by adjusting the input
power when moving towards the edges of a.
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Fig.6. Measured Inverse Class-FJ current waveforms for a varying
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Fig.8. Measured output power as a function of X; and X; for
constant input power.

To provide more insight, contours have been plotted over
the entire design space function of fundamental and third
harmonic impedances as shown in Fig. 7 and 8. For these
measurements the second harmonic load is kept
open-circuited and the input drive power is kept constant.



These figures do not show the actual optimum device
behavior as shown in Fig. 4 because as already mentioned
the input power was maintained at constant value.
Nevertheless, it can still be seen that the best behavior is
obtained when fundamental reactance X; is positive and
third harmonic reactance X3 is negative and vice-versa
(approx.), as highlighted in orange.

IV. OBSERVATION

The first important observation is that these new
continuous/broadband modes increase flexibility when
designing narrow band PAs. This is because we do not need
to provide the perfect open-circuit and short-circuit second
and third harmonic impedances, but by choosing (in this
case) reactive third harmonic load and by adjusting the
fundamental impedance in accordance with the theoretical
formulation constant output performances can be achieved.
Secondly, the possibility of having multiple load solutions is
translated into a wide “design space” in terms of frequency
when designing PAs. This allows the design of high power
efficiency and broadband PAs, as demonstrated in [11].

V. CONCLUSION

This paper has presented for the first time the
experimental validation of the “continuous inverse class-F”
mode with varying the voltage waveforms, also called
“inverse class-FJ”. It has been demonstrated that when
varying reactively the third harmonic impedance around the
edge of the Smith chart from the short-circuit and by
adjusting simultaneously with opposite sign the reactive part
of the fundamental impedance, constant output power and
drain efficiency can be maintained over a wide design space.
The measurements show that when dealing with real
devices, the output performance is not perfectly maintained
constant over the entire a design space as many other
components must be taken into account such as feedback,
non-unilateral device characteristic and de-
embedding issues. However, it has been demonstrated that
output power of 19.3-19.6dBm and drain efficiency of
75-80% can be maintained for a very wide range of
impedances solutions.
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Abstract — In this paper, an extended version of the continuous
class-F' mode power amplifier (PA) design approach is
presented. A new formulation describing the current
waveform in terms of just two additional parameters, while
maintaining a constant half-wave rectified sinusoidal voltage
waveform, allows multiple solutions of fundamental and second
harmonic impedances that provide optimum perform to be
computed. By varying only the imaginary parts of
fundamental and second harmonic impedances, it is shown that
output performance in terms of power and efficiency is
maintained constant and equal to that achievable from the
standard class-F"'. Indeed, when presenting resistive second
harmonic impedances, it will be demonstrated that the
fundamental load can be adjusted to maintain satisfactory
output performances greater than a certain pre-
determined target value. The measurements, conducted on a
GaAs pHEMT device at 1 GHz, show a good agreement with
the theoretical analysis, revealing drain efficiencies greater
than 70% for a very large range of load solutions, which can
translate to an ability to accommodate reactive impedance
variations with frequency when designing broadband PAs.

Index Terms—Broadband amplifiers, microwave devices,
microwave measurements, power amplifiers, radio frequency.

1. INTRODUCTION

ELLULAR  phone technology has improved

considerably over time. During the last decades
different narrow band power amplifier (PA) modes have
been theoretically and experimentally explored [1-2] and
further developed [3]. Through the use of waveform
engineering and by knowing the different drain voltage and
current waveforms, it is possible to define the transistor
operation modes. Therefore, by shaping those waveforms,
output power, gain and efficiency can be optimized.
However, the standard modes starting from the linear class-
A to the high-efficiency class-F or inverse class-F (class-F ")
perform for the singular frequency solution [1-6].
The world ongoing standards 3G (third generation)
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have driven the research on what will be the new emerging
4G (fourth generation) such as LTE-Advanced (Long Term
Evolution Advanced) [7]. In these new emerging high
quality wireless communication standards one of the main
aim is to provide higher data rates, around 100Mb/s for high
mobility communication such as from cars and trains and 1
Gb/s for low mobility communication such as pedestrians or
when stationary [8]. Such standards are not only
characterized by higher data rates, but they are also
characterized in terms of user capacity and advanced
services. This means that the optimum output performance
required from the power amplifier for the singular frequency
needs to be now obtained for a wide band of the spectrum
frequency. Therefore, broadband and/or multiband power
amplifiers for which the overall output performance is
optimized are nowadays required and under continuous
development. Different techniques have been so far adopted
for the realization of both multiband [9-10] and broadband

power amplifiers [11-15]. Furthermore, recent
investigations have shown theoretical analysis supported by
experimental results [16-20] as well as actual PA

realizations [21-26] where the fundamental and harmonic
loads can be varied properly from the optimum condition
still maintaining the requested output performance.

This paper presents for the first time an extended
mathematical formulation applied to the inverse class-F
mode allowing the proper match of fundamental and
harmonic impedances. Starting from the standard inverse
class-F state for which optimum fundamental impedance,
open-circuit second harmonic load and short-circuit third
harmonic termination are required, by varying properly such
impedances it will be demonstrated that the output
performance does not change significantly. More
specifically, by moving the second harmonic termination
inside the Smith chart (resistive second harmonic load from
the open-circuit condition), thus varying the magnitude and
phase of such harmonic and adjusting properly the
magnitude and phase of the fundamental load in accordance
with this new theory, satisfactory output power and drain
efficiency are achieved. The third harmonic termination is
maintained fixed at short-circuit.

The possibility of applying the different theories termed
“continuous modes” [16-20] on both the inverted and non-
inverted classes of operation have different advantages
which can be exploited with different technology, device’s
size and different operating frequencies.



For the device size, the choice of using the inverted or
non-inverted mode depends of the ratio between the
harmonics and fundamental impedances as demonstrated
here [27]. In terms of frequency, if the device presents low
fr but high operating frequency is required, the non-inverted
mode would be a preferable choice. This is due to the fact
that only first two impedances need to be optimized while
the third harmonic termination would probably be short-
circuited due to the drain-source capacitor Cpg.

The paper is organized as follows. Section II presents
briefly the theoretical analysis of the (a) standard inverse
class-F and (b) continuous inverse class-F mode where
varying the second harmonic impedance only on the edge of
the Smith chart. Furthermore, a detailed new extended
theoretical analysis based on the continuous inverse class-F
mode with varying both the reactive and resistive parts of
fundamental and second harmonic impedances are presented
in Section II (c). The measurement system has been
described in Section III A and practical measurements on a
power transistor are presented in Section III B. Finally
conclusions are given in Section I'V.

II. Standard, Reactive Continuous, and Resistive-Reactive
Continuous Inverse Class-F Modes

The inverse class-F PA requires a square current
waveform and a half-wave rectified sinusoidal voltage
waveform at its intrinsic current-generator plane. These
waveforms are achieved by presenting the optimum
fundamental impedance Zgy (function of the device-under-
test DUT), open-circuit second harmonic load Zyry and
short-circuit third harmonic termination Zsr,. The constant
values of the fundamental and harmonic impedances lead to
an optimised inverse class-F PA for the given fixed
frequency.

Recent investigations [16-20] have shown that it is
actually possible to move the second and/or third harmonic
impedance from the short-circuit and/or open-circuit
condition by proper variation of the fundamental load,
exploiting a new design space.

Equation (1) shows the standard half-wave rectified
sinusoidal voltage waveform v(p) (second harmonic
peaking), while (2) shows the new formulation for the
current waveform i(p).

2
v(19):(\/1§+cosl9j :1+\/2§cosl9+;cos2l9, (1
i(3)= (iDC — i1 cos § + i3 cos 39)-
~(1+acos 3)~(1—ysin 9). 2)

Where ipc, 1; and i; represent the DC, fundamental and
third harmonic current components respectively when
0=y=0. The parameters o and y are empiric parameters which
will describe the new design space. The voltage waveform is
normalized to unity.

As it can be noted, the voltage waveform is not a function
of either a and y while the current waveform will vary with
such parameters.

Expanding equation (2) gives:

i(S):(iDC _%ilj+(aiDC_il )cos.9+y(% A -k%i1 —iDstin19+

+%(i3—i1)cos 29+%(l’3 +1, —aiDC)sin 28 +iy cos39+

a. . V. . a. .
+y—1I,sin3%—~i,sin49 -y —i,sin59-
7’4 1 o b 74 3

3)
Where:
. a .
Inc = inc =i @)
Real(l,)=a iy —i,, )
Real(l,)= %(g i), (6)
Real(l,)=1,, (7)
a. a. |
Imag(ll):y[—g +—1 —zDCj , (8)
4° 4
_ Z . . _ . 9
Imag(]z)— 2(13+11 a-ch), ©
Imag(l3):y%i], (10)
-7 (11
Imag(l4)— 213,
Imag(l,)= —}/%1}- (12)
Ipc represents the quiescent current. Real(1},1,,1;)

(equations from 5 to 7) represent the real part of the current
components of the fundamental, second and third harmonic
impedances, and Imag(1;,1,,131,15) (equations from 8 to 12)
represent the imaginary part of the current components of
the fundamental, second, third, fourth and fifth harmonic
impedances. The real parts greater than three and the
imaginary parts greater than five are equal to zero.

(a) Standard Inverse Class-F (I'=1; Phase=0)

When the parameters a=y=0, as it can be noted from (3)
and from equations from (4) to (12), all the imaginary parts
are equal to zero as well as the real part of the second
harmonic current termination Real(I;), thus equation (3)
leads to the first bracket of (2). Here the optimum
fundamental load, open-circuit second harmonic load and
short-circuit third harmonic termination are presented as
shown in Fig. 1 (admittance points for y=0). These
impedances reveal the standard inverse class-F square
current waveform and the second harmonic peaking half-
wave rectified sinusoidal voltage waveform as shown in
black and red respectively in Fig. 2.



(b) Reactive Continuous Inverse Class-F (I'=1; Phase#0)

Keeping 0=0 and varying the parameter y, the second
harmonic termination varies reactively on the edge of the
Smith chart from its open-circuit condition while the
fundamental impedance varies on its circle of constant
susceptance with an inverse relationship as shown in Fig. 1
(as well as in Fig. 3). It is important to highlight that for this
mode to work successfully, non-zero crossing current
waveforms are essential, which means that the parameter y
has to vary between -1 and 1.

Figure 1. Admittance chart for the theoretical continuous inverse class-F
admittances range for the first three harmonic loads, when varying -1< y <I
in steps of 0.25.

The proper variation of fundamental and second harmonic
load (with keeping a constant short-circuit third harmonic
termination) leads to the waveforms shown in Fig. 2. Here,
for y>0 and y<0 the family of continuous current waveform
is shown (blue and green respectively) defining the new
design space. Although varying the parameter y causes the
required fundamental and second harmonic susceptances to
vary, both fundamental and second harmonic conductances
remain constant. Therefore, assuming a constant voltage
waveform, a constant optimum output power (in Fig. 3
normalised to unity) over a wide range of y can be
maintained. As DC current and voltage components will
also be maintained constant, this leads to constant drain
efficiency as well, which in this case is 81.85% as three
harmonic contents are considered in both voltage and current
waveforms as shown in Fig. 3. Note that B1 and B2 are
inversely proportional in order to maintain a constant output
power and efficiency.

Y <0; —v=0;—v>0|

Vo (V)

360
phase [degrees]

Figure 2. Theoretical continuous inverse class-F current and voltage
waveforms for -1< y <1 in steps of 0.25.
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Figure 3. Theoretical fundamental and second harmonic susceptances (B1

and B2) both normalized to the fundamental conductance (G1) and
efficiency and output power (normalized to unity) for -1< y <I in steps of
0.25.

(c) Reactive-Resistive Continuous Inverse Class-F (I'<I;
Phase#0)

As shown so far, despite the reactive variation of the
fundamental impedance, if adjusting properly the second
harmonic impedance on the perimeter of the Smith chart
(I'=1, Phase#0) the optimum inverse class-F output power
and efficiency can still be maintained constant.

However, when dealing with real PAs, it is not possible to
realize ideal matching networks with reflection coefficient
equal to unity. This means for instance that the harmonic
impedances (in this case the second harmonic load) cannot
be maintained as a perfect open-circuit.

For this reason, the new mathematical formulation taking
into account and varying both parameter a and p is
presented. When varying y and including the parameter o#0
a new enlarged design space that the authors have termed
reactive-resistive continuous inverse class-F mode (or
extended continuous inverse class-F mode), where
fundamental and second harmonic loads can now both be
located inside the Smith Chart is presented, as shown in Fig.
4. When varying the second harmonic load inside the Smith
chart (¢>0) the output performance start to slowly degrade,
but by properly adjusting the fundamental load in
accordance with (2), useful performance in terms of power
and efficiency can still be achieved. Fig. 5 shows the
theoretical computed new family of current waveforms as a
function of both parameters a and y. The current waveform
amplitudes decrease with increasing a. This is due to the fact
that by increasing o, the fundamental impedance also
increases in accordance with equation (2), therefore
maintaining a constant half-wave rectified sinusoidal
voltage waveform, the current waveforms then must
decrease in magnitude. Besides, it can be noted that if
considering the standard class-F"' (=0, red waveforms),
when increasing a, bigger troughs in the waveforms are
developed. As already mentioned earlier, the parameter y
and now also a must be varied between -1 and 1 to maintain
a non-zero crossing current waveforms. It can be seen from
Fig. 6 that drain efficiency varies with o, but it would be
maintained constant with varying y. However, it is important
to highlight that in order to present a positive second
harmonic impedance (inside the Smith chart), the parameter
a should be constrained between 0 and 1.



>0
Z2F0
o
ZF0 iy S
0
1<0 increasing Yy decreasing Y
>0
a=0 a=0.2
a=0.2
a=0.4 =0
¥<0

Figure. 4. Extended Continuous Class-F' for the first two harmonic impedances (third harmonic load is kept short-circuited) when varying -1 <y <1 and 0 < a<

0.4 both in steps of 0.2.

0 100 200 300 400 500 600 700 0 100 200 300
phase (degrees)

phase (degrees)

(

400 500 600 700 0 100 200 300 400 500 600 700
phase (degrees)

( (

Figure. 5. Theoretical extended continuous class-F™' current waveforms when varying -1 <y < 1 in step of 0.25 and 0 < 0. < 0.4 in steps of 0.2.

This is because for negative values of a, -1 < a < 0, the
current waveform will still be positive, but negative
second harmonic impedances need to be presented in order
to allow the continuous mode to exist.

Figure 6. Theoretical efficiency (7) contour plot function of a and y with
both been varied between -1 and 1.

Fig. 7 shows the variation of efficiency as a function of a
with a constant value of y=0. It can be seen that for a=0 the
standard class-F' with drain efficiency (i) of 81.85% is
obtained. When increasing a, the value of efficiency starts
to decrease, but considering a certain pre-determined target
minimum value of efficiency, in this case #=70% has been
chosen thus given a maximum value for 0=0.4, a very large
range of impedances can be obtained maintaining
efficiencies greater than 70%. The small degradation in
efficiency is traded-off against the advantage of having
multiple solutions in order to facilitate the design of

broadband PAs. It should be noted that for a<0 the
efficiency increase from its optimum 81.85% "up to almost
100%. This is due to the fact that for a<0 in accordance
with (2) negative second harmonic impedances are presented
[28]. For the analysis and measurements presented in this
paper, only positive values of a have been considered.
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Figure 7. Theoretical efficiency and second harmonic resistance function

of a with—1 <a <1 in steps of 0.2, for constant y = 0.

Table I shows the reflection coefficient of both
fundamental and second harmonic impedances as a function
of a, for 0 < a < 0.4 with step 0.1, for a constant value y=0
and considering a 50 Q optimum fundamental load for the
standard class-F'.

TABLE 1

REFLECTION COEFFICIENTS (I') OF FUNDAMENTAL AND SECOND HARMONIC
IMPEDANCES AS A FUNCTION OF ALPHA

=0 | a=0.1 | a=0.2 | a=0.3 | a=0.4
T @ Zyo 0 0.046 | 0.096 0.15 0.21
IT| @ Zsko 1 0.78 0.61 0.46 0.34




The phases of both Zgy and Z,p, are all equal to zero for the
different values of ¢, as in this case a constant value y=0 has
been considered (impedances on the real axes of the Smith
chart). Besides, as it can be seen from both Table I and Fig.
4, starting from the standard class-F' condition (a=0) where
Zre=50 Ohm (0£0°) and Z,p=open-circuit (1£0°),
increasing the value of ¢, the fundamental load goes toward
higher impedances whilst the second harmonic load goes
inside the Smith chart. The third harmonic impedance is
kept constant at a short-circuit.

III. Experimental Measurements

A. Measurement system description

The design space defined theoretically in the previous
sections has been explored experimentally using the active
envelope load-pull (ELP) measurement system developed at
Cardiff University [29].

The measurement system configuration using the ELP
architecture is shown in Fig. 8. This system is based on the
Microwave Transition Analyzer (MTA) sampling scope
demonstrated by M. Demmler et al. [30].
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Figure 8. Measurement system architecture in the active envelope load-
pull (ELP) configuration.

The input signal is provided by a Synthesised Sweeper
Source (83640A), delivering power up to 25dBm. Here a
linear broadband drive power amplifier (PA) is necessary for
delivering the required power to the input of the DUT. As it
can be seen, the input signal a, is coupled using a broadband
directional coupler where additional attenuators could be
used in order to reduce the overall power sent to the MTA
ports to less than the maximum safe power allowed (in the
order of 0 dBm). A test set of switches is used allowing the
two channel MTA to operate as a four channel receiver
measuring the overall incident and reflected travelling
waveforms. Channel 1 is used to measure both the incident
waves at the input a; and output a, of the DUT while channel
2 is used to measure the reflective waves b; and b,
determined by the direction of the switches. The DC biasing
of the device is achieved by using two bias tees, one at the
input and one at the output of the DUT, with a current
capability of 0.5A at the RF bandwidth from 45MHz to
40GHz. For higher power (current) capability hybrid
couplers can be used. In this case the DC signal can still go
through the bias tee joining then the RF signal which can go

through the hybrid coupler. The fundamental and harmonic
impedances are presented by using the ELP technique [29].
In this technique, the device transmitted signal b, flows
through the directional coupler with the aim of isolating the
transmitted wave b, with the injected signal a,. The
transmitted signal b,, which is rich in harmonic content, is
then divided into the three harmonics Fy, F, and F3 through
an appropriate triplexer and the three signals can therefore
flow into the ELP modules. A detailed analysis and
explanation of the ELP configuration can be found in [29].

It is important to highlight that the continuous theory
presented in this paper can be experimentally explored by
using different harmonic load-pull systems [31-33], being
the main target of this work to present the appropriate
terminations. Active harmonic load-pull systems would give
better performance if compared with the passive load-pull
systems as the high harmonic terminations can be easily
presented with reflection coefficient I'=1 (on the edge of the
Smith chart) necessary for the high efficiency states. For the
passive load-pull systems, reflection coefficient equal to
unity cannot be achieved, leading to degradation to the
overall performance. This is primarily due to the fact that
any losses introduced between the device itself and the load-
ull system will reduce the maximum magnitude of the
modified signal a,, limiting the range of load impedances
that can be presented. However, recent works have
demonstrated passive load-pull systems with I" near to unity
[34-35].

B. Measurement results

The measurements have been carried out on a 20dBm
GaAs transistor from TriQuint at 4V of drain voltage and
1GHz of fundamental frequency.

The standard narrow-band class-F' mode produces a peak
output voltage of *Vpc and with the breakdown voltage of
this device known to be in the region of 12V, a drain DC
voltage of 4V has been used. In the standard case (where
a=y=0), and for the device used in this experiment, the
optimum trade-off between power and efficiency was found
for a drain DC quiescent current around 35mA. As it can
also be noted from Fig. 9, this corresponds to an RF current
swing up to around 65mA which is not the maximum
achievable because of the increasing V,;, in the knee region.
Now, for this device, when dealing with the new continuous
inverse class-F mode, it is possible to utilize the full current
drive capability without compromising efficiency. The
process implemented in [36] has been used to obtain an
optimized standard class-F' design. An initial gate bias and
input power sweep has been conducted in order to achieve
the right bias voltage. For the standard class-F"' mode, the
optimum bias voltage has been chosen in order to minimize
the second harmonic current component, which is typically
around the class-A bias point. For the device used, Vg=-
0.45V has been chosen. As measurements have been
conducted at the device’s current generator plane, a short-
circuit third harmonic impedance and an open-circuit second
harmonic impedance has been provided, whilst the
fundamental impedance has been swept. To achieve the best
trade-off between output power and drain efficiency, a
fundamental load impedance of Z;=150+j*0 Q has been
chosen at the device current-generator plane, after de-
embedding a drain source capacitor Cpg=0.23pF [37].
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Fig. 9 shows the measured standard inverse class-F
voltage and current waveforms for different input power (at
the device intrinsic plane) while Fig. 10 shows the measured
drain efficiency and available gain function of the output
power sweep. Drain efficiency of n=80.1%, gain of
Gav=17.9dB and output power of Poyr=19.2dBm have been
obtained at approximately 3dB of gain compression.
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Figure 9. Measured inverse class-F voltage and current waveforms
function of input power.
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Figure 10. Measured inverse class-F efficiency and available gain function
of output power sweep.
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Figure 11. Measured extended continuous inverse class-F range of

fundamental (red) second (blue) and third (green) harmonic loads for a=0
(circles), a=0.2 (crosses) and a=0.4 (triangles).

Once the conventional class-F! mode was established, at
around the 2-3dB of compression the parameters a and y
have been varied and the new solutions of fundamental and
second harmonic loads have been identified as shown in Fig.
11. The third harmonic load is kept around the short-circuit
point.

Fig. 12 shows the measured current and voltage
waveforms for the impedance points presented in Fig. 11,
which means for 0 < a < 0.4 and for -1 <y < 1 with both
steps of 0.2; besides the load-lines for 0 < a < 0.4 with step
0of 0.2 and for -1 <y <1 with step of 1 are also presented.
As predicted in the theoretical waveforms (Fig. 5), when
increasing the parameter a, the achievable maximum peak
current waveform decreases.

Again, the waveforms for y=0 (red ones) show bigger
troughs with increasing o, consistent with theoretical
predictions.
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Figure. 12. Measured extended continuous class-F" current waveforms when varying -1 <y < 1 in steps of 0.2 and 0 < a < 0.4 in steps of 0.2 and load-lines for

-1<y<linstepsof 1 and 0 < < 0.4 in steps of 0.2.




All these new current waveforms are achieved for
fundamental and second harmonic impedances varied in
accordance with equations (5), (6), (8) and (9) and shown in
Fig. 11, therefore in this case such equations have been
normalized to the optimum initial fundamental impedance of
R;=150+j0 Q. For all the measurements the third harmonic
impedance was set to around the short-circuit whilst the
higher impedances greater than three have been considered
to be equal to the measurement system characteristic
impedance, i.e. 50 Q.

Figures 13 and 14 show the measured drain efficiency,
output power, available gain and source available power as a
function of both a and y. It can be seen that with varying the
parameter y, the device output performance can be
maintained almost invariant. The power is approximately
constant for all the range of y whilst the efficiency is
maintained greater than 70% with maximum peak up to
80.9%; dropping just on the edges of the range for the last
points of y=+1. The available gain decreases with
decreasing y, this is due to the fact that for y<0 the device
need to be driven harder in order to maintain a constant
voltage waveform, this requirement is also identified in the
Paystrace.

When varying the parameter a, the output performance is
obviously degraded as the second harmonic impedance goes
inside the Smith chart. However, adjusting the fundamental
impedance in accordance with this new theory, efficiencies
greater than 70% can still be achieved, thus allowing the
realization of high efficiency class-F' PAs, but now for a
significantly expanded design space. This will then translate
into the ability to design circuits with variable reactive
impedances, tracking this “design space” over a wider band
of frequencies.
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Figure 13. Measured drain efficiency () and output power (Pour) when
varying -1 <y <1 and 0 < a < 0.4 with both in steps of 0.2.
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Figure 14. Measured available gain (Gav) and source available power

(Pavs) when varying -1 <y <1 and 0 < a < 0.4 with both in steps of 0.2.

The possibility of having different solutions with different
current waveforms with varying the output impedances is
counter intuitive. In ideal devices the drain current is
obtained through the input voltage, being the transistor an
input voltage controlled current source. Therefore, once the
current waveform is achieved by proper input drive, the
voltage waveform would be function of the output
impedances. However, in real devices the actual drain
current varies with varying the impedances being the output
related to the input through the feedback capacitor as well as
being the drain voltage and current waveforms related to
each other through the knee region [1]. In this case by
varying properly the impedances and by adjusting slightly
the input power (as shown in Fig. 14) it is possible to main
an almost fixed voltage waveform as reported in Fig. 12.

IV. Conclusion

This paper has presented an extended formulation on the
current waveform for the continuous class-F'. Starting from
the standard narrow band class-F' condition, it has been
demonstrated that varying the second harmonic load around
the edge of the Smith chart from the open-circuit condition
and adjusting the phase of the fundamental impedance,
constant output performances can be maintained.
Additionally, it has been demonstrated that when presenting
a resistive second harmonic load, the new current
formulation will change both magnitude and phase of the
required fundamental load, providing the right condition in
order to maintain the desired drain efficiency greater than a
certain pre-determined value, which here the authors have
chosen at 70%. The main aim of this work is to provide to
the PA designer different useful waveform solutions
providing high power and efficiency. Thus introducing
higher flexibility in the PA design process, thanks to

providing the opportunity to accommodate reactive
impedance variations with frequency when designing
broadband PAs.
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Abstract —  This paper presents for the first time the
broadband Continuous-ClassF3 mode power amplifier (PA)
extended to include a variable reactance third harmonic
impedance. It will be demonstrated that by proper
manipulation of the voltage and current waveforms different
optimum impedance solutions can be identified. When
designing PAs, the harmonic impedances cannot easily be
constraint to open-circuit and/or short-circuit points with
varying frequency. Therefore, the possibility to vary the third
harmonic reactance as well as the second harmonic and
fundamental reactance with frequency would allow for an
easier, more flexible and achievable design requirement.
Measurements on a GaN power transistor have delivered
around 34.5-35.9 dBm of output power, 80-85 % of drain
efficiency and 13.7-15.5 dB of available gain at 1 GHz of
fundamental frequency for the various combination of first
three load solutions. The measurements demonstrate that
constant or greater output performance can be obtained over a
wide PA design space when varying properly the first three
harmonic loads. The different reactive impedance solutions
carried out at the single frequency can then be translated into
frequency domain, allowing the design of high power-efficiency
broadband power amplifiers.

a) Index Terms — Broadband amplifiers, gallium nitride,
microwave devices, microwave measurements, power amplifiers.

I. INTRODUCTION

The power amplifier (PA) stage used in wireless
communication networks is one of the most crucial and
therefore important components. Here different requirements
must be satisfied such as efficiency, output power, gain and
linearity. Nowadays, these requirements need to be satisfied
for the broadband spectrum. This means that the overall
specifics need to be optimized for a wide range of
frequencies.

In the last years different broadband PA modes have been
demonstrated, as some of those here presented [1-4].
Broadband PAs can deliver satisfactory performance over a
wider bandwidth when compared with the narrow band
modes [1-2]. In particularly, the Continuous-ClassF mode
[3] has shown that by moving the second harmonic
impedance from the short-circuit condition and by
simultaneously adjusting the fundamental load in accordance
with the Continuous-ClassF theory while maintaining a fixed
open-circuit the third harmonic load, output power and drain
efficiency can be maintained constant. Nevertheless, in real
PA design the third harmonic termination cannot be
considered as a fixed open-circuit point, as it will move

somewhere with frequency.

This paper demonstrates for the first time how the
Continuous-ClassF mode can deliver high power efficiency
states for different combination of fundamental, second and
now third harmonic load solutions, therefore termed
Continuous-ClassF3. Besides, the experimental results show
that by presenting these new reactive solutions and varying
the gate bias point (Vgs), greater efficiency can be achieved
without trading-off a significant amount of output power.

I1. THEORETICAL CONTINUOUS-CLASSF3

The Continuous-ClassF mode presented in [3] has shown
a new formulation for the voltage waveform while
maintaining an ideal constant half-wave rectified sinusoidal
current waveform. Therefore, leading to a simultaneous
variation of the fundamental and second harmonic
reactances when maintaining a constant open-circuit third
harmonic impedance. In this manner the output power and
drain efficiency can be maintained theoretically at constant
level.

In reality when designing PAs it is difficult to maintain
any fundamental or harmonic impedance constant with
frequency. The drain current cannot be considered as a fixed
constant waveform (in this case half-wave rectified
sinusoidal). This is due to the relationship between input and
output through the gate-drain capacitor Cgp as well as the
knee voltage (Vi) interaction, for which drain voltage and
current waveforms are related to each other
( iD:'gm.\/gs 'Imaxl(l'e_VdSNknee)) [1].

In [3] it is shown that in order to have high power-
efficiency conditions over bandwidth, the third harmonic
termination should move “somewhere” around the edge of
the Smith chart (from the open-circuit condition) with
frequency, but no theoretical or experimental verification
has to date been reported. In this work for the first time the
Continuous theory has been extended, allowing reactive
excursions of the third harmonic impedance as well.

Equations (1) and (2) represent the voltage and current
waveform formulations.

v(9)= [1—\25cos SJZ -(l+j§cos 9J~(l—7sin g)> (D

i(.9)= [1+Lcos 4 +%cos 29}-(1+%Sin 59) . Q)

V2



Varying the only parameter y it is possible to obtain the
desired range of fundamental, second and now third
harmonic impedances, as shown in Fig. 1.

Expanding (1) and (2), the voltage (V,) and current (Z,)
components from (3) to (9) are obtained:
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Fig. 1. Theoretical first 3 harmonic impedances when
considering R=40 Q at the intrinsic current generator plane.
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The components from V; to V; represent the voltage
Fourier components from 1* to the 7™ harmonic, as well as
the components from I, to I; represent the corresponding
current Fourier components. It should be noted, the voltage
components from 5" to 7" are set to zero, while higher
current components (up to the 7™) have been considered;
this can be justified as a good approximation in most
practical cases, based on the probability that higher voltage
harmonics will usually be suppressed by the device parasitic
capacitances.

Fig. 2 and 3 show the theoretical voltage and current
waveforms and load-lines when applying (1) and (2) for y
ranging between -1 and 0 with step of 0.5.

The range 0 < y < 1 (not displayed) would give the
mirrored waveforms of -1 < y < 0. Despite the waveforms
(and load-lines) present different shapes with varying y, the
overall power and efficiency is ideally kept constant. This is

due to the fact that the new combination (ratio) of voltage
and current waveforms leads to the variation on the
imaginary parts of first three impedances with the real parts
and DC components kept constant. This condition ensures
theoretically a constant output power and drain efficiency.

When applying this theory, and including harmonic
content greater than 3 (up to 7"), optimum results can be
obtained, however it will be seen in the measurement section
of this paper that satisfactory output performance can still be
achieved by considering only the first three harmonic
components.
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Fig. 2.

waveforms for y varying between -1 and 0 in steps of 0.5.

Theoretical Continuous-ClassF3 voltage and current

Fig. 3. Theoretical Continuous-ClassF3 load-lines for y varying
between -1 and 0 in steps of 0.5.

Therefore, dividing the voltage components by the
appropriate current components (e.g. Vy/I;), the fundamental
and harmonic impedances can be obtained where optimum
output power and drain efficiency (in this case 81.7% as
finite harmonic contents for both voltage and current
waveforms have been considered) are maintained constant.

III. MEASUREMENT RESULTS

The theoretical analysis reported in section II has been
applied experimentally on a 1.2 mm of periphery GaN
power transistor [5], using a 28 V supply voltage at 1 GHz
fundamental frequency.

Initially the standard Class-F mode has been obtained.
Here, with bias voltage of Vg=-3.1 V, input power of Pjx=14
dBm (source available power Pays=20.4 dBm) and
presenting Zr=0.491_45.8°, Zoro=11_-180° and
Z3r0=1L_68° at the extrinsic plane, an efficiency of #=80.6
%, output power of Poyr=35.9 dBm and available gain of



Gay=15.5 dB have been achieved at 1.5 dB of gain
compression. Once the standard Class-F mode has been
obtained the first three harmonic impedances have been
simultaneously varied as explained in previous section.
Theory and measurements have been performed at the
device intrinsic plane after de-embedding the drain-source
capacitor Cps=0.45 pF.

Fig. 4 shows the measured output performance in terms of
power, efficiency and gain as a function of y, for a constant
source available power Poys=20.4 dBm.
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Fig.4. Measured Continuous-ClassF3 drain efficiency, output

power and available gain for -1 <y <1 in steps of 0.2.

As it can be seen, the output power and available gain are
maintained at an almost constant level with varying 7, at
around 34.5-359 dBm and 13.7-15.5 dB respectively.
Interestingly moving toward y<O0 the efficiency increases,
reaching a maximum value of 83.7 % for y=-0.6 whilst for
>0 it decreases when approaching towards the edge of y.
This is caused either by the non-unilateral device
characteristic and some non-linearity in the device
transconductance.
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Fig. 5. Measured Continuous-ClassF3 voltage (red lines) and
current (blue lines) waveforms for -1 <y <0 in steps of 0.5.

Fig. 5 shows the measured Continuous-ClassF3 voltage
and current waveforms for constant Pavs=20.4 dBm. Both
voltage and current waveforms vary as a function of y
(between -1 and 0 in steps of 0.5), which means that all of
the first three harmonic impedances are being varied,
revealing the new design space.

Fig. 6 shows efficiency and output power as a function of
bias Vg and the parameter y. It can be seen that decreasing
the bias voltage from its original value of -3.1 V, the
efficiency increases up to 85 % for Vg=-3.6 V and y=-0.5
while still maintaining satisfactory output power of 35.7dBm
(3.72W) at almost the same compression level, where
GAV:14-7 dB.
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Fig. 6. Measured drain efficiency and output power function of
gate bias Vg and y, where -4 < Vg < -2.7 V in steps of 0.1 and
-1 <y <1 insteps of 0.5.

IV. CONCLUSION

This paper has presented for the first time the Continuous
Class-F3 mode PA, which allows for continuous power and
high efficiency performance for specified reactive
terminations at fundamental, second and third harmonics. It
has been demonstrated that by appropriate variation of the
first three harmonic impedances a wide range of useful
solutions where constant and even improved output
performance can be achieved. The extension of the
continuous mode theory up to the third harmonic is an
important step in broadband design as in reality when
designing PAs, fixed harmonic loads cannot easily be
maintained constant with varying frequency. Measurements
on a GaN power transistor have demonstrated the validity of
the approach.
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Abstract — This paper presents a dual-band multiharmonic
Class-ABJ high power amplifier (PA) realized in AIGaN/GaN
technology. In the Class-ABJ theory power and efficiency are
theoretically maintained constant for the wide band spectrum
frequency due to the ability to accommodate simultaneous
fundamental and harmonic reactive terminations. Here it will
be shown that by using the Class-ABJ theory, it is possible to
optimize power, gain and efficiency for different frequency
bands in a high PA design. The realized Class-ABJ power
amplifier delivers drain efficiency greater than 55% with
output power and gain greater than 42.4-44.4 dBm and 10-11
dB respectively for the two frequency bands 2.05-2.22 GHz and
2.45-2.58 GHz at around 2-3 dB of compression level.

Keywords - broadband amplifiers; Class-J; GaN; high power
amplifiers; multiband.

I. Introduction

The continuous demands of services in the wireless
communication field have led to significant improvements
starting from the device transistor technology to the overall
wireless networks.

AlGaN/GaN high electron mobility transistors (HEMT)
on SiC substrate have raised a lot of interest in the last years
for the realization of power amplifiers (PAs) used in the
ongoing 3G (third generation) and 4G (fourth generation)
standards for mobile phones and base stations [1]. This is
due to the ability of the AlGaN/GaN technology to achieve
high output performance over the broadband spectrum as
well as the ability of reaching high power capability, high
gain, high frequency, robustness and reliability [2].

Various broadband and multiband power amplifier
techniques have been so far presented and described as some
shown here [3],[4]. However, the advanced AlGaN/GaN
transistor technology accompanied with the knowledge of
harmonic output matching terminations lead to the ability of
realizing PAs with high power-efficiency over the desired
frequencies range.

This paper shows a multiharmonic multiband Class-J PA
designed from the standard Class-AB mode, therefore called
Class-ABJ [5]. It is known that the Class-ABJ mode is used
for the realization of broadband power amplifiers. Here, by
using such theory, the main aim of this work is to realize and
demonstrate a PA delivering high power-efficiency state as
well as constant gain for the dual band frequencies 2.1-2.2
GHz and 2.5-2.6 GHz.

II. GaN Technology for High Power Transistors

The high power HEMT devices applied in this work are
based on a GaN semiconductor technology using 3-inch
semi-insulating SiC substrates. The epitaxial grown
heterostructure consists of highly resistive layers: a thick
GaN buffer, followed by an AlGaN barrier, including a thin
GaN cap layer. The GaN HEMTs are fabricated with a gate
length of 0.5 um with a technology optimized for high
reliability and robustness up to an operation voltage of 50 V
[2]. Therefore an integrated source terminated field plate is
used to reduce the electric field strength in the gate region,
which allows a maximum breakdown voltage of > 200 V.
The technology includes a front side and backside process
with front-to-back via holes. The output current of a typical
unit cell transistor with a gate width of 1.2 mm yields
670 mA/mm and a maximum current gain cut-off frequency
of 19 GHz. Large signal measurements of these devices
under Class-AB operation at 2 GHz show an output power
density of 5 W/mm at 40 V supply voltage and more than
6.5 W/mm at 50 V while a power added efficiency of > 65%
is obtained. The high operation voltage of the presented
devices increases the output impedance of high power
devices and therefore allows a better broadband matching. A
high power device with a total gate width of 9.6 mm is used
for the design and the realization of the power amplifier in
this work.

III. Class-ABJ PA Mode

Starting from the standard single frequency solution
Class-AB state and by varying properly the fundamental and
harmonic impedances it is possible to have different
solutions in terms of output waveforms for which the device
output performance does not degrade. This PA mode is
termed Class-BJ [5] or in this case Class-ABJ as the DUT
(device under test) has been biased in Class-AB. The Class-
ABJ PA has been designed by using the Agilent ADS
(advanced design system) environment and the nonlinear
model of the AlGaN/GaN HEMT devices described in
Section II.

A. Step 1: Class-AB PA for the fixed frequency

The first step for the realization of such PA is the
standard Class-AB state. Here, for drain voltage Vp=40 V at
the fixed frequency 2.4 GHz (around the center frequency)
and by biasing the device in Class-AB for which the
quiescent current Idqg=70 mA, fundamental and harmonic
impedances with the input power have been swept in order



to find the best trade-off between output power, gain and
drain efficiency.

Being the Class-ABJ a mode which rely on the use of the
voltage and current waveforms at the intrinsic device plane,
by de-embedding the parasitics of the AIGaN/GaN device,
the proper waveforms therefore the output behavior can be
revealed. Here, for fundamental impedance Zzy=20.9+j0 Q
and keeping short-circuit the second and third harmonic
terminations, the optimum standard Class-AB state is
achieved.

Fig. 1 shows the standard Class-AB performance in
terms of drain efficiency, output power and gain function of
the input power sweep Py. Drain efficiency of DE=64.9%,
output power of Poyr=44.6 dBm (28.9 W) with gain of
G=21.3 dB at around the 2 dB of gain compression have
been obtained. The Class-AB voltage and current
waveforms are plotted in Fig. 2 showing the sinusoidal
voltage waveforms and the rectified sinusoidal current
waveforms with conduction angle greater than 180° due to
the Class-AB bias condition.
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Figure 1. Simulated standard Class-AB drain efficiency, output power and

gain function of the input power sweep.

Figure 2. Simulated standard Class-AB voltage (red) and current (blue)
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waveforms at the intrinsic device plane function of the input power sweep.

B. Step 2: Class-ABJ fundamental and harmonic loads

Once the standard Class-AB state is designed and the
real part of the fundamental impedance Rg is optimized for
the proper input power, the next step is the achievement of
the different ranges of fundamental and second harmonic
impedance solutions. By applying the Class-ABJ theory [5],
the new family of voltage waveforms v4z,(8) is revealed.
The equation of such voltage waveforms is shown in (1)
while the current waveform is kept constant rectified
sinusoidal:

V4 (8)=(1-cos9)-(1-sin9)

(1

where ¢ is the conduction angle and J is the parameter
that defines the new Class-ABJ voltage waveforms, as
shown in Fig. 3 in this case for ¢ = -1.

It can be noted that the standard cosinusoidal voltage
waveform (1-cosd) is now multiplied with another sinusoidal
waveform (1-dsind) as shown in (1).

=1—cosl9—§sin19+gsin2l9,

307 —— Class-ABJ (1-c0s9)*(1-5sing)
25 —— Sinusoidal (1-8sin3)
—— Cosinusoidal (1-cos8)
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Figure 3. Theoretical Class-ABJ (1-cos9)*(1-9sin9) voltage waveform for
&=-1(red); cosinusoidal waveform (green); and sinusoidal waveform for 6=-
1 (blue).

In this case it is intuitive that the new Class-ABJ voltage
waveforms would lead to different impedance solutions with
varying the parameter d, however, it is not intuitive that such
new impedance solutions lead theoretically to the same
output performance in terms of power and efficiency [5],[6].
This is because the voltage waveform is varied with only its
reactive part. Therefore, since the output power is
proportional to the real parts of the fundamental voltage and
current components, this leads to a constant optimum Poyr.
Besides, being the DC voltage and current contents constant
as well with varying such parameter o, this leads to a
constant optimum drain efficiency.

Equations (2), (3) and (4), show the Class-ABJ
fundamental, second and high harmonic terminations for
which the output performance is constant. Note that when
0=0 the standard Class-AB impedances where the reactive
parts are equal to zero (thus at the intrinsic device plane) are
achieved. When varying the parameter ¢ between -1 and 1 in
order to keep the voltage waveform positive [5],[6] different
fundamental and second harmonic impedances are revealed.
It can be noted that fundamental and second harmonic
impedances are inversely proportional with varying d.
Positive values of J lead to negative fundamental reactive
parts and positive second harmonic reactive termination, and

vice-versa for negative values of J. The harmonic
terminations greater than 2 are short-circuited.
Zpo=Rpo—J 0 Ry, (2)
Y 4
ZZFOZO"'J'é“?‘RFO’ (€)
Z, =0, forn>2 4)



For the AlGaN/GaN device used in this work, starting
from the optimum fundamental load Zg, = 20.9+j0 Q and
Z,ro =short-circuit and by applying (2) and (3) with ¢
varying between -1 and 0 in step of 0.5, the Class-ABJ
terminations have been carried out. For the impedance points
for 6>0 the second harmonic impedance could not be placed
on the edge of the Smith chart (I'=1) with the different
phases (function of J). This was due to stability
considerations which have been overcome with the proper
input matching network (IMN) and the proper bias network
design, as it will be mentioned in Step 3.

C. Step 3: Class-ABJ output matching network

So far, by using the Class-ABJ theory, the fundamental
and second harmonic reactive impedance solutions, where
constant output performance is achieved, have been carried
out for the constant frequency F;=2.4 GHz. Now, the
possibility of having different reactive impedances for the
fixed frequency is translated into the possibility to
accommodate different optimum frequency solutions when
designing the output matching network (OMN). This means
that, if the impedance solutions are considered in the Smith
chart as target points, the PA designer can now design the
proper OMN in order to present those target impedances.
Therefore, with this approach, high power-efficiency

broadband power amplifiers can be realized.

Fig. 4 shows the Class-ABJ output matching network
capable of synthesize the fundamental and second harmonic
output impedances carried out for the DUT by applying the
Class-ABJ theory.

DC Block

Figure 4. Class-ABJ output matching network.

For each fundamental target load corresponds the proper
second harmonic termination point as demonstrated from
theory [7]. Therefore, the OMN shown in Fig. 4 is able to
present simultaneously the different fundamental and second
harmonic terminations. The IMN (not shown in details in the
paper but shown in the PA photo of Fig. 5) has been realized
to match the low input impedance of the DUT to the 50 Q
source characteristic impedance in order to maximize the
gain. Different resistors and capacitors have been added in
both the RF path and in the bias network to overcome
stability issues.

IV. Class-ABJ Power Amplifier Realization and
Measurement Results

Fig. 5 shows the photograph of the realized Class-ABJ
PA as well as the 9.6mm AlGaN/GaN powerbar. The
measurements have been performed at drain voltage
Vp=40V and input bias voltage Vgs=-1.62 V for which the
quiescent current was Idg=70 mA.

Figure 5. Photograph of the realized Class-ABJ PA and powerbar.

Fig. 6 shows the measured output performance in terms
of drain efficiency, output power and gain function of the
input power sweep and for different frequencies in the two
bands 2.08-2.22 GHz and 2.48-2.6 GHz with frequency step
of 20 MHz. As it can be noted, in the low-band (left graph)
the drain efficiency and output power increase with the input
power in a similar way for the different frequencies. Here
the drain efficiency is around 55-60% for all the frequencies
from 2.08 GHz to 2.22 GHz. The output power reaches the
maximum value of around 44.4-44.6 dBm while the linear
gain is around 13-14 dB, going down to around 10-11 dB at
the 3 dB compression point where the maximum efficiency
and power are revealed. In the upper-band (right graph) from
2.48 GHz to 2.6 GHz, the drain efficiency and power present
different behavior for the different frequencies, however still
efficiency greater than 50-55% is achieved. Here the power
is lower compared with the low-band, between 42 dBm and
43 dBm with delivering around the same linear gain of 14
dB.

Fig. 7 shows the drain efficiency, PAE, output power and
gain Vs frequency when delivering an average gain of
around 10.5 dB. Here, it is clearly shown that the output
power and gain do not decrease significantly in the entire
bandwidth between 2.05 GHz and 2.6 GHz.

Both the output power and gain are maintained around
42.4-44.4 dBm and 10-11 dB respectively. Furthermore, the
drain efficiency is maintained greater than 55% in the
frequency ranges 2.05-2.22 GHz and 2.48-2.58 GHz as
highlighted in yellow. In the same frequency bands, the PAE
is greater than 50%.
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Figure 6. Measured Dual-Band Class-ABJ drain efficiency, Poyr and gain for the low-band 2.08-2.22 GHz (left) and high-band 2.48-2.6GHz (right).
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The maximum drain efficiency is DE=63% achieved at
2.54 GHz. It is interesting to note that, despite the design
requirement was to optimize the power-efficiency in the two
requested bandwidths, by using the Class-ABJ theory, the
middle band (around 2.25-2.45 GHz) still delivers
satisfactory output power and gain, while the drain
efficiency is still above 45%, thus not presenting consistent
degradations if compared with other different multiband
designs [3],[4].

V. Conclusion

In this work the design steps, the realization and the
measurement results of a dual-band Class-ABJ power
amplifier is presented. By using the Class-ABJ theory, the
proper fundamental and second harmonic terminations have
been carried out, focusing on the two band of interest 2.1-2.2
GHz and 2.5-2.6 GHz. The PA delivers drain efficiency,
output power and gain greater than 55%, 44.2 dBm and 10
dB respectively for both the low and upper frequency bands
between 2.08-2.22 GHz and 2.48-2.58 GHz. The maximum
peak of drain efficiency is 63% achieved at 2.54 GHz, while
maximum peak power of 44.6 dBm (28.9 W) is delivered at
2.14 GHz.

Fréquency (GHz)

T !
2.4

Measured Class-ABJ drain efficiency, PAE, Poyr and gain Vs frequency.
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