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ABSTRACT

Complex and spectrally efficient modulation schemes present a power-
efficiency challenge to base station power amplifiers due to the time-varying
envelope and high peak-to-average power ratios involved. The envelope
tracking architecture is one way to address this issue, where an envelope
amplifier provides a dynamic, modulated supply to the power amplifier to
reduce power consumption.

While most research into envelope tracking focuses on the envelope
amplifier, this work focuses on optimising the power amplifier design for
envelope tracking using the waveform engineering approach. It studies the
behaviour of a highly-efficient power amplifier mode of operation (class-F)
using a relatively low-cost high voltage laterally diffused metal oxide
semiconductor (HVLDMOS) technology in an envelope tracking environment.
A systematic design process is formulated based on identifying the optimum
amplifier load and the envelope shaping function, and then applied in the
development of an actual class-F power amplifier.

The fabricated power amplifier is integrated into an envelope tracking
system and is able to produce one of the highest recorded efficiencies
compared to current state-of-the-art envelope tracking amplifiers, which are
mostly based on Gallium Nitride technology. The limitation of this design is its
linearity performance, and the efficiency-linearity trade-off is analysed in detail
in this work.

The use of continuous mode power amplifiers in envelope tracking is
also explored for high-bandwidth operation. The limitation of such a technique
is posed by the device nonlinear output capacitance, and this is analysed
through the use of a novel characterisation approach called voltage-pull, which
is derived from an active load-pull system but uses voltage waveforms as the
target instead of loads.

This method is also used to investigate the possibility of exploiting the
device nonlinear output capacitance as a 2" harmonic injection source to
improve power amplifier efficiency, as predicted in a novel mathematical
analysis presented in this work.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Research Motivation

The mobile communication industry has seen a tremendous growth
over the past decade, where mobile data traffic has grown 4000-fold [1]. In the
first quarter of 2016, there were 7.4 billion mobile subscriptions worldwide with
half of these broadband subscriptions. Video streaming was the biggest
contributor of smartphone mobile traffic at 43% followed by social networking
at 20% [2]. The usage trend of mobile phones has moved towards heavy-data
cases while the number of users keeps increasing at the same time. It is
expected that the number of mobile subscriptions will exceed 26 billion by

2020 [3].

The rapid growth and the demand for wider bandwidth to cater for the
heavy-data traffic shown in Fig. 1.1 have driven the development of more
complex modulation schemes to allow for more users within the limited
available spectrum. However, these spectrally-efficient modulation schemes
present a power-efficiency challenge to the base-station power amplifier (PA)
due to its time-varying envelope and high peak-to-average power ratio (PAPR).
With the introduction of 4™ generation mobile communication systems (4G),
rise in energy cost, and the increasing demand in coverage, network operators
are faced with high operating cost (OPEX) where approximately 30% is spent

on base-station energy utilization with the RF power amplifier being the biggest
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contributor accounting for 50-80% of the total power consumed [4, 5].
Improving PA efficiency will therefore contribute significantly towards reducing

the operating cost.

Mobile subscriptions by technology (billion)
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Figure 1.1 — Worldwide mobile subscription trend [2].

The motivation to improve base station power amplifier efficiency is not
only financial but also environmental. A macro base station deployed in
2G/3G/4G infrastructure typically consumes between 2kW to 5kW of power [6].
In Europe alone it is estimated that a 20% efficiency improvement in 3G base

station PA’s would result in an annual 17 kiloton reduction in CO, emission [7].

This research focuses on the development of high-efficiency power
amplifiers to address base station power efficiency utilising the envelope
tracking architecture. The target application is for small cells to be used in a
heterogeneous network with a peak transmit power of 50W. This work has
been carried out as part of the Opera-Net 2 project, which is an industry-driven
European ICT research initiative funded through the Eureka’s Celtic-Plus

program. The Opera-Net 2 consortium comprised 11 partners with different
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specialization areas from within the industry and academia in Europe: Orange
(France), Alcatel Lucent Bell Labs (France), Freescale (France, now NXP),
Nokia (Finland), Thomson Broadcast (France, now Arelis), VTT (Finland),
Efore (Belgium), Cardiff University (UK), Telecom Bretagne (France),

University of Caen (France), and Alpha Technologies (Belgium).

The objective of the Opera Net 2 project is to reduce the environmental
impact of mobile radio networks by analysing and providing an end-to-end
solution from the standpoint of material lifecycle, hybrid energy sites, access
network optimisation, architecture optimisation and hardware design, and
standardization [8]. In terms of the current industry practice in base station
architecture and hardware design, the Doherty PA with digital pre-distortion
(DPD) is the preferred implementation due to its relatively high-efficiency
performance over wide dynamic range whilst delivering high power, coupled
with an absence of a high-power solution from the envelope tracking
architecture [9]. However with the emergence of heterogeneous networks to
address growth in data traffic, smaller cells with lower transmit-power are used
to extend network capacity in dense areas [10, 11]. It is in this type of
application that the envelope tracking PA architecture presents an attractive
high-efficiency solution with its relatively high bandwidth capability, and is the

focus of the Opera-Net 2 project for architecture and hardware design.

Cardiff University’s role in Opera-Net 2 was in the development of a
highly efficient RF PA using Freescale’s next generation high voltage LDMOS
transistors that would be used in an envelope tracking system developed by

Arelis. As such, the Opera-Net 2 project acts as a platform for this PhD
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research work and provides an industry validation for the designed PA

prototype.

1.2 Research Objectives

There are several objectives outlined in this research towards
developing a high-efficiency mode PA for ET applications using HV-LDMOS
technology. The first objective is to utilize Cardiff University’s waveform
engineering capabilities to understand the effect of variable drain bias on a
high-efficiency mode PA. The output capacitance (Cps) varies nonlinearly with
output voltage and an analysis at the device’s current generator plane is
needed to fully understand the load trajectory in terms of boundary interaction

relative to the IV plane, as a function of ET drain voltage.

The second objective is to use waveform engineering to formulate a
systematic design methodology for a high-efficiency RF PA to be used in an
ET application. This design method will utilize the target load and the
envelope shaping function as design parameters to optimise overall ET
efficiency as well as linearity based on signal PAPR and other design

specifications.

The third objective is to apply the method to design, build, and test a
class-F PA in an industry standard ET system. The ET-integration work is
carried out in collaboration with Arelis, an Opera-Net 2 consortium member
whom with their recent work in ET modulators, provide the capability to adopt a

new, high-efficiency PA into their existing ET system.

The fourth objective is to investigate the use of envelope tracking as a
baseband linearising method. Baseband injection for linearisation is a

4
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technique developed at Cardiff University utilising the waveform engineering
system under multi-tone excitations [12]. This method has been proven to
linearise a PA regardless of envelope shape and bandwidth but its effect on

PA efficiency has not been tested.

Finally the fifth objective is to investigate the feasibility of applying
continuous mode PA design in an envelope tracking application, which is an
extension of the first objective. The continuous mode power amplifiers offer a
high efficiency operation over a wider bandwidth but only at its peak power.
The aim is to analyse the effect of nonlinear output capacitance on a

continuous mode PA and how that affects the operation of a continuous mode

amplifier in ET.
Research Objectives
Investigate Formulate a Design & build Investigate the Investigate the
variable drain systematic design LDMOS class-F use of ET as a feasibility of
bias effect on method for high- PA and baseband applying
high-efficiency efficiency RF PAin integrate into linearizing continuous
mode PA ET ET system method mode PAin ET
Figure 1.2 - Research objectives.
1.3 Thesis Organization

This thesis is organized into eight chapters, summarized as follows:

Chapter 2 provides an overview of high-efficiency power amplifier modes and
architectures. It discusses the challenges faced by the PA design community
in dealing with signals with high PAPR. State-of-the-art power amplifiers of

different architecture are also summarized.

Chapter 3 presents the behaviour of a high-efficiency PA mode in a variable

drain bias setting, which is an environment that can emulate the envelope
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tracking condition. It investigates the impact of the nonlinear output
capacitance on efficiency when class-F and class-AB Pas are optimised at
different drain bias points. The efficiency and linearity trade-off when using
different envelope shaping functions is also analysed. Through modulated
signal simulations, this chapter also investigates the effectiveness of using ET
as a baseband linearisation method for class-F compared to the previous work

of class-AB.

Chapter 4 describes the process of using waveform engineering to optimise a
class-F PA design for envelope tracking applications based on the
experimental results from Chapter 3. A systematic design method is proposed
and applied in designing an actual class-F PA using an LDMOS device
operating at 900MHz. The design goals, matching network design, and

simulated results are described.

Chapter 5 presents the initial standalone test results of the fabricated class-F
PA followed by the integration of the PA into a full ET system used in the
Opera-Net 2 project. System level test results are then presented, highlighting

the benefits and limitations of using a class-F PA mode in an ET system.

Chapter 6 investigates the integration of a continuous mode PA, which is an
extension of the high-efficiency PA mode to achieve a higher bandwidth, in an
envelope tracking architecture. Starting with a discussion on conventional
continuous mode PA theory, simulated and measured results are then
compared. A novel investigation of the device nonlinear output capacitance

(varactor) effect on continuous mode PAs is presented through mathematical
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analysis, where one of the theoretical findings points to the possibility of using

the varactor effect for efficiency enhancement under certain load conditions.

Chapter 7 presents an experimental validation to the theory of the varactor
effect on continuous mode PA’s, specifically on class-BJ power amplifiers. A
novel measurement strategy to expose the varactor effect, termed the voltage-
pull, is described. It also experiments with the possibility of exploiting the
varactor as a 2" harmonic injection source to improve PA efficiency. In doing
so this chapter presents a new design space for continuous mode PA, which is

modified from the conventional design space as a result of the varactor effect.

Chapter 8 summarizes and concludes the overall findings from this research

work and derives future work that can be taken forward.
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Chapter 2

Overview of Envelope Tracking
and Other High-Efficiency Power
Amplifiers

2.1 Introduction

Research into power amplifier (PA) efficiency improvement has been
ongoing since the 1930s driven by increasing operating costs associated with
high power (Megawatt) AM broadcast applications due to inefficient power
transmitters and associated cooling requirements [1]. The advent of wireless
mobile communication especially the introduction of the 3™ generation mobile
communication systems (3G) has further increased the need to improve power
amplifier efficiency in order to have longer handsets battery life, lower
electricity cost for network operators, and importantly lower CO, emission from

mobile networks.

PA’s in typical in typical mobile communications system base stations
are responsible for 50-80% of the total power consumption [2]. From that total
DC power consumed, typically only approximately 30% is converted into useful
transmitted RF signals [3]. The main challenge in producing a high efficiency
power amplifier in such applications is the high peak to average power ratio
(PAPR) of the RF signal, which in some cases is in excess of 10dB [2]. This is

because the PA needs to be efficient not only at peak power but also at
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average power levels several dB’s below where the PA would spend most of
its time operating. As the demand for higher bandwidth increases, more
complicated and dynamic modulation schemes are used, driving the signal
PAPR increasingly higher. This puts a lot of pressure on the PA design
community to provide solutions that continually improve PA efficiency and to
react to the advancements in spectrally-efficient schemes, as well as
accommodating the stringent linearity requirements implicit in new wireless

standards.

This chapter provides a brief overview of the envelope tracking power
amplifiers and the current research from literature. It begins by introducing
different high efficiency PA modes that offer high efficiency close to saturation
and at peak envelope power, as well as high-efficiency PA architectures that
offer high efficiency over dynamic range or output back-off. A review of the
state-of-the-art of one of these architectures; envelope tracking (ET) is
presented, covering different aspects of the ET research such as the drain
modulator, use of high-efficiency modes in ET, and linearisation techniques.
Finally this chapter concludes with a discussion of the new research

opportunities based on the latest literature and state-of-the-art review.

2.2 High Efficiency Power Amplifiers: Modes and
Architectures

221 Addressing Efficiency at Peak Power: PA Modes

The efficiency of a PA, or drain efficiency (DE), is defined as the ratio of
the fundamental output power to the DC supplied power. Another metric that
is often used is power added efficiency (PAE) which takes into account the
gain of the PA, and is defined as the ratio of the difference between output and

10
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input fundamental power over the DC supplied power. For a PA with high
gain, DE and PAE will be similar, but if the PA gain goes below for example

10dB, the DE and PAE difference would be more than 10% [4].

Several techniques have been developed in improving PA efficiency
from the theoretical 50% limit of class-A, as summarized in Table 2.1,
assuming an infinite harmonic content. The basis of these techniques is the
reduction of the overlapping region between the current and the voltage at the
device current generator plane by reducing the conduction angle, as well as

increasing the drive level to an optimum point [5].

PA Mode Conduction Theoretical drain efficiency
angle (%)

" Class A 2n 50

2 Class AB <0< 21 50— 78.5

Q.

% ) Class B T 78.5

s Class C 0<6< 7 78.5 — 100

5 Class J T 785
Class D T 100

@ £

£ 0 Class E T 100

QO =

=2 o

(% % Class F T 100
Class F* m 100

Table 2.1 - Summary of different PA modes.

Classes A, AB, B, and C amplifiers in Table 2.1 have identical sinusoid
voltage outputs and the difference in their efficiency is due to the current
conduction angles. Different applications require different types of PA class
and there is no one type that is best for all solutions [6]. For this research,
class-F is chosen to be used in an envelope tracking architecture for a number

of reasons. Firstly, it is able to provide higher baseline efficiency than that of
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class-AB, which is typically used in ET power amplifiers. As will be seen in the
next section, there is an opportunity to address this gap in literature for ET

applications.

Secondly class-F is chosen instead of F* because of the limitation
presented by the large output capacitance Cps of the LDMOS device used for
this work preventing a proper 2" harmonic open circuit termination at the
current generator plane with the available active load-pull system. Also as
shown in a load-pull comparison between these 2 modes using LDMOS in [7],
the class-F mode produced 4%-point higher peak drain efficiency compared to
F* for the same bias point. This was considered due to the increase in drain
current during the off-state for the class- F* mode at high input drive as the
output voltage approaches breakdown. This peak drain efficiency is important
for this work as it determines the highest achievable efficiency for a particular
bias, and the strategy is then to use ET to maintain it over dynamic range
through the use of an ET shaping function. This design strategy is discussed

in more detail in Chapter 4.

Thirdly, even though class-F mode is narrowband in its operation, it can
be built upon to produce a wideband design space through the use of the
continuous class-F mode [8]. In [9] a continuous class-F mode PA has been
realized using a 10W GaN HEMT and a 74% average drain efficiency was
achieved over an octave bandwidth. The topic of extending the bandwidth for

this LDMOS class-F is described in Chapter 6.

Fig. 2.1 shows the normalized voltage and current waveforms for class-

F compared to other linear amplifiers for 3-harmonic voltage components.

12
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With 3-harmonic voltage components, the theoretical efficiency of class-F

drops to 90.7% [10].

| m Current H Voltagel

Normalized voltage (V)
and current (A)

Phase (radian)

Figure 2.1 - Normalized current and voltage waveforms for class-AB, B, C, F, J.

222 Addressing Efficiency at Output Back-Off: PA Architectures
While the high-efficiency PA modes described in the previous section
produce promising efficiencies, they are only efficient near peak power when
the device starts to go into compression. However, when the PA operates
below peak power under output back-off (OBO) conditions, the efficiency drops
significantly. Fig. 2.2 shows a simulation example of a class-F PA used with a
7.5dB PAPR LTE signal. Even though it has a 75% PAE at peak power, the
PA spends most of its time at average power where it is approximately 35%
efficient. Therefore signals with high PAPR such as LTE and WCDMA present
a challenge to a PA in maintaining efficient operation over dynamic range, as

the PA spends most of its time in output back-off.

Therefore, in this backed-off region of operation, a different solution is
needed to maintain the same efficiency performance achieved at peak power.

Typical architectures used are Doherty, envelope tracking (ET), envelope
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elimination and restoration (EER), and outphasing. These architectural level
solutions require more than one device [11]. In this chapter the Doherty and

ET architectures are reviewed.

PAE (%)
Jamod ndino jo uonnguisiq

Output power (dBm)

Figure 2.2 — Simulated class-F PAE and LTE signal power distribution

2.2.2.1  Doherty Power Amplifier

The Doherty architecture was first introduced by William H. Doherty in
1936 to improve the PA efficiency in amplitude modulation (AM) broadcasting
applications [12]. The basic form of a Doherty PA consists of a carrier
amplifier, typically biased in class-AB, and a peaking amplifier biased in class-
C as shown in Fig. 2.3. This classical structure can maintain high-efficiency

operation over 6dB OBO using the concept of load modulation [13, 14].

RF input \

}L/4 Carrier amplifier )‘/4

RF output
| I
Qutput match

Peaking amplifier

Figure 2.3 - Basic Doherty amplifier
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At low drive levels, the peaking amplifier is turned off and the output
power is contributed only by the carrier amplifier which is presented with a load
of twice the devices optimum fundamental impedance (2R,y). As the input
drive level increases to power 6dB below peak power (a point often referred to
as the transition point Pr), the carrier amplifier achieves maximum voltage
swing, while the peak amplifier turns on and begins to contribute output current
into the load. Increasing the drive further begins to reduce the load seen by
the carrier amplifier due to the action of the impedance transformer, while, at
the same time, increasing the load seen by the peaking amplifier. At peak
power, both amplifiers see the same load (R.,), and each contribute half the

total output power and see a load R, if they are identical.

Four-Stage DA
Three-Stage DA
Efficiency (%) Two-Stage DA
80
Ve
60 / / \&—/
40 // i 3/
/ / Asymmetric
20 et —} Four-Way
| \ DA
0 e Class‘B PA
—-24 -18 -12 -6 0

Back off Power Level (dB)

Figure 2.4 - Efficiency plots of different Doherty amplifier configurations [13].

The high-efficiency output range can theoretically be extended further
up to 12dB OBO using a 3-way [15] or even 18dB for a 4-way Doherty as
shown in Fig. 2.4 [13, 16]. An asymmetric Doherty amplifier, where the
peaking device is larger than the carrier device is also used to extend the high-
efficiency region as for example up to 12dB OBO as demonstrated in [17], with
only a 7%-point drop over the dynamic range. The application of an ‘envelope
tracking’ technique on the gate bias of the peaking device was presented in
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[18] to address load modulation issues that are causing the dip in the high-
efficiency region. The work in [19] addresses this dipping phenomenon by
applying ET on the drain bias of the peaking device, and a relatively flat high
efficiency performance was achieved over 18dB of dynamic range in a
simulation environment. However the analysis did not include a fabricated

hardware and the efficiency of the drain supply modulator was not considered.

The main limitation of Doherty PA is the narrow bandwidth introduced
by the use of the quarter wavelength combining transformer. This presents a
challenge in 4G LTE where not only the bandwidth is wider, but with carrier
aggregation, PA’s ideally need to accommodate multiple-bands. Research
focusing on extending the bandwidth of a Doherty PA are ongoing and recent
examples include [20] which is capable of handling a 100MHz instantaneous
bandwidth, and [21] where a 1.5 - 2.14 GHz design was developed

corresponding to a 35% fractional bandwidth.

In [22] a multiband Doherty was designed and fabricated for 1.9, 2.14,
and 2.16GHz obtaining a 60% PAE at 6dB OBO. In a more recent study by
Nghiem et al. a quad-band Doherty PA was developed at 0.96, 1.5, 2.14, and
2.16GHz, although with a relatively lower PAE at 6dB OBO, ranging from 20 to
43% [23]. There are also patented wideband and multiband Doherty PA’s as

shown in [24].

Doherty is currently the architecture of choice for base station power
amplifiers [13], mainly because of its relative simplicity in comparison with

other highly efficient solutions such as ET.
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2.2.2.2 Envelope Tracking Power Amplifier

The envelope tracking (ET) architecture is inherently broadband in
comparison with the Doherty, and modulates a device’s DC supply according
to the input envelope magnitude to improve the efficiency during output back-
off. The approach evolved from the envelope elimination and restoration
(EER) amplifier technique by Kahn [25]. In ET, an envelope amplifier is used
to bias the drain of the RF PA based on the input envelope signal as shown in
Fig. 2.4. The envelope information is obtained either through an envelope
detector on the input path or digitally from baseband processing. Its
relationship with the drain bias voltage is defined by an envelope shaping
function to generate the desired ET system-level efficiency shown in Fig. 2.4.
The overall efficiency of an ET PA is calculated as the product of the efficiency
of the RF PA and the envelope amplifier. Therefore to improve the ET PA

efficiency, careful design considerations must be given to both amplifiers.

Currently, the main constraint to implement ET in macro base stations
is the lack of efficient, linear and sufficiently wideband high-power supply
modulators [26]. This limitation is mainly due to the trade-off between the
transistor breakdown voltage and its switching speed, hence ET
implementations tend to be limited to low power applications such as mobile
phones [11]. A simplified version of ET called the average power tracking
(APT) is widely used for mobile phones PA’s where the supply voltage is
changed slowly. However with the advancement of low-power modulators, a
complete ET system is emerging as the future trend, especially with ET’s ability
to work over extended bandwidths and accommodate multi-band operation

[11, 27]. The other issue with the ET supply modulator is that it can potentially
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be a source of distortion for the RF PA. It therefore makes sense that much of

the ET research focus is around the ET supply modulator, for example in [28-

37].
Voe Overall efficiency

s 70
Envelope signal Modulated ‘c:>>' 60
drain supply é’ 50 —

b=
£ 40

i
RF R O 304

input _|Envelope output T T T T T T 1
detection 28 32 36 40
Output power (dBm)

Figure 2.5 - ET PA block diagram (left) and an example of measured efficiency
plot of a class-F PA at different drain bias, or static-ET (right).

For this research, the ET architecture is chosen instead of Doherty as
the system level solution for a few reasons. Firstly ET provides more flexibility
for operation in a multi-band environment compared to Doherty since the main
constraint is on the envelope bandwidth as opposed to the centre frequency
[11]. Secondly, to take advantage of access to a high-efficiency, medium
power ET modulator supplied by Arelis through the Opera Net 2 project. The
ET modulator is able to supply between 16V and 50V, which is well suited to
the 50V LDMOS device used in this work. Thirdly, the waveform engineering
system at Cardiff University is well suited to exploring and optimising device
operation under static ET conditions, while having the ability to set up the

desired harmonic mode of operation.

It is noted in literature that there are two different descriptions of how
the RF PA operates to qualify as an ET PA. Earlier literatures described the

RF PA in ET as operating in a linear or nearly linear state at all times,
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differentiating it from polar amplifiers [5, 38-41]. In such linear operation, the
modulated drain supply has minimal impact on the output envelope shape. In
later literatures, the terms envelope tracking amplifier and polar amplifier are
used interchangeably where the nonlinear operation of the RF PA is utilised by
operating it in compression at all time for efficiency enhancement, as described

in [26, 42-46].

For this research, the class-AB PA that is typically used in ET
architectures is replaced with a class-F PA to boost the maximum available
efficiency. In order to generate the necessary harmonic current components,
class-F mode requires that the device operates in a specific degree of
compression at all bias setting within the ET range. Therefore the term ‘ET’
used in this research includes the compressed condition in which the device

operates in a nonlinear state.

2.3 Research Areas in Envelope Tracking Power
Amplifiers

2.3.1 Modulated Drain Supply Generation

As this is the current limitation that is holding back ET from wide
deployments in macro base stations, much of the research in ET has focused
and continues to focus on the modulated bias signal path rather than on the
optimisation of the RF PA within the ET architecture [47]. The DC modulation
path consists of 2 main components - envelope generation and the supply
modulator itself. This DC modulation topic alone is a large research area as
seen in [34, 35, 48-50] and is not within the scope of this work. However, it is
worth highlighting 2 recent developments in this area which are relevant to this
PhD work.
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The first of these is [36] where a new technique was developed for the
modulated drain supply utilising a sinking current. Using this method on a
class-AB PA at 889MHz, a 60% drain efficiency was achieved for a 6.5dB
PAPR 10MHz LTE signal at 40.2dBm output power. The results obtained here
are under similar conditions used for this PhD work, namely the frequency,
output power, and the signal PAPR. Furthermore, one of the objectives of this
PhD work is to compare the performance of the traditional class-AB
implementation in ET with class-F, as described in Chapters 3 and 4.
Therefore the work in [36] provides a good baseline, even though it uses a

GaN device instead of LDMOS.

The second relevant piece of work in this modulator topic is the work
presented by Yusoff in [51, 52] where a simple and low-cost technique to
generate the modulated drain supply called auxiliary envelope tracking (AET)
was presented. In this technigue the DC and AC components of the
modulated drain supply are generated separately and a broadband RF
transformer is used to combine them and dynamically bias the device. The
magnitude and phase of the envelope amplifier output which amplifies the AC
path can be varied to reduce IM3 distortion products. The limitation in this
technique, as published, is the limited flexibility in controlling the envelope
shaping function and the limited dynamic range of the detector diode. One of
the objectives of this PhD work is to use ET as a linearising method using the
envelope shaping function which would address the limitations described

above, and shall be discussed in Chapters 4 and 5.
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2.3.2 Use of High-Efficiency Modes in Envelope Tracking PA

The RF PA in an ET system typically operates in class-AB mode due to
its linearity advantage [28]. However other high-efficiency modes of operation
have been used in an ET architecture that are discussed in literature. In [53] a
class-F* mode is used on a GaN HEMT device optimised for an ET
architecture achieving more than 70% efficiency over a bandwidth of 920-
960MHz. However the measured efficiency was of the RF PA alone without
the drain modulator, obtained from CW measurements at individual drain bias

points.

Alavi et al. used a class-B and class-J* “hybrid” in an ET setting in [44],
utilising the drain-to-source capacitance (Cps) variation with drain voltage to
tune the fundamental and 2" harmonic impedances between the 2 PA modes.
A static ET experiment where CW measurements were made at individual
drain bias points using load-pull on a 2W LDMOS device at 2.14GHz achieved
an average PAE of 64% at 7.8dB output back-off. However once again this is
only the efficiency of the RF PA alone under CW excitation. The actual ET
dynamic bias effect was not observed and the efficiency of the drain supply

modulator was not included.

The class-J mode PA was also used by Kimball et al. in an ET system
in [45], this time in combination with a class-E type of operation using a GaN
HFET for a W-CDMA base station. Using a signal with 7.67dB PAPR, the
average combined efficiency for both the RF PA and the drain modulator was
50.7% at 37.2W average output power. This is another good baseline

reference for comparison with this PhD work.
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In [46] Kim et al. presented the use of a class-F* mode, fully integrated
with an ET modulator for a 3G LTE base station design using a 60W peak
power GaN device, achieving 44% drain efficiency at 3.54GHz. However, it is
observed that the class-F* GaN RF PA efficiency before ET was already below
60%. This PhD work aims to use the waveform engineering system [54] to
systematically optimise the RF PA design for ET applications to achieve a
higher baseline efficiency as demonstrated in [55] for a class-F*, and this is

described in Chapter 4.

In [56] a class-F* PA in ET was developed using GaN MMIC at 10GHz.
With the RF PA optimised for efficiency at average power and trading-off the
efficiency at peak power, the average efficiency achieved with an ET
modulator was 54.4% for a 6.6dB PAPR LTE signal. The RF PA optimisation
was done through fundamental load-pull while the harmonic terminations were

determined from simulations.

2.3.3 Use of LDMOS in ET

In high-power ET applications outlined in the previous section, GaN
devices are typically used in preference to LDMOS. The large output
capacitance (Cps) and on-resistance (Ron) associated with LDMOS causes
reduced efficiency in comparison to GaN. However, the low cost of LDMOS
makes it an attractive solution for <3GHz applications and as of 2014 it
accounted for 95% of the base station market [26]. Previous ET PA
realisations that utilised LDMOS devices as the RF PA obtained lower
efficiency numbers compared to their GaN counterpart. For example in [29]
the achieved average PAE was 40% for a 7.6dB-PAPR 3.84MHz-bandwidth

W-CDMA signal at 27W output power. However, this was obtained with a
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64%-efficient RF PA that was optimised at peak power. The use of a highly-
efficient PA mode with harmonic termination optimised at average power could

have increased this efficiency further.

In [57] a static ET evaluation from CW measurements was performed
on a 10W LDMOS device, this time with 2" harmonic tuning for efficiency
optimisation of a class-AB operation at 2.14GHz. The drain efficiency obtained
from this technique was 50% for approximately 5dB of input power back-off.
However, this number is for the RF PA alone and a full ET system test was not

performed.

234 PA Linearisation using Baseband Injection for ET Applications
The linearity aspect of a PA in some applications takes precedence
over efficiency, such as those used for base stations due to stringent
regulations in spectral interference [5]. Almost all of the ET PAs described
above rely heavily on digital pre-distortion (DPD) to achieve the necessary
linearity. It should be remembered however that DPD should be considered as
‘the last resort’ in linearising a PA [58] and designing PAs with maximum ‘raw’

linearity while still remaining highly efficient remains the ultimate objective.

The linearity performance of a transistor device technology, such as
LDMOS, is heavily affected by the impedance presented at baseband
frequencies [59]. The usual solution to this is careful design of bias networks
that present very low, ideally short-circuit impedances to baseband
components. It has been shown however in [60] that it is possible to improve
the linearity of a transistor by injecting a baseband signal into the output of the

device operating in a compressed state. The injected baseband signal will
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produce mixing products and depending on the magnitude and phase of the
baseband signal, the mixing products have the potential to cancel out odd-
order intermodulation products of the PA. It makes sense therefore to explore
the idea of achieving such linearity improvement and efficiency enhancement

simultaneously through the application of specific ET signals.

The use of waveform engineering in investigating AM-AM linearisation
methods for PAs was first shown in [61] using an active IF load-pull system
where the linearising baseband signal was presented in the form of a negative
impedance that lies outside the Smith chart. This impedance, when presented
to a drain of a 10W GaN device, was able to suppress the 3 and 5™ order
intermodulation products under modulated excitations [62]. Further work in
[63] developed a systematic formulation of the even-order baseband
coefficients to suppress the intermodulation products of a class-AB mode PA
operating in compression, which was shown to be independent of envelope
complexity [64], envelope bandwidth [65], and FET device technology [66].
The engineered injected baseband signal linearises the device
transconductance, which is derived from the relationship between the output

drain current versus the input voltage [67].

In terms of implementation, the previous work of baseband injection in
[61-66] used arbitrary waveform generators (AWG) to independently generate
the baseband signal and combine it with the DC bias through a diplexer at the
drain for PA linearisation. This is possible as long as the input envelope signal
shape is repetitive, known and well-defined, as would be the case for example
if the RF input excitation is constructed using discrete tones. However when

complex, continuous modulation schemes such as LTE and W-CDMA signals
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are used, while the linearising baseband transfer function and formulated
coefficients still hold, the time-domain baseband signal itself cannot be easily
generated independently with an AWG and be made coherent with the random
input envelope, but rather it must be sampled off the input. In an ET system,
that linearising baseband transfer function takes the form of an envelope

shaping function of the drain supply modulator.

While the intended purpose of the aforementioned research work was
ET implementation, the effect of the baseband injection on efficiency was not
previously investigated due to the unavailability of an ET modulator.
Therefore, this PhD work aims to ‘close the loop’ of that study by investigating
the possibility of using ET as a baseband injection signal simultaneously for PA

linearisation and analyse its trade-off with efficiency.

24 State-of-the-Art Envelope Tracking Power Amplifiers

Recent works in this field have produced further improved efficiency
numbers or higher frequency of operation. In [68] a GaN device operating in
class-AB was used in ET at 780MHz by Yan et al. The measured drain
efficiencies were 69% and 60% for a 6.6dB-PAPR 5MHz-bandwidth 29W-
power WCDMA and a 7.5dB-PAPR 10MHz-bandwidth 23W-power LTE signal,

respectively.

A GaN HEMT operating in class-E is used in [69] in an ET system at
2.6GHz. With the RF PA having a drain efficiency of 74% and the ET
modulator at 92% efficiency, the overall ET efficiency was 60% when a 6.5dB

PAPR 10MHz LTE signal was applied producing a 40W average output power.

25



Chapter 2 Envelope Tracking Overview

In [70] an ET PA utilising a GaN device operating in inverse class-F at
880MHz was able to produce a PAE of 53% at 7.4W output power for a 6.6dB

PAPR 20MHz LTE signal.

A higher bandwidth was achieved in [71] where an X-band GaN MMIC
PA was used in ET for a 60MHz LTE signal with 6.6dB PAPR. With the RF PA
operating in class-E at 9.23GHz, the overall PAE achieved was 35% at 1.1W

average output power.

These state-of-the-art ET PA’s shall be used as a benchmark for the ET

PA developed in this PhD work.

2.5 Conclusions & New Research Opportunities

Envelope tracking is a well-covered topic in research with the
introduction of 4G LTE and heterogeneous networks. Wideband and
multiband operations present a challenge for the current practice in base
stations where the current standard Doherty amplifiers are widely used.
Although the research in ET is well-covered, there are still opportunities for
new research areas within the ET field, and for this PhD work to address some

gaps in the literature.

The first research opportunity is the use of a high-voltage LDMOS
device technology in ET. Most ET implementations use GaN devices, except
for a small few, and the ones that used LDMOS did not achieve high efficiency

numbers with conventional class-AB mode.

The second opportunity is the use of class-F mode in ET. As described

in Section 2.3.2, ET typically uses class-AB PA’'s and most of the work
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involving high-efficiency modes in ET used class-F* mode. The only work that
the author is aware of using class-F in ET at the time of writing is [72] where a
continuous-mode class-F approach is proposed. However, that work only

presented simulation results and no actual measurements were performed.

Thirdly, there is an opportunity to fully research the use of continuous
mode PA’s in ET as this has not been analysed in detail and tested with a
hardware before. This is a new topic and presents an attractive solution for
wideband ET implementation, if successful. It is also interesting to understand
how such structures would respond to baseband linearisation, within an ET

environment.

The fourth opportunity is to use waveform engineering to optimise the
RF PA in an ET system. This approach has been successfully used in high-
efficiency and high-bandwidth PA design as well as device characterisation
and modelling previously, but has not been used in designing an RF PA for ET

applications.
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Chapter 3

Class-F Power Amplifier
Behaviour in a Variable Drain
Bias Setting

3.1 Introduction

In the previous chapter, the efficiency aspect of a power amplifier (PA)
is discussed in two types of implementation, firstly improving the efficiency at
peak power using high efficiency modes and secondly improving efficiency
during output back-off (OBO) through the use of high-efficiency architectures.
This research work focuses on integrating a high efficiency mode, namely
class-F into a high-efficiency architecture, namely envelope tracking (ET).
Such integration starts with analysing the behaviour of a class-F mode PA in a

variable drain bias setting, which is the focus of this chapter.

The first objective of this chapter is to analyse the requirements for
maintaining a class-F PA mode in a variable drain setting which represents an
envelope tracking environment, and to understand the impact of the variation
in device output capacitance (Cps) with drain supply on efficiency when the
class-F amplifier impedance environment is optimised at a single drain bias

(Vps) setting.

The second objective is to analyse the linearity performance of different

PA modes in an ET environment, and the possible trade-offs with efficiency
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through the use of different envelope shaping functions. The experimental
investigation of these effects on class-AB and class-F PA modes is performed
using a 10W LDMOS device. The use of waveform engineering to formulate a
shaping function to linearise the ET PA is then compared to previous work of

using baseband injection as a PA linearising method [1].

This chapter begins by describing the measurement system and device
under test used in this work. This is followed by the investigation of class-F
behaviour in ET, with simulation and experimental results. The subsequent
experiment then looks at what is achievable and the trade-offs possible when
using different shaping functions, followed by a discussion on the comparison
with baseband injection work. A comparison with class-AB mode of operation

is shown in each experiment, as it is the current PA mode usually used in ET

PAs [2].
3.2 Measurement System and Device under Test
3.2.1 Waveform Engineering Measurement System

The waveform engineering approach [3] which was developed at
Cardiff University uses an active load-pull system to construct the desired
current and voltage waveforms at the transistor’s intrinsic current generator
plane. This is achieved by synthesizing the required fundamental and
harmonic load impedances at any bias point, hence setting up any PA mode of
operation. This can be thought of as emulating a harmonic balance simulation

through actual measurement [4].

The active load-pull measurement system is described in detail in

Appendix A. It is based around an Agilent N5242A PNA-X Nonlinear Vector
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Network Analyser (NVNA) as a receiver. The load-pull system is run using the
Mesuro software environment which enables 3-harmonic load search, multi-
parameter sweeps, and 3 layers of de-embedding. No input matching was
applied on the device input side in this research work, instead the input drive
level was increased accordingly to overcome the mismatch losses to arrive at
the desired delivered input power level. The fundamental frequency for this

work was set at 900MHz.

[ Receiver }
b1 al a2 b2
|| ||

DC Coupler

Coupler DC

Circulator

Amplifier

\ ) Amplifiers
Source
Load pull signal generator§ ) ) )

Figure 3.1 - Active load-pull system and the device under test

3.2.2 Device under Test and De-embedding

The transistor device used in this work was a packaged 10W high
voltage LDMOS (HVLDMOS) from Freescale (now NXP) with a gate width of
5.2 mm. As it was a test device made for this research work, it only had a
single bond wire each at the gate and the drain. The knee voltage was
approximately 10V while its maximum operating drain voltage of 50V provided
higher output impedance compared to a 30V device of the same power
capacity. To avoid the knee and breakdown regions, the ET drain bias range

was defined to be from 16V to 48V in 4V steps. Hence there were 9 static ET
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bias points where the measurements were performed, namely: 16V, 20V, 24V,

28V, 32V, 36V, 40, 44V, and 48V.

The device model used in Keysight ADS simulation software was
provided by Freescale. The device static Cps values for different drain
voltages was also provided, which therefore enabled a static de-embedding
process from the device package to the device current generator plane for a
particular bias. The model was found to correlate well with the actual device

and this verification process is described in more detail in Appendix A.

For load-pull measurements that involved drain bias variation, a two-
layer de-embedding approach was used to obtain the waveform information at
the device current generator plane. The first layer was a fixed de-embedding
that includes the test fixture and the device package. The second layer was a
bias-dependent de-embedding to cater for the changing Cps value with the
applied drain bias. For this work the feedback capacitance between the gate
and the drain (Cgp) was not considered as the value was too small and can be

neglected.

3.3 Maintaining Class-F in a Variable Drain Setting
This section investigates the requirement in maintaining a class-F PA in
a variable drain setting and the efficiency degradation when it is optimised at

one bias point due to the device output capacitance (Cps).

331 Methodology
For this analysis, three scenarios were investigated in order to
understand the impact of Cps on drain efficiency in an ET setting. Firstly, when

the class-F fundamental impedance environment was optimised at each drain
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voltage throughout the ET range (best case scenario); secondly, when the
class-F mode was optimised at the maximum drain voltage of 48V; and thirdly,
when the class-F mode was optimised at a static value of Vps=28V, which
represents an average voltage value during output back-off condition where
the class-F PA would spend most of its time, as demonstrated in [5] for an LTE
signal. A similar approach was used in [6], but with a class-B/J mode and only
addressed the first two scenarios, namely optimised at each drain voltage and

at maximum drain voltage.

To optimise a class-F impedance at any drain bias point, a load-pull
search was performed to find the optimum load for efficiency at 1dB
compression level. The constant compression level was chosen in this
experiment as it provided a standardised search criterion and was close to the
maximum efficiency point. Using the appropriate Cps de-embedding (an
example is described in Appendix A), the load-pull system was then used to
engineer the class-F voltage and current waveforms at the device current
generator plane. The desired class-F waveforms were established for each
optimisation step — thus it can be said that the class-F operational condition
established through waveform engineering and dynamic load-line manipulation
relative to the I-V space, provided a very robust way of normalizing the
measurement, and demonstrating that class-F operation was being maintained

at different bias levels.

Finally, the experiment was repeated on a class-AB mode using the
same method and scenarios. For this mode the gate was biased such that the
quiescent point was at approximately 3% of the device’s maximum current to

retain a high efficiency number. The 2" harmonic output current was shorted
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at the current generator plane and no load-pull was performed on the 3™

harmonic.

3.3.2 Results and Discussions

3.3.2.1 Class-Fin ET Optimised at Individual Vps (Best Case Scenario)
This scenario is important as it provides the best-case performance that

would result if the output matching network could somehow dynamically adjust

along with the rapidly changing drain voltage. For this scenario, a different de-

embedding value was used for each drain voltage, according to the dynamic

Cpbs-Vps relationship to cater for the variation in Cps.

Vd=48V
48V

B 3
iy 48V,
f Vd=48V ¥ [ Fundamental W
é Vd=16V ! 16V, Fundamental
# [Framon |

d
Yd=16V 16V

* & |2 harmonic

Figure 3.2 - Optimum load trajectory at the device package plane from simulation
(left) and measurement (right).

Fig. 3.2 shows how these individual impedances optimised at the
current generator plane translated into impedances at the device package
plane, both from simulation and measurement. The arrows show the
movement of the package-plane load impedances as drain voltage is
increased. These were the measured impedances that the packaged device

needed to ‘see’ in order to maintain a class-F mode of operation throughout
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the ET range. This is useful as it gives a measure of the magnitude of change

required when optimising for different modulation schemes for example.

The load-pull grid resolution used in measurements and simulation
limited the accuracy of the optimum load locations; however the Smith charts
present the trend of the load trajectory at the package plane. There were 2
factors that affected the shift of the optimum fundamental load. On the current
generator plane, the optimum fundamental real impedance increased with
drain bias, since the quiescent point on the I-V plane moved further away from
the knee region and the slope of the dynamic load line became lower (more
negative) to maintain high efficiency. At the same time, the nonlinear Cps
variation with drain bias presented a reactive impedance shift at different bias
points. This variation effect can also be seen on the 3™ harmonic load
trajectory, which presents an open circuit on the current generator plane at
each bias point. The 2™ harmonic load on the package plane did not change
with drain bias as the 2" harmonic voltage was shorted at the current

generator plane.

Fig. 3.3 shows the time-domain class-F voltage and current waveforms,
as well as the dynamic load lines at the current generator plane when the
class-F mode was optimised for each value of Vps. The measured drain
current at the device current generator plane swung below zero due to residual
displacement current from the dynamic output capacitance (Cps). This
happened because the static de-embedding parameter used at each Vps was
only appropriate for one particular DC drain voltage, and not the whole voltage
swing. The achieved ‘maximum available efficiency’ and output power are

plotted in Fig. 3.4, where the comparison with other scenarios is shown.
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Figure 3.3 — Voltage and current waveforms (top) and dynamic load lines
(bottom) of the class-F mode in ET when optimised at each drain bias.

3.3.2.2 Class-Fin ET Optimised at 48V and 28V Drain Voltages

These two separate scenarios allow for the estimation of the drain
efficiency degradation that can be expected in a real circuit where the load is
fixed. The optimal fundamental, 2" harmonic and 3™ harmonic class-F load
impedances were identified at one drain bias (48V or 28V), and then kept
constant while the device was characterised for drain bias points from 16V to

48V in 4V steps.

Optimising the matching network at a peak drain bias of 48V produced
a high peak efficiency of 74% but this rapidly dropped to 64% and 56% at
7.5dB and 9dB OBO, respectively. This can present a significant disadvantage
when used with signals with high peak to average power ratio (PAPR), where

the PA only reaches peak power less than 1% of the time [7].
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Figure 3.4 - Efficiency comparison between the 3 scenarios for class-F and AB.

Optimising the class-F PA at 28V shifted the peak efficiency to
approximately 4.5dB below peak power and the efficiency only degraded by
6%-point at 9dB OBO instead of 18%-point as observed when optimised at
48V. Depending on the PAPR of the signal, the location of the peak efficiency
can be adjusted by optimising the PA mode at the right drain bias. The
optimisation at 28V drain bias was observed to offer a good compromise
between the higher and lower output region, which suits the typical case where
the PA spends most of its time several dBs below peak power. The impact on
efficiency was observed to be less severe compared to when the device was

optimised at 48V.

A similar trend was also observed for class-AB, which had a peak

efficiency of approximately 63%. A drop of 10% and 4% from peak efficiency
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was observed at 9dB OBO when it was optimised at 48V and 28V,

respectively.

3.4 Analysing the Linearity vs. Efficiency Trade-Off for
Different PA Modes in an ET Architecture

In an ET system, the selection of the drain bias supply for a particular
input envelope voltage is accomplished through the definition of an envelope
shaping function. This shaping function can be formulated for example to
target optimum efficiency by keeping the device in the right compression level
at all times where possible, or it can also be used to target linearity by

maintaining a constant gain [7].

In this section, the linearity versus efficiency trade-off analysis was
performed by examining the effects of these different shaping functions: the
first was the max-PAE shaping function that targets maximum power added
efficiency (PAE) and the second function referred to in this work as the flat-gain
shaping function that targets a constant gain for linearity. The primary
objective of this analysis is to quantify the efficiency trade-off when the max-
PAE shaping function is used in a high-efficiency mode such as class-F.
Waveform engineering was utilised in this analysis, revealing the intrinsic
device behaviour under these different shaping functions in an ET

environment.

The second objective is to relate the findings on the ET shaping
functions for linearity improvement from this work with the previous baseband
injection work in [1, 8-12], and being able to finally understand its impact on

efficiency, which was not analysed before.

44



Chapter 3 Class-F PA Behaviour in a Variable Drain Setting

34.1 Methodology
3.4.1.1 Experimental setup and Engineering the PA Mode

Using the same active load-pull system and the appropriate de-
embedding, the device was configured to operate in a class-F mode at
900MHz with a fixed fundamental load of 117Q, which was the optimum class-
F fundamental load impedance when biased at 28V from the previous
experiment. The drain bias range to emulate an ET setting was set from 16V
to 48 in 4V steps. A similar experiment was repeated with the device set to
operate in class-AB mode.
3.4.1.2 Characterising Gain at Different Vps to Extract Shaping

Functions

Once the desired mode was established at the selected fixed load, the
device was characterised through a series of power sweeps performed at
different Vps values. From these measurements, two different ET shaping
functions were defined for each PA mode, relating input carrier envelope
voltage magnitude (|V\n]) to the drain voltage (Vps); the first function tracks the
peak efficiency for each Vps and the second tracks a constant gain. This step

enables the efficiency versus linearity trade-off analysis for the two PA modes.

3.4.1.3 Applying Shaping Functions for Performance Comparison
When applying the Vps versus |V\y| relationship defined by the above
shaping functions, it is possible to relate how the different functions affect the
PA performance when used in an ET environment, since the voltage and
current information is available at the device plane. The parameters of interest
are PAE, the device dynamic transconductance (AM-to-AM distortion), and

AM-to-PM distortion as a function of input envelope voltage magnitude.
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3.4.2 Experimental Results

Fig. 3.5 shows the series of gain curves at different Vps for class-F and
class-AB as a function of output power together with the locations where the
maximum PAE sits within those curves. Due to the power sweep resolution

used, the maximum PAE trajectory was not smooth.
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Figure 3.5 — Measured gain characteristics of class-F (top) and class-AB
(bottom). The blue dots indicate the location of maximum PAE and the dotted
red line shows the desired constant gain.

As well as establishing a Vps-|V|y| relationship that delivers maximum
PAE for each Vps, from these gain curves it is also possible to select a
constant gain scenario from each Vps state, thus defining a shaping function
that will deliver minimum AM-AM distortion when ET is applied. For example

for class-AB, a constant gain of 18dB was chosen which was obtainable for
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9dB of the output power range. For class-F, due to the gain expansion-
compression characteristic, a constant gain of 17dB was selected, which was
obtainable for 6dB of the dynamic range from peak power. The resulting ‘max-
PAE’ and ‘flat-gain’ shaping functions that described the relationship between
the required drain supply voltage and the magnitude of the input envelope

voltage (|V|) for class-F and class-AB modes are shown in Fig. 3.6.
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Figure 3.6 — Extracted shaping functions for efficiency (blue) and linearity (red)
for class-F (top) and class-AB (bottom).

For both PA modes, the ‘flat-gain’ shaping function has a quadratic
relationship with the input envelope voltage, consisting of second-order

polynomial terms. While this behaviour was extracted from a set of CW power
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sweeps this result is consistent with experimental dynamic observations with
complex modulation presented in the baseband injection work in [1] where the
baseband signal consisting of even order terms, when injected at the drain
minimized AM-AM distortion. This was due to the mixing process between the
input RF signal and the injected baseband signal, as the device was constantly
driven into compression throughout the ET range. The ‘max-PAE’ scenario on
the other hand appeared to require a linear relationship. In practice a
minimum Vps is set above the knee voltage in the shaping function to avoid

gain collapse at low drive levels [13].

Fig. 3.7 shows the efficiency comparison between ‘flat-gain’ and ‘max-
PAE’ shaping functions, for both modes of amplifier. Since the class-F loads
were optimised when the device was biased at 28V which represented
average power, the resulting overall ET efficiency peaked somewhat in the
middle of the output power range, as expected. Remarkably, for class-F, it can
be seen that the efficiency degraded only by approximately 2% when the ‘flat-

gain’ shaping function was used in place of the ‘max-PAE’ function.
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Figure 3.7 — Measured PAE comparison between the 2 shaping functions for
class-F and class-AB.
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However, the available output power range to obtain this linear
performance was limited to approximately 6dB. A lower gain selection is
required if the ET output power range is to be extended further, as indicated by
Fig. 3.5. For the class-AB case, there was virtually no PAE degradation when

the ‘flat-gain’ shaping function was used, due to its different gain characteristic.
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Figure 3.8 - Measured transconductance of class-F (top) and class-AB showing a
linear relationship for ‘flat-gain’ shaping function (red)

It is useful to compare the location of the shaping functions on the
measured device dynamic transconductance — the relationship between the

fundamental drain current magnitude and the input voltage magnitude, and this
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is plotted in Fig. 3.8. The ‘flat-gain’ shaping function yields a linear relationship
through the origin, between input voltage and output current throughout the ET
range, with any deviations being due to the limited resolution of the power
sweep. This characteristic suggests that there would be minimal distortion
terms generated at the output when the device is excited with a complex and
wideband modulation signal such as LTE. The result also suggests that the
formulated shaping function used for achieving a linear performance is
attributed to the device characteristics and should be independent of the

envelope shape or modulation bandwidth, as observed in [11, 12].

It is noted that the AM-to-PM distortion exhibited by the ‘flat-gain’
shaping function was comparable to that of the ‘max-PAE’ shaping function for
the same dynamic range, as shown in Fig. 3.9. The observed AM-PM
performance was the characteristic of the device itself and was not affected by

the selection of shaping functions, similar to the observations made in [10].
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Figure 3.9 — Measured AM-PM distortion comparison for class-F and class-AB
for the two shaping functions.
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3.4.3 Discussions

The effects of using different shaping functions for maximum PAE and
flat gain have been shown for both class-AB and class-F modes, operating in
an ET environment. Experimental results indicate that there was only a small
efficiency trade-off when the flat-gain shaping function relating drain supply
voltage signal to the input voltage magnitude was used within the compression
region of the LDMOS device. It is noted that while the absolute PAE number
obtained from the max-PAE shaping function in Fig. 3.7 was determined by the
fixed load presented to the device, the efficiency trade-off figure (the difference
between the red and blue curves in Fig. 3.7) would vary with the selection of

the constant gain value used in defining the flat-gain shaping function.

The extracted flat-gain shaping function consisted of only even order
terms and was shown to be effective in linearising the device
transconductance in comparison to the maximum PAE case. These results are
consistent with the experimental work carried out in [1, 10-12], indicating a
possibility of using ET drain bias as a linearising baseband signal without

significantly impacting efficiency.

In using the flat-gain shaping function for class-F, the output power
range where this takes effect is determined by the constant gain value
selected, as shown in Fig. 3.5. The selection of the gain value therefore needs
to consider the signal PAPR. The other ET parameter that is dependent on
this constant gain value is the minimum drain bias in the case of the class-F

mode.
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Also, if the signal PAPR is known, the selection of the constant gain
value for the flat-gain shaping function can be made to coincide with the gain
value which has the maximum PAE at average power. This will increase the
likelihood of attaining the highest possible average efficiency performance

under the constraint of the using a shaping function that targets linearity.

The absolute maximum output power is determined by the fundamental
load impedance selection. This output power requirement may well be a
design constraint that will limit overall efficiency performance. It is noted that
the optimum load for output power at maximum drain bias point is different
from the optimum load for efficiency for the same drain bias. However in ET
the optimum efficiency load is targeted at average power which sits at a lower
drain bias. This reduces the trade-off between maximum output power and

efficiency at the ET system level.

3.5 Relating the ET Linearity Improvement Results with
Previous Baseband Injection Work

Before concluding this chapter, the experimental results of the flat-gain
shaping function for linearity improvement are now compared to the baseband
injection method to understand their correlations, the effectiveness of utilising
ET’s modulated drain bias as a baseband linearisation signal, and the effect of

baseband injection on efficiency, which was not previously analysed.

The previous baseband injection works in [1, 10-12] formulated the
baseband signal in the envelope domain and applied it to the drain of a device.
The device operated in a class-AB mode with a fixed drain bias under

modulated excitations using discrete tones. The output of the device package
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plane was terminated into 50Q and was not presented with an optimum load
for efficiency. With the device driven 1.5dB into compression, the baseband
formulation algorithm iteratively calculates the 2" and 4™ order coefficients of
the baseband signal to linearise the device transconductance and suppressing
the IM3 and IM5 products. The maximum current (lyax) and voltage (Vuax)
were kept constant before and after the baseband signal injection because of

the multiple solutions available for the coefficients.

This section tries to replicate that setup in a simulation environment
taking advantage of the excellent device model available in this work that has
been proven to show a good correlation with load-pull results. For this
simulation, a simple second order baseband signal is injected at the drain
while keeping the maximum current (Iyax) and voltage (Vuax) constant. The
ability to present optimum loads and calculate efficiency is now added in
simulation to evaluate the impact of baseband injection on efficiency. The
transfer function of drain current versus input voltage is also extracted for
comparison with the ET shaping function.

351 Simulation Setup: Baseband Injection Approach for PA
Linearisation

For this analysis, an Envelope simulation in ADS was used and a two-
tone signal was used for the input as it would enable the baseband signal to be
formulated using a simple sine wave with certain amplitude and phase

combination. Fig. 3.10 shows the schematic of the setup.
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Using ET drain bias as a baseband linearization signal
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Figure 3.10 - Baseband injection simulation setup in ADS

The two-tone signal used in this simulation had a signal separation of
20MHz and was applied at the input to drive the device into compression in a
class-AB mode and then class-F, both with the proper fundamental and
harmonic terminations. For each PA mode, the device transconductance was
observed, first with a fixed drain bias at the drain and second with a lower DC
supply combined with a sine wave of a defined magnitude and phase. The
magnitude and phase of this sine wave and DC combination were adjusted so
that it would produce a modulated drain supply that will linearise the device

transconductance, as shown in Fig. 3.11.
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Figure 3.11 — Simulating the linearising effect of baseband injection.
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3.5.2 Baseband Injection Simulation Results: Class-AB

Fig. 3.12 shows simulation results before and after applying the
baseband injection on a class-AB mode PA while keeping lyax and Vuax
constant, as well as the resulting Vps-|Vin| relationship.  The resulting
transconductance was more linear after injecting the baseband although some
weakly nonlinear effect was still visible since only a second order baseband
signal was applied. The injected baseband transfer function is shown on the

right plot in Fig. 3.12, where it resembled the ET shaping function that targets a

constant gain from Fig. 3.6.
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Figure 3.12 - The comparison before (blue) and after (red) baseband injection on
class-AB simulated transconductance (left) and drain bias (right).

The simulated efficiency and intermodulation products are shown in
Table 3.1. Although in this case the maximum PAE was the same as with fixed
bias, the average PAE did improve with the baseband injection, in this example
by almost 6%. The IM3 products in this example were suppressed by 7dB
relative to fixed bias to be around -30dBc and this number can be further
improved with higher order coefficients. As a point of reference, the measured
baseband injection work in [12] achieved -40dBc on a GaN device with a 4"

order baseband signal coefficient for a 3-tone 20MHz signal bandwidth, and it

was noted in [10] that the method was more effective on a GaN device
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compared to LDMOS. The IM5 products were reduced by 17dB to -50dBc in

this simulation.

Class-AB Befo.reT bageband Aftgr _bas.eband Delta
injection injection
Maximum PAE (%) 65.6 65.6 0.0
Average PAE (%) 47.7 53.6 +5.9
IM3 L/H (dBc) -22.9/-22.9 -31.3/-30.2 -8.4/-7.3
IM5 L/H (dBc) -33.6/-33.6 -51.8/-50.1 -18.2/-16.5

Table 3.1 - The simulated effect of baseband injection on class-AB PA

3.5.3 Baseband Injection Simulation Results: Class-F

The same experiment was repeated for class-F and the results are
shown in Fig. 3.13. Once again, modulating the drain shows similar
characteristics to the ET flat-gain shaping function. Applying baseband
injection for class-F linearised the top end of the transconductance curve in the
compression region but was not able to linearise the soft turn-on region due to
the device being biased at pinch-off. This is the limitation of the class-F mode
which sits on a class-B gate bias. As a result, the IM3 products although
improved relative to fixed bias, did not show the improvement seen on a class-
AB mode as shown in Table 3.2. The suppressed IM3 product was -23dBc
which indicated a 3.5dB improvement compared to fixed bias in this example.
This number can potentially be further improved with higher-order baseband

coefficients.

However in terms of efficiency, the class-F mode PA showed a much
higher improvement with baseband injection compared to class-AB. The 68%

average PAE with baseband injection was a 10%-point improvement
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compared to fixed bias in this example, and also 14%-point higher than class-

AB with baseband injection.
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Figure 3.13 - The comparison before (blue) and after (red) baseband injection on

class-F simulated transconductance and drain bias.

Before baseband | After baseband
Class-F o L Delta
injection injection
Maximum PAE (%) 77.6 81.4 +3.8
Average PAE (%) 57.8 68.0 +10.2
IM3 L/H (dBc) -19.6/-19.4 -23.6/-22.9 -4.0/-3.5
IM5 L/H (dBc) -28.5/-29.5 -459/-44.1 -17.4/-14.6

Table 3.2 - The simulated effect of baseband injection on class-F PA
354 Discussion on Baseband Injection Simulation Results
From the baseband injection simulation above it is observed that the
baseband transfer function has similar characteristics as the ET shaping
function that targets a constant gain for linearity. This is the common ground
for these 2 approaches towards improving the linearity: the baseband injection
method formulates the baseband coefficients in the envelope domain to
achieve a linear transconductance, while the ET method searches for a

constant gain condition in the RF domain and extracts a shaping function

which also produces a linear transconductance plot.
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Another key observation is that both approaches improve the average
efficiency of the class-AB and class-F PA compared to fixed drain bias while
achieving a relatively linear performance. This highlights an opportunity of
using the ET architecture to inject linearising baseband signals at the drain
supply to offer some degree of ‘linearisability’ advantage without trading-off

significant efficiency performance.

While class-F exhibits a much higher efficiency compared to class-AB,
its linearity improvement is relatively smaller compared to that of class-AB due
to the soft turn-on at low input voltage as a result of biasing the gate at pinch-
off. Both the ET flat-gain shaping function and baseband injection were only
able linearise the top part of the transconductance curve that is nonlinear due
to compression, but not able to correct for the nonlinearities at the turn-on
region. This presents limitation for a class-F linearity performance when
implemented with baseband injection, and more importantly with a linearising
ET shaping function. This limitation will be discussed in Chapter 5 where a

class-F PA is designed, fabricated, and tested in an ET system.

3.6 Conclusions

Using waveform engineering, the behaviour of a class-F mode PA in a
variable drain setting has been shown in terms of efficiency performance and
optimum load trajectory. It has been observed that the device’s Cps value
affects the efficiency performance of class-F in an ET environment by as much
as 18%-point at 9dB OBO as it shifts the optimum fundamental and harmonic
loads at different drain bias settings. To reduce the efficiency degradation, the

class-F PA needs to be optimised at the average voltage, depending on the
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signal PAPR. However this may prove to be a challenge in terms of producing
the required output power. This challenge will be analysed in the next chapter,

in formulating an optimum design flow for ET applications.

It was also concluded that the device model used in this work has a
good correlation with the actual device in terms of measurements at the current
generator plane. This provides a significant advantage in the next steps of
research presented in the following chapters where experiments are carried
out in simulations with high confidence and load-pull measurements are used

primarily as a validation step.

This chapter also described how different shaping functions affect the
linearity and efficiency performance of class-AB and class-F mode power
amplifiers. It was shown that there is minimal trade-off in efficiency when the
shaping function used targets a constant gain, or linear performance, both for

class-AB and class-F as long as the PA is in compression.

It was observed that an ET shaping function that targets a constant
gain performance has a quadratic relationship between the supplied drain
voltage and the magnitude of the input envelope voltage, while a shaping
function that targets maximum efficiency has a linear relationship between
these parameters. This observation agrees with previous work in [1, 10-12]
that an even-order baseband signal can be formulated to linearise and
suppress IM3 and IM5 signals of a PA operating in a class-AB bias. However
it is suspected that the linearisation achieved from the shaping function is
limited in class-F, due to the soft turn-on region at the lower part of the

dynamic range.
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In the next chapter a systematic method to optimise the RF PA design

for ET is formulated using waveform engineering and a class-F PA design and

fabrication is presented.
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Chapter 4

Using Waveform Engineering to
Optimise PA Design for
Envelope Tracking Applications

4.1 Introduction

In the previous chapter, the waveform engineering approach was used
to understand the behaviour of a class-F PA in a variable drain voltage setting.
The effect of optimising the load terminations at different bias points has been
demonstrated and the linearity-efficiency trade-off of class-F and class-AB
PA’s was described for different shaping functions. The efficiency of the RF PA
in an ET system determines the highest achievable efficiency of the transmitter
[1]. Additionally, ET has the potential to linearise highly efficient but nonlinear

RF PA’s, with carefully designed shaping functions [2].

The objective of this chapter is to formulate an optimum PA design
methodology for ET applications using waveform engineering, which takes into
account efficiency, linearity, output power, and signal PAPR aspects through
suitable load conditions and shaping function definitions. Subsequently, this
method is then used to design a 10W RF PA using an LDMOS device from

Freescale for an ET application towards the end of this chapter.
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41.1

Design Goals

As part of the Opera Net 2 project [3], the optimisation of the base

station hardware was to be achieved through the use of a class-F PA in an ET

architecture. The design goals are shown in Table 4.1.

4.2

@0 ® © 00

Peak output power >39 dBm

Average efficiency >60% (ET modulator + PA)
Signal PAPR 7.5dB

Bandwidth 40MHz

Frequency range 880MHz to 920MHz

Table 4.1 - Design goals

Formulating the Design Flow of a Class-F PA for an

ET Application

Determine impedance that balances max power at max Vpg and
ET system PAE at output back-off

¥

Identify max-PAE points for each Vpg from gain curves

¥

Identify “average’ drain bias (Vp_ayg ) whose max-PAE sits at
average power. Assign a constant gain (Ggpr) that coincides
with this point and use it for all Vpg

v

Determine lowest Vg that can still meet the gain requirement of
Gopr

!

Extract the shaping function (Vpg-Vy) fixing the gain of each Vpg
to Gopr

v

Verify the linear transconductance curve

Figure 4.1 - Formulated design flow

With the observations from Chapter 3, a systematic approach can be

formulated in designing an RF PA to be used in an ET architecture.

The

design flow considers the factors that will influence the PA performance in

terms of efficiency and linearity with the constraint on output power and signal
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PAPR. This is to be achieved through the design of an optimised output
matching circuit based on an assumed signal PAPR and through the
formulation of a shaping function that targets a constant gain performance.
Fig. 4.1 shows the proposed design flow of the PA, achieved through

waveform engineering.

This section describes the design flow together with measurement
results of a class-F PA to be used in an ET system. The useable drain bias

range for ET is from 16V to 48V to avoid the knee and breakdown regions.

4.2.1 Finding the Optimum Fundamental Load

The first step is to find the optimum fundamental load for the output
matching circuit. This selection is a critical step as it determines the maximum
achievable efficiency and maximum output power, as described in Chapter 3.
Since this is fixed throughout the operation of the PA and the device Cps will
shift the optimum fundamental load at different drain bias, a compromise
between maximum output power at 48V bias, and efficiency with ET at

average power is needed.

The optimum fundamental impedance (Ropr) is determined by
performing a load sweep at the maximum drain bias of 48V. To aid the
process, an ET simulation template in ADS is developed to run a 3-dimension
sweep: fundamental real load, drain bias, and input power. The 3dB-
compression output power at peak Vps of 48V and the ET efficiency at 7.5dB
OBO are recorded. The ET efficiency is defined as the trajectory of maximum
PAE curves of different drain bias within the ET drain supply range of 16V to

48V.
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Fig. 4.2 shows the outcome of this step, both from simulation and from
measurement. The simulated ET system PAE at 7.5dB OBO is also included
in this plot, even though this is not performed in measurement. This is
because it is not known, at this point, which drain voltage will have the highest
efficiency at 7.5dB OBO therefore performing an exhaustive load-pull is not
practical. However looking at the high correlation between simulation and the
measurement data trend at 48V bias, the simulation information about the ET

efficiency at OBO presents a good prediction of the actual device behaviour.
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—- Measured output power at 48V
|& —&— Measured PAE at 48V T'_ 55
T T T T
02 03 04 05 06

Output reflection coefficient

Figure 4.2 — Simulated output power at 48V bias and the corresponding PAE at
7.5dB OBO with ET applied

As expected the optimum load for peak power at 48V drain bias is
different from the optimum load for efficiency at average power at 7.5dB OBO.
For this PA design, the chosen output reflection coefficient is 0.34 which
corresponds to an optimum load of 101.5Q as it provides a good compromise

between peak power and efficiency at average power.
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4.2.2 Identifying Maximum-PAE locations, Assigning Constant Gain
(Gort), and Minimum Drain Bias (Vp mn) from Gain Curves

The next step is to obtain the device gain characteristics when

presented with the selected fundamental load at the current generator plane,

for different drain bias points. A family of gain curves is obtained from power

sweeps at different drain bias points with the device operating in a class-F

mode, as shown in Fig. 4.3.

For each drain bias point, the point of maximum PAE is identified. The
drain bias point that has its maximum PAE closest to the average power in this
case is 20V, and the intersecting gain of 15.4dB is chosen as the target
constant gain value (Gopr) for each Vps. The lowest drain bias (Vp mn) that
can still provide this target gain value is 16V. This value is set as the minimum

for the ET drain supply range.

The measured PAE, also shown in Fig. 4.3, indicates a 3% worst-case
degradation in efficiency when the ET shaping function for constant gain is
used, while the output power range where this constant gain can be achieved
is approximately 10dB. This small trade-off in efficiency agrees with the
measured results from Fig. 3.7 in Chapter 3, even though a different load
(117Q) is used. This indicates, potentially, that ET can provide both efficiency

and linearity improvements simultaneously.

The maximum output power was measured to be 39.6dBm at 48V drain
bias. With a PAPR of 7.5dB, the average power is estimated to be 32dBm.

The measured PAE at average power is 67% when the drain is biased at 20V.
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Since the load was selected to balance output power and PAE, the efficiency

did not peak at the average power; instead it peaked at around 3dB OBO.
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Figure 4.3 - Measured gain curves with locations of maximum PAE (blue dots)
and flat 15.4dB gain (red dash lines), and the corresponding measured PAE.

4.2.3 Extracting the Shaping Function

From the previous step, the relationship between the output power,
gain, delivered input power, drain supply voltage, input voltage, and output
current that will yield a flat gain or maximum PAE performance can be
determined from the waveform engineering process. It is therefore possible to
generate the shaping function that would produce a flat gain performance
when ET is applied. Fig. 4.4 shows the extracted ET shaping function from the
previous step, which describes the relationship between the input voltage and
the drain supply voltage. The first shaping function (blue) targets maximum
efficiency throughout the ET operating range while the second one (red)
targets a flat gain performance and therefore linearity. The quadratic feature of

the flat-gain shaping function agrees with the observation from Chapter 3.
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The input voltage range is bigger for the flat gain shaping function
because the PA is highly compressed at 48V during peak power in order to go
down to the same gain level as when it is biased at 20V. The lowest input
voltage that will enable this flat gain performance is shown in the Fig. 4.4 as

[Vin| minimum.

50 — — 75
= - 70
2 40 —
o — 65
S
g 307 - 60 3
<] [Vin| minimum for m
> constant gain — 55 X
a 20— =
[o%
» — 50
s 10 . ,
i ——Constant 15.4dB gain scenario| |- 45
O ——Max PAE scenario

0 T | | | r— 40
0 1 2 3 4 5

Magnitude of input envelope voltage, |Vin] (V)

Figure 4.4 - Extracted shaping function for maximum PAE (blue) and constant
15.4dB gain (red) from measurement, together with the corresponding PAE’s.

4.2.4 Verifying the Transconductance Curve

Finally, the linearity performance can be verified by the
transconductance plot, which describes the relationship between output
current and input voltage. Fig. 4.5 shows the resulting transconductance plot
for the flat-gain and max-PAE shaping functions. As expected the flat-gain
shaping function yields a linear relationship between the input voltage and the
output fundamental current of the device. However this linear relationship has
a limited range — when the input voltage is above the minimum [V|y|. For lower
input voltage magnitudes, the trace will follow the transconductance curve of

the lowest Vps.
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Figure 4.5 - Verifying the simulated linear performance from the
transconductance plot.

4.3 Designing the PA

The design of the class-F PA needs to consider how it would be
integrated into a larger ET system, especially in terms of dimension and drain
bias connections. The ET system that was used is a customized Arelis' ET
system with a proprietary ET modulator. The class-F PA was connected
through an adapter board and the drain bias was connected using a through-
hole pin that passed through the class-F PA, as shown in Fig. 4.6. For this
design, only one drain bias pin was needed that would connect the ET
modulator signal to the drain of the device. Therefore a through-hole path was

needed in the output matching circuit design.

The PA was designed on an aluminium-backed RT/duroid 5880 substrate from
Rogers Corporation. It has a dielectric thickness of 20 mil (508 pm) with a

relative permittivity of 2.2 and loss tangent of 0.0004 [4]. The copper

! Formerly Thomson Broadcast, founder member of the Opera Net consortium.
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conductor thickness is 17 ym, and a 50Q transmission line has a width of 1.54
mm. The 250 mil (6.35 mm) aluminium provides the ground as well as acting

as a heat sink.

Tlee "N
. ET bias pin locations £

Figure 4.6 - Hardware connections between the PA and the ET modulator.

4.3.1 The Input Match

RF input —

) } Device input
C MLIN MLIN
Cc8 TL53 TL55
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DC block L=10 mm Subst="MSub1" | =15.84 mm
MLIN
TL56
N4 stub Subst="MSub1"
W=1.541 mm
Gate bias L=60.86 mm
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+] SRcCt1 c6 R C .
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I R=Rg Ohm —_ C=Cg2pF capacitor
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Figure 4.7 - Input matching circuit

From the load-pull data, the gain of the device without an input
matching circuit was approximately 15dB. For this proof of concept PA, the

input matching network was not the main focus and therefore an extensive
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analysis of the design of the input matching was not performed. The PA input
was intended to have the same transmission line length as the test fixture used
during load-pull so that the input drive level would be similar. Therefore, for
this PA, only the gate bias insertion circuit was included using a simple short-
circuited quarter wavelength stub with a de-coupling capacitor, as shown in

Fig. 4.7.

4.3.2 Designing the Class-F Output Matching Network

The class-F PA output harmonic matching network was designed for up
to the 3" harmonic. In section 4.2.1, the selected optimum fundamental load
was 101.5Q as it provides a balance between peak output power and
efficiency at average power. In the class-F mode of operation, the 2™
harmonic current is shorted and a high impedance is presented to the 3"
harmonic current component at the current generator plane [5]. The

theoretical maximum efficiency with such configuration is 82% [6].

Therefore the output matching network consisted of three open or
short-circuited stubs to cater for the 3 frequency components. One of the
stubs included a bias insertion network that will connect to the ET modulator
via a through-hole pin. The de-embedding information was used to translate
the impedance at the current generator plane to the device package plane,
resulting in the reflection coefficient values shown in Table 4.2. These values
were then used to design the output matching network using ideal transmission

lines in Keysight ADS using the concept as shown in Fig. 4.8.

The 3™ harmonic impedance matching stub is located closest to the

device and designed with a half-wavelength short circuit stub using a de-
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coupling capacitor, isolating 3 harmonic current from the fundamental and 2™
harmonic matching networks. This also enabled the insertion of the drain bias
network that connects to the ET modulator. The 2" harmonic matching
network was therefore designed with the inclusion of the 3™ harmonic matching
network in consideration, and an open-circuit quarter wavelength stub was
used to isolate it from the fundamental matching network. Subsequently, the

fundamental load was designed with the inclusion of the 2" and 3™ harmonic

load matching networks.

Current generator plane Device package plane
Magnitude of Angle of Magnitude of Angle of
reflection reflection reflection reflection
coefficient, coefficient, coefficient, coefficient,
IT| arg(l) T arg(l)
Fundamental 0.34 0° 0.61 99.7°
2" harmonic 1.00 180° 1.00 -151.8°
3% harmonic 1.00 0° 1.00 152.0°

Table 4.2 — Translating the output impedances at the current generator plane to
the device package plane.

(( 2nd harmonic Fundamental
i 3rd harmoniq
Device ( ‘ 500
package LT TON | TON [ TON
TLIN P3 TLIN P2 TLIN P1
plane s3 Z=50.0 Ohm s2 7=50.0 Ohm s1 Z=50.0 Ohm
Z=50.0 Ohm E=180 {t} Z=50.0 Ohm E=90 {t} Z=50.0 Ohm E=194.45 {t}
E=14{t} F=27 GHz E=150.2 {f} F=18 GHz E=45.44 {f} F=0.9 GHz
F=2.7 GHz

F=1.8 GHz F=0.9 GHz

Figure 4.8 — Class-F output matching network using ideal transmission lines.

The resulting simulated impedances seen from the device package
plane are shown in Fig.4.9, and the corresponding current generator plane

impedances were close to the target values listed in Table 4.2
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Figure 4.9 - The resulting fundamental and harmonic loads at the device package
plane (black), I-gen plane (purple), and the target I-gen plane loads (dots).

The next step was to convert the ideal transmission lines (TLIN) into
microstrip element (MLIN) in ADS using the substrate definition according to
the 5880 RT/duroid specifications. This was the intermediate step towards

generating the layout of the network, and is shown in Fig. 4.10.

MLIN MLIN

25

3s TL52
Subst="MSub1" _ADS Subst="MSub1" E_ADS Subst="MSub1" E_ADS Subst="MSub1"
W=1.541 mm Teel W=1.541 mm Tee W=1.541 mm Tee W=1.541 mm
L=3.1 mm {t} Subst="MSub1" | =48.9 mm {t} Subst="MSub1" L=29.9 mm {t} Subst="MSub1" | =10 mm

W1£1.541 mm W151.541 mm W11.541 mm
W2#1.541 mm W2£1.541 mm W2=1.541 mm
W3#1.541 mm W3#1.541 mm
MLSC
3P 1-p-OC
bst="MSub1"
3\;;15.541 mur: Subst="MSub1" Subst="MSub1"
L =40 mm {8} W=1.541 mm W=1.541 mm
= L=30.4 mm {t} L=10.6 mm {t}

Figure 4.10 - Output matching network using microstrip elements (MLIN) in ADS.

The conversion from TLIN to MLIN added a lossy element to the
network, and some small adjustment of the length of the transmission lines

were required to bring back the loads to the right location on the Smith chart.
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To understand the effect of transmission length inaccuracy, a quick
analysis of the effect of length tolerance on the impedance seen by the current
generator plane was performed using MLIN, as shown in Fig. 4.11. This
analysis was important as it provides a reference for troubleshooting the PA, in
cases where the transmission line lengths needed to be modified after
fabrication. The magnitude and angle of the fundamental reflection coefficient,
which was expected to impact the performance the most, was simulated to
shift approximately by 0.005 and 0.66° respectively, for each 0.1mm change in

transmission line length.

2f0:
1.6 degree per 0.1mm
0.003 mag per 0.1mm

0.66 degree per 0.1mm .\ 6.5 degree per 0.1mm
N *, 0.015 mag per 0.1mm

0.005 mag per 0.1mm .
N \\shorter
. shorter . A\

longer

Hlonger /
|

\ /
A\ f0: 0.65 degree per 0.1mm  /
N 0.005 mag per 0.Tmm

/ sf0:
/ 6.5 degree per 0.1mm
0.015 mag per 0.1mm

1.3 degree per 0.1Tmm
0.002 mag per 0.1mm

Figure 4.11 - Simulating the tolerance due to transmission line lengths on the
current generator plane impedances.

4.3.3 Designing the Circuit Layout in ADS Momentum

The final step was to design the layout using ADS Momentum, where
the lengths of the transmission lines were initially constructed to match the
lengths obtained from schematic. However as Momentum adds a more

realistic lossy element to the simulation, further fine tuning of the lengths were
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needed to pull the loads back to the original intended location, as much as
possible. The lossy transmission lines mean that ideal short and open circuits
were no longer possible at the current generator plane. Another addition to the
design was the bias network at the 39 harmonic short-circuited stub, ‘behind’ a
decoupling capacitor. Fig. 4.12 shows the layout of the output matching
network in Momentum and the impedances presented to the device package

plane and current generator plane.
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Figure 4.12 - Output matching network layout in Momentum (above), the
impedances it presents to the device package plane (bottom left) and current
generator plane (bottom right).
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The class-F PA performance was verified using a Momentum co-
simulation where the 2D-EM model of the output matching network was used
in the schematic environment to run Harmonic Balance simulation. Fig. 4.13
shows the simulated PAE performance at different drain bias values from 16V
to 48V in 4V steps, operating at 900MHz. The simulated output power peaked
at 40.6dBm while the PAE peaked at approximately 3dB OBO from peak

power. At 7.5dB OBO, the simulated PAE was 71%.

RF input ﬁ | Output matching network |
& !

-
—)
S I R e
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lF+—)
c
Prob cs
N Gate bias C=10uF |§T2rm
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Figure 4.13 - ADS Momentum co-simulation of the class-F PA (above) and the
simulated PAE performance in static ET.
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4.3.4 Completing the Layout

The next addition to the layout was the connection for the drain bias
input via the ET modulator. This was achieved by adding a hole near the 3™
harmonic matching stub, and following the de-coupling capacitor as shown in
Fig. 4.14. The connection to the ET modulator was done by way of a through-
hole pin that comes from the ET adapter as shown in Fig.4.6. In case the
fundamental and 2" harmonic open circuit stubs need to be extended after
fabrication, some copper rectangles of the same width as the stubs were
added during fabrication. Additionally, a small series resistor and some low-
frequency filtering capacitors were added to the gate bias network for stability
purpose. The class-F PA was fabricated in-house using a milling machine.

Fig. 4.14 shows the final layout and the fabricated class-F PA.

4.4 Conclusions

Working with modulated signal of a known PAPR, a design method has
been formulated using the waveform engineering approach to achieve an
optimum efficiency-linearity performance of an RF PA for ET applications. The
method utilizes the waveform engineering capability to determine the optimum

load and a linearising shaping function.

The formulated design method has been used to design an actual
class-F PA that will be integrated it into to a real ET system. The PA uses a
10W device from Freescale with a defined ET drain bias range of 16V to 48V.
From simulation the RF PA efficiency at 900MHz at 7.5dB OBO was 71%,
constrained by the output power requirement at peak power, while CW load-

pull measurement data of the device predicted it to be 67%.
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Figure 4.14 - The final layout (top) and the fabricated class-F PA (bottom).

The flat-gain shaping function is expected to produce a linear
performance but its input range is limited on the low input level side, due to the

defined minimum drain bias.

For this PA, the input matching circuit was not a priority and hence was

not optimised for maximum gain. Therefore for the subsequent PA
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performance analysis, the drain efficiency (DE) measurement was used

instead of power-added efficiency (PAE).

In the next chapter, the PA performance is tested as a standalone

amplifier using a CW signal to verify its performance before being paired up

with an ET modulator in a full ET setup for a system level performance test

with an LTE signal of 7.5dB PAPR.
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Chapter 5

Envelope Tracking System Level
Integration and Testing

5.1 Introduction
In the previous chapter, the design flow of an RF PA for ET applications
utilising waveform engineering has been demonstrated. A 10W class-F RF PA

has been fabricated using this formulation.

In this chapter, the test method and results of the fabricated class-F PA
are presented, first as a standalone PA and then integrated into a real ET
system at Arelis, France. Due to the test setup limitation at Arelis, the ET
system level test was performed at 885MHz, which was found to still be within
the capability of the class-F PA. The advantages and limitations of using a
class-F PA in an ET system are explained together with simulation results that

replicate the ET system level test.

5.2 Initial PA Standalone Performance Test
5.2.1 Efficiency & Output Power using CW Signal

The fabricated class-F PA was first tested as a standalone amplifier in a
static-ET setting using a CW signal at 900MHz to verify its performance. For

this CW test the drain was biased through a wire soldered onto the drain bias

terminal and connected to a DC supply. Replicating the static ET procedures

80



Chapter 5 ET System Level Integration & Testing

from the load-pull testing stage, the drain bias was stepped from 16V to 48V in
4V steps and for each drain bias a power sweep was performed. Fig. 5.1
shows the drain efficiency and gain curves for each Vps from 16V to 48V in 4V

steps at 900MHz.

The drain efficiency peaked at 73% at approximately 3dB from peak
power, which was the trend predicted by the ADS Momentum co-simulation in
Fig. 4.13, although the simulated peak efficiency was higher by 3%. At 7.5dB
output back-off the drain efficiency from this CW measurement was 68%. It
was observed that the location of the de-coupling capacitor at the output
matching network along the 3™ harmonic matching stub had a significant
impact on drain efficiency, as this effectively alters the load termination of the
3 harmonic and the fundamental. This was further confirmed through
Momentum co-simulation where the location of the de-coupling capacitor was
varied by 3mm on the layout and the drain efficiency dropped by approximately

5%-point.

The measured trade-off in efficiency was approximately 2% if the
applied ET shaping function targeted a constant gain operation. This was also
consistent with the load-pull characterisation results in Fig. 4.3. However the
optimum gain value was now lower (14dB) because the input was not properly

matched.

In preparing for the ET system level test, the PA efficiency performance
was also measured at 885MHz. As shown in Fig. 5.1, this caused the peak
efficiency to drop by approximately 2%-point but it also moves the peak

efficiency region much closer to the average power.
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Figure 5.1 - Measured PA gain characteristics and efficiency.
5.3 Integrating the Class-F PA into the ET System

5.3.1 The Arelis ET System

The integration of the class-F PA into an ET system was performed at
Arelis, France, one of the Opera Net 2 project partners who developed the
prototype system as part of the project deliverables. The heart of the FPGA-
based system is a proprietary ET drain modulator which has a bandwidth of
40MHz and efficiency of 93%. It is designed to work with a 50V device and

capable of providing an output voltage from 16V to 50V.

The ET drain modulator is connected to the class-F PA via an adapter
board which provides 2 drain bias feed points from the modulator via through
holes. The class-F PA has a through-hole connection to accommodate one of
the drain bias feeds. Suitable bypass capacitors that are small enough not to
significantly load the baseband signal components need to be placed on the
class-F PA drain bias path to prevent the RF power from going into the ET

drain modulator and also to prevent ringing in the bias signal.
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The ET system is controlled using software developed by Arelis, which
generates a 5MHz LTE signal from a pseudo-random bit sequence (PRBS)
baseband and has a signal PAPR of 7.5dB. The power level is adjusted using
an intermediate-frequency (IF) gain control panel to ensure the PA reaches a
suitable compression level. The envelope shaping function is entered
manually by the user through a graphical user interface which shows a plot of
the drain supply versus the input envelope, as shown in Fig. 5.2. The interface
allows the user to set 7 points on the graph to alter the shaping function of the
ET modulator. The system also has digital pre-distortion (DPD) capability to
perform nonlinear correction on the PA and improve the adjacent channel

power ratio (ACPR) performance.

Figure 5.2 - ET shaping function entry.

5.3.2 Integrating the Class-F PA into the ET System: Hardware
Connections

The class-F PA was mechanically attached to the ET adapter board to
allow for the drain feed pin to be inserted through the hole that was designed
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for it as previously shown in Fig. 4.14, with an insulating Teflon dielectric to
hold it within. The other end of the adapter board was connected to the ET
drain modulator and the control board. To monitor the modulated ET drain
bias signal, a cable was soldered onto the drain bias feed pin and connected to
an oscilloscope with a series resistor. A second oscilloscope channel was
used to monitor the LTE RF input signal. The gate was biased using a
separate DC power supply. Fig. 5.3 shows the hardware connections to the

class-F PA.
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Figure 5.3 — Hardware connections to the class-F PA.

The same Minicircuit ZHL-42 driver amplifier that was used during load-
pull at Cardiff lab was used again in this system to boost the input power. The
output of the class-F PA was connected to a coupler which then terminated
into a 500 load. The coupled arm of the coupler was split using a power
splitter and characterised and connected to a spectrum analyser and a power

Sensor.
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The ET control board was powered by a DC supply unit that supplied
48VDC to the ET modulator as well as to the digital control circuitry that can
turn the modulator on or off. A digital multimeter was connected in series
between the DC supply unit and the ET control board to enable current

measurement. Fig. 5.4 shows the test setup with its block diagram.
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Figure 5.4 — The Arelis ET test setup.

5.3.3 ET Test Setup & Method

The combined DC power consumption of the ET drain modulator and
the class-F PA was calculated as the product of the supplied DC voltage
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(48VDC) and the measured incremental DC current when the ET modulator
was turned on. The power consumption of the control board, which had been
characterised to be 90% efficient, was not taken into account in this case. It
was not possible to measure the efficiency of the class-F PA alone from the
combined efficiency of the ET modulator and the class-F PA, but it can be
estimated since the efficiency of the modulator was previously characterised to

be 93%.

Due to the frequency limitation of the ET system, the centre frequency
of the input signal was limited to 885MHz instead of 900MHz, which was still
within the operating frequency range of the PA, as shown in Fig. 5.1. In fact
with the lower frequency the PA efficiency profile changed such that it peaked
around the average power, but the peak power was now reduced by 0.5dB to

39.2dBm.

The system IF gain was used to adjust the average output power to
approximately 32dBm, which was the estimated average power based on CW
characterisation. The effect of the IF gain adjustment was also characterised

by sweeping its value and observing the effect on efficiency and linearity.

Several changes were made to the shaping function to observe its
effect on the performance. The shaping functions that would replicate the

max-PAE and flat-gain shaping functions were also applied.

The Arelis control software also has the capability to perform nonlinear
correction to provide DPD capability. The non-linear correction was applied in

this measurement to observe the improvement in measured ACPR. The input
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signal had a 5MHz bandwidth and the adjacent channel power was measured

at a BMHz offset. Fig. 5.4 shows the Arelis ET system test setup.

5.4 ET Measurement Results & Discussions

54.1 De-coupling Capacitor Change

Initial observation showed ringing effect in the ET modulated drain bias
signal. To reduce this effect, two 2.7nF bypass capacitors at the 3" harmonic
short circuit stub were removed and lower values were tested. It was found
that empirically a 470pF capacitor was able to remove the ringing effect. It was
observed that the peak drain efficiency at a single bias without ET was close to
70%, indicating that the original performance was still maintained after the

changes made to the de-coupling capacitor.
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Figure 5.5 - Oscilloscope display of RF input and drain bias.

Fig. 5.5 shows the ET modulated drain bias signal and the LTE RF
input signal measured on the oscilloscope display, indicating that the ET

operation was behaving as expected.

87



Chapter 5 ET System Level Integration & Testing

5.4.2 Adjusting the IF Gain

The IF gain is a variable gain control parameter during the up-
conversion stage of the LTE input signal. The effect of IF gain adjustment on
the ET PA system performance was characterised by performing a sweep over
its range, as shown in Fig. 5.6. The average power was observed to reach
32dBm when the IF gain was set to -9dB and the PA started to go deeper into

compression as the IF gain was increased further.

The average drain efficiency of the PA + ET modulator combination
was initially just below 40% at 32dBm average output power and the ACPR at
5MHz offset was -23dBc. The low efficiency performance at this point was due

to an un-optimised shaping function.
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Figure 5.6 - Characterizing the effect of IF gain.

5.4.3 Applying the Shaping Functions

Finally the shaping function was modified using the FPGA-based
controller. In this ET system level test, two different shaping functions were

applied in an attempt to replicate the shaping functions formulated in Chapter
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3. The minimum drain bias was clipped to 16V as this was the ET modulator
lower limit. However since the shaping function entry works in the digital
domain and uses DAC values, only an estimate of the shaping function was
used (Fig. 5.7). The IF gain was re-adjusted to bring the average power to

approximately 32dBm. Table 5.3 shows the comparison of average drain

efficiency and ACPR results when these 2 shaping functions were used.

The measured average efficiency for the class-F PA + ET modulator
combination was 64% using the max-PAE shaping function. With the
efficiency of the modulator previously characterised to be 93%, the calculated
PA-only average efficiency was 69% which was slightly lower than the
measured efficiency at CW. This is expected and the difference between them
depends on the time-domain profile of the signal. The 64% combined
efficiency obtained with a 10W LDMOS device was relatively high compared to

the work done in [1] where a 10W GaN device operating in ET at 889MHz

achieving 60% drain efficiency when excited using a 5MHz LTE signal with a

6.5dB PAPR.
Average Average | Average ACPR ACPR
efficiency | efficiency output @5MHz @5MHz
(PA+ET | (PA only) power offset offset
Modulator) without with
DPD DPD
Replicating max 322
PAE shaping 64% 69% dB'm -27 dBc -32 dBc
function
Replicating flat 320
gain shaping 61% 66% dB'm -27 dBc -32 dBc
function

Table 5.1 - ET performance results.

It was found that using the quadratic-shape shaping function to

replicate the flat-gain shaping function the average efficiency did drop by
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approximately 3%-point but the ACPR performance did not improve. The
ACPR performance in this case did not vary from the ACPR performance when
using the first shaping function, which targeted maximum efficiency. This could
be due to a few reasons. Firstly the shaping function entry in the ET system
level was done in the digital domain interface using DAC values as shown in
Fig. 5.7. This factor, accompanied by the limited resolution in the shaping
function curve only allowed for an estimation of the desired shaping function
and there could be room for further optimisation in the shaping function used.
The correlation between the PA gain characteristics against the load-pull
results where the shaping function was formulated could have also contributed
to this uncertainty. However, the DPD correction that was applied in these
measurements would have corrected the AM-AM response that resulted from a

non-optimised flat-gain shaping function.

Figure 5.7 - Shaping function to replicate optimisation for efficiency (above) and
linearity (bottom).
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The main contributor to the linearity performance in this case was
suspected to be the soft turn-on characteristic of the class-F PA
transconductance as a result of a class-B bias. This effectively means that the
flat-gain shaping function can only linearise the upper half of the output power
range but will not be able to correct for the nonlinearities of the lower half of the

dynamic range, as seen in section 4.2.

The DPD used in this system was designed to work with class-AB type
of amplifiers where they are biased at a distance away from the pinch-off
region, avoiding the nonlinearity from the soft turn-on effect at very low drive
levels. Therefore the use of DPD in this setup was not able to correct for the
nonlinearity at the very low drive level but was more effective at the
compressive region of the transconductance curve at the top end. Fig. 5.8
shows the spectral plot before and after applying the DPD from the Arelis ET

system.
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Figure 5.8 - Spectral display of the output signal before (left) and after (right)
applying DPD.
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5.5 Verifying the Measured ET Test Results in Simulation
To further verify the ET efficiency and linearity results, an ADS
simulation was established to replicate the ET system level measurements

performed at the Arelis facilities.

5.5.1 CW Simulation to Generate Shaping Functions

Fig. 5.9 shows the CW simulation that was done as part of Chapter 4’s
design flow formulation shown in Appendix B. From this result, 2 shaping
functions were derived: targeting a constant 14.5dB gain (flat-gain) and

maximum efficiency (max-PAE).
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Figure 5.9 - CW characterisation to extract ET shaping functions

55.2 ET System Simulation Setup

The ET simulation setup, shown in Fig. 5.10 is a modified version of the
Keysight template and uses an Envelope simulation controller and ideal
symbolically-defined devices (SDDs) for the ET modulator. Only the efficiency

of the RF PA is considered while the ET modulator is considered ideal.
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The input signal is a 5MHz LTE that is read from a signal source
dataset, and the adjustable parameters are the gain and centre frequency. An
IQ_DemodTuned element which has a high input impedance is used to sample
the input signal and demodulate it into in-phase (I) and quadrature (Q)
components whose squared values are summed up by an SDD3P element.
This summation produces the squared envelope signal and therefore the
envelope value can be calculated to retrieve the corresponding drain voltage

from a DataAccessComponent (DAC) element.
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1 2 1 2
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— — R2 — —
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SDD3P - I[2,0]=-(Delta_Vdrain)/50  SRC4 Ly e
SppsP R1=50 Ohm T srct
I[1,0]=0 R2-0 Ohm SRet
I[2,0]=-(_v1**2+_v3**2)/50 -

13,0]=0 Lookup table 1
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Figure 5.10 - System level ET simulation setup using ideal ET drain modulator.

The flat-gain and max-PAE shaping functions are applied in this
envelope simulation. The device is presented with the same class-F
fundamental and harmonic loads at the current generator plane that were used

for the PA design. The input power, which is controlled by the gain parameter
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of the LTE source is adjusted to provide the average power of approximately

33.5dBm as a reference point as obtained from Fig. 5.9.

5.5.3 ET System Simulation Results & Discussion

The resulting shaping functions and a time domain snapshot of their
drain supply profiles when aligned against the LTE input envelope signal are
shown in Fig. 5.11. As expected, when the input voltage swings below 2V, the

drain bias remains at 16V since this was the minimum bias voltage.
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Figure 5.11 — Top: the 2 shaping functions used in this ET system simulation.
Bottom: a snapshot of the resulting drain supply against the input signal.
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Fig. 5.12 shows the PAE comparison between the 2 shaping functions
and the corresponding output power distribution while Table 5.4 lists the

performance comparison.

MaxPAE shaping function
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Output power (dBm)

Flat-gain shaping function
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Figure 5.12 — Simulated PAE comparison and distribution of output power
between the 2 shaping functions.

Max-PAE shaping Flat-gain shaping

function function
Average output power 33.5 dBm 33.5dBm
Peak power 40.7 dBm 39.5 dBm
Signal PAPR 7.1dB 6.0 dB
PA average efficiency 73.6 % 75.1 %
Lower channel ACPR -25.7 dB -28.5 dB
Upper channel ACPR -28.7 dB -32.0dB

Table 5.2 - Simulated performance comparison between the two shaping
functions.
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Several observations can be made about the simulation results. Firstly,
the average efficiency was 1.5%-point higher for the flat-gain shaping function
for this 5SMHz LTE input signal. This was initially indicated from Fig. 5.9 where
not only the trade-off in PAE was observed to be minimal when the flat-gain
shaping function was in use, but also, below the average power the PAE for
the flat-gain shaping function started to go higher than the max-PAE shaping

function.

Secondly, the output signal PAPR varied with the shaping function used
because of the gain variation at different drain voltages. The max-PAE
shaping function has a relatively higher overall gain than the flat-gain shaping
function. In this simulation in order to get the same average power of
33.5dBm, the signal PAPR was 7.1dB and 6.0dB for the max-PAE and flat-
gain shaping functions, respectively. If the PAPR was used as a normalizing

factor the resulting average power would be different.

Thirdly, in this simulation the flat-gain shaping was formulated to obtain
a constant 14.5dB gain as shown in Fig. 5.9, which takes effect from peak
power to 10dB output back-off. Although its resulting ACPR performance was
found to be approximately 3dB better than the max-PAE shaping function, it
was only able to reach -32dBc at best. This number was very close to the
measured ACPR performance with DPD applied in Table 5.1, where the DPD
takes on the role of flattening the gain profile across the output power range.

Fig. 5.13 shows the simulated spectral plots for the 2 shaping functions.

A closer look into the simulated transconductance plot in Fig. 5.13

shows that the flat-gain shaping function produces a linear relationship
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between the output current and the input voltage, but only for input voltage
range of above 2V magnitude. At lower input level, the soft turn-on
characteristics of the class-B bias started to contribute to the nonlinear
transconductance. This soft turn-on characteristic was also present when
using the maximum PAE shaping function, as it was caused by the gate bias
and not able to be corrected by the ET shaping function. This was also the
case when DPD correction is applied, as only the higher input voltage gets
corrected for linearity leaving residual nonlinearities coming from low input

level. Although the effect of DPD was not simulated here, the flat-gain shaping

function was supposed to perform the same role.
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Figure 5.13 — Top: Simulated transconductance curve with ET. Bottom:
simulated signal spectrum for the max-PAE (left) and flat-gain (right) shaping
functions.
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5.6 Conclusions

The integration of the class-F PA into a real ET system has been
presented. The measured ET drain efficiency for the PA and ET modulator
combination was 64% with a 5SMHz LTE input signal. This number potentially
can be improved with the use of a GaN device which has a smaller knee
region and output capacitance. Even so, this efficiency performance is among
the highest compared to the state-of-the-art ET PA’s in [1-10] which were

mostly GaN-based, as shown in Fig. 5.14.
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Figure 5.14 — Comparison with state-of-the-art ET PA’s. The projected result from
this work if class-AB was used is also included.

The main challenge in using class-F mode PA in ET is the linearity
performance. The best-case measured ACPR was -32dBc due to the limitation
of the soft turn-on region not being able to be corrected by DPD. As a
comparison, the class-AB mode used in [1] achieved -45dBc while the class-
AB PA in ET from the Opera Net 2 project achieved -40dBc, both with DPD.
Based on the CW measurement and simulation data, the class-AB efficiency

was approximately 8 to 10%-point lower than class-F for this device. With its
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higher gate bias point it is expected to produce comparable ACPR results,
trading-off efficiency. The projected result if class-AB was used in this work is

also shown in Fig. 5.14

Another way to address this is to have a gate bias variation as a
function of the input envelope, which would raise the gate bias above pinch-off
at low input levels, just enough to meet the desired ACPR performance. This
is explored in simulation in Chapter 8 under Future Work, which presents an
opportunity of improving linearity while retaining some level of class-F
efficiency performance. Another way is to use an alternative nonlinear
correction method that would also address the nonlinearities at low input

levels.

Another aspect of the PA performance that was not discussed in this
chapter is bandwidth. The class-F PA has a limited bandwidth from its
narrowband matching network design. The continuous class-F mode, which is
an extension of this class-F mode developed to increase its bandwidth will be
discussed the next chapter, where the behaviour of continuous mode PA’s in a

variable drain setting for an LDMOS device is investigated.
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Chapter 6

Utilising Continuous Mode Power
Amplifiers in Envelope Tracking
& the Varactor Effect

6.1 Introduction

High-efficiency mode power amplifiers such as class-F provide a high-
efficiency performance but only over narrow bandwidth because the
optimisation of the output matching network is done at a single frequency. To
mitigate this limitation and maintain a high efficiency performance over wider
bandwidth, a concept of extending the design space for the PA modes was
introduced by Cripps and Tasker in [1]. In that work, a new design space was
presented identifying a continuum between class-B and class-J, enabling a
design that maintains a class-B performance in terms of power and efficiency,
and that as a result paves the way for high-efficiency mode design over
considerable bandwidth. In [2] the continuous mode theory was extended to
class-F, validating a new design space using an active load-pull measurement
setup that led to the realization of a continuous class-F PA in [3] which
produced a class-F level efficiency of 74% over an octave bandwidth using a

10W GaN device, with only a small variation in output power.

For the same periphery, an LDMOS device however has a relatively

large output capacitance compared to GaN [4] and its operation in a
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continuous class-F mode of operation has not been experimentally

investigated before in literature at the time of writing.

The first objective of this chapter is to fill this gap and investigate how
far the class-F power amplifier performance obtained with an LDMOS device in
Chapter 4 can be maintained over bandwidth, which is represented by the

continuous class-F mode of operation.

The second objective is to explore the application of a continuous mode
PA in an envelope tracking (ET) setting. A theoretical analysis of integrating a
continuous class-F amplifier in ET was first presented in [5], but in this case the
analysis was limited to simulation and did not include an experimental
validation. This chapter aims to extend that analysis for both simulation and
load-pull measurements, in a variable drain bias environment which represents

an ET application.

The third objective of this chapter is to identify and analyse in detail the
limitations presented by the nonlinear output capacitance Cps to the continuous

mode of operation.

This chapter begins with an overview of the continuous mode theory of
class-BJ and continuous class-F, followed by the experimental investigation of
applying continuous class-F to an LDMOS device in fixed and variable drain
bias settings. The results obtained from simulation and measurements
suggest some difficulty of maintaining a continuous mode of operation due to
the variation of the device Cps as a function of output voltage, or the varactor

effect. The final section of this chapter presents a novel mathematical analysis

102



Chapter 6 Utilising Continuous Mode PA in ET & the Varactor Effect

to show the positive and negative contribution of this varactor effect on

continuous mode operation.

6.2 Formulation of the Continuous Class-BJ and Class-F
The formulation of the continuous mode is explained in detail in

Appendix C. In summary, the continuous mode applies a raised sine function

of the continuous mode operator (1 — a sin?) to the class-B and class-F output

voltages, as shown below for a 3-harmonic voltage component [6]:

Veont.By = Vinax(1 — cos9) - (1 — asind) (6.1)
2 1 _
Veont F = Vinax (1 — ﬁcosﬁ + ﬁcos 319) ‘(1 — asin?) (6.2)

The range of a is defined from -1 to 1 in order to keep the voltage
above zero. Fig. 6.1 shows the ideal normalized output voltage and current
waveforms of continuous class-BJ and class-F power amplifiers as the variable
a is varied from -1 to 1 in 0.2 steps as well as the load trajectories with the
same Repr of 101.5Q from the previous chapter. The class-F 3™ harmonic
load remains in an open circuit condition while the trajectories of fundamental
and 2™ harmonic loads move in opposite directions. At a=0 the voltage
waveform returns to the conventional class-B and class-F output states. It is
noted that the continuous mode voltage swings at a=-1 and o=1 are higher
than the class-B and class-F states by almost a factor of 1.5 and 1.7 from a=0,
respectively. The resulting normalized output power is maintained at 1 and the
theoretical efficiencies for these limited harmonic cases are 78.5% and 90.7%
for class-BJ and class-F, respectively throughout a values from -1 to 1 as

shown in Fig. 6.2.
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The analysis in Chapter 3 was performed on a class-F mode, which is a
subset of the continuous class-F mode with a=0. The work in this chapter
further extends the investigation to include simulations and measurements at
the full range of a values from -1 to 1 which translates into the full range of the
continuous class-F mode. The continuous class-F mode analysis will be
shown in 2 stages: at a single drain bias in Section 6.3, and in a variable drain

bias setting in Section 6.4.

6.3 Investigating the Continuous Class-F Mode of an
LDMOS Device at a Single Drain Bias

6.3.1 Characterisation Method: Continuous Class-F at 28V Bias

Using the active load-pull system and also Keysight ADS, the 10W
LDMOS device from the previous chapter was initially setup to operate in
class-F mode (0=0) at 28V drain bias with a fundamental load of 101.5Q and
driven to approximately 1dB into compression. The continuous class-F mode
was then obtained by applying the fundamental and harmonic loads shown in

Fig. 6.1 at the device current generator plane.

As for the input power level, there were 2 scenarios that were analysed,;
firstly a constant maximum drain current (Iyax), and then with a constant input
power (P\y) at the gate terminal. For the first scenario, the input drive at each
value of a was adjusted such that the measured peak drain current remained
constant, which was the approach used in [1, 7]. The assumption is that the
half-rectified current output waveform should remain constant as a is varied
within the continuous mode range, therefore any fluctuation in current is due to

the change in input power as a function of frequency, represented by a.
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For comparison, in the second scenario (constant Pyy) the input drive
level was adjusted such that the gate terminal was always presented with a
constant input power after taking account of mismatch loss, as a was varied
from -1 to 1. Hence this scenario does not compensate for the change in the
drain current and provides an insight of the varactor effect of the device
nonlinear Cps on continuous mode PA’s. In a real circuit, this takes away the
effect of frequency response of the input matching network and presents the
gate with the intended constant power throughout the continuous mode range.
This scenario is also relevant when it comes to the implementation of the ET
shaping function, where a given input power is used to determine the required

operating drain bias.

6.3.2 Results & Discussions: Continuous Class-F at 28V Bias

Fig. 6.3 shows the measured voltage and current waveforms of the
continuous class-F mode at 28V drain bias. The reference state a=0 produced
a waveform current maximum of 600mA corresponding to an input power of
11dBm at the gate terminal. Therefore these values are used for the constant-

Iuax and constant-Py scenarios, respectively.

Several observations are made from the voltage and current waveform
measurements at 28V drain bias. Firstly for the constant lyax Scenario, even
though the current waveform peak reached the desired value of 600mA for
each value of a, the current waveform shape had changed considerably.
Targeting a constant lyax required a higher drive level on the positive a region
as shown in Fig. 6.4. This is consistent with [7, 8], where the continuous mode
was setup with its drive level adjusted to compensate for changes in the drain

current.
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Figure 6.3 — Measured voltage (red) and current (blue) waveforms of the
continuous class-F for constant Iyax (top) and constant input power (bottom).
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Figure 6.4 - Measured input power for the 2 scenarios.

The second observation is that the measured voltage waveforms in the
positive a region have changed from the expected continuous class-F voltage

waveform shape. This was suspected to be caused by the nonlinear variation
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of the device Cps, or the varactor effect, where the displacement current
changes the optimum fundamental and harmonic load locations from the
theoretical trajectory shown in Fig 6.1. This phenomenon is further explored in

Section 6.5.

If the input power at the gate was kept constant (scenario 2), the
voltage waveforms that are closer to the expected shape were observed but
the voltage swings at negative a values were bigger than those of positive a
values. The peak drain current also increased at the negative a values
compared to a=0 and positive a values. The increase and decrease of peak
voltage and current waveforms are another suspected phenomenon attributed

to the nonlinear Cps.

The measured PAE and output power performance for the 2 scenarios
are compared in Fig. 6.5 together with simulation results. In the case of
constant Py, the efficiency and output power were relatively higher at a<0
values compared to a>0 with a difference of up to 12%-point and 2dB,
respectively. The same trend was also observed in simulation with even a
bigger delta: 25%-point difference in PAE and 3.4dB in output power. This is
suspected to be another artefact of the nonlinear Cps effect which will be

discussed further in Section 6.5.

By comparison the constant lyax scenario showed a more consistent
output power performance especially for a between -0.8 and 0.8. However its
PAE performance behaviour trend was similar to the constant P,y scenario with

the a<0 region generally exhibiting a higher PAE than those of a>0. For the
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next analysis of continuous class-F in a variable drain setting, this constant Iyax

scenario was used.
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Figure 6.5 - Measured and simulated PAE and output power for the 2 scenarios.
6.4 Investigating the Continuous Class-F Mode of an

LDMOS Device at a Variable Drain Setting

In an ET system, the drain bias is changed according to the shaping
function used, regardless of the input signal bandwidth. Therefore, to observe
the behaviour of a continuous class-F PA in an ET environment, the previous

experiment is repeated over the full ET bias range, from 16V to 48V.
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6.4.1 Characterisation Method: Continuous Class-F at ET Bias Range
of 16V-48V

The same flat-gain shaping function from Chapter 3 was applied in this
characterisation process at a=0 to define the relationship between input power
and drain bias. For each bias value, the a value was then varied between -1 to
1 in 0.2 steps while the drive level was adjusted to maintain a constant Iyax.
The constant lyax nhormalizing method was selected for consistency reason
with previous works in [1, 7]. Both simulation and load-pull measurements
were performed under these settings at 900MHz. A fixed de-embedding
approach was used for the Cps which corresponds to the 28V drain bias

condition, making the 28V class-F mode the reference setting.

Additionally, the simulation was also performed at a significantly
reduced frequency of 9MHz to remove the effect of Cps (and other parasitics),
and to isolate its impact on device performance. According to the device
model, the value of Cps at 28V bias is 1.3pF, which gives rise to a shunt
reactance of 136Q at 900MHz and 13.6kQ at 9MHz. With a 101.5Q load the
Cps effect is therefore negligible at 9MHz.

6.4.2 Simulation and Measurement Results: Continuous Class-Fin a
Variable Drain Setting

The parameter of interest in this analysis is the efficiency performance
as a function of a and drain voltage. Fig. 6.6 shows the PAE contour plot
comparison between measurement and simulation as a was varied from -1 to 1
for each drain bias. The shaded areas in the plots indicate the condition where
the target Iyax (obtained from a=0 reference setting) was not achieved at these
combinations of a and drain bias values. For comparison, the simulation at
9MHz represents a scenario of negligible Cps effect.
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Figure 6.6 — PAE contour plots of the continuous class-F mode in a variable
drain setting from load-pull measurement and simulations.
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At 900MHz, an almost diagonal plateau contour was observed from
both measurement and simulation. Relative to the class-F 28V bias reference
setting, the high-PAE region stretched towards the combination of low drain
bias and negative a values as well as high drain bias and positive a values
before degrading at extreme combinations of a and drain bias. The measured
PAE peaked at a=-0.6 and 24V bias where it was approximately 5%-point
higher than the class-F PAE. A similar trend was observed from simulation at

900MHz where the PAE peaked at a=-0.6 and 28V drain bias.

The simulation at 9MHz produced the expected almost-ideal outcome
where only the drain bias variation affects the PAE performance while
exhibiting a much less dependency on a. The slight PAE degradation with
drain bias was a result of different optimum load requirements at different bias

points whilst the device was terminated with a fixed 101.5Q load.

6.4.3 Discussions

From the measured and simulated results of applying continuous class-
F mode in a variable drain setting it was observed that there exists a region
around a=-0.6 where the PAE performance was enhanced relative to the class-
F (a=0) setting. This localized high-PAE region was not observed when the

Cps effect is removed.

Importantly, for the 900MHz case where the Cps is active, the PAE was
observed to degrade for positive a, and improve significantly in the negative a
region, relative to the class-F (a=0) state. This phenomenon was caused by
the nonlinear Cps property of the device and is mathematically analysed in the

next section and experimentally validated in Chapter 7.
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The measured PAE at 28V bias in the variable drain experiment in
Section 6.4 had different performance characteristics compared to the single
bias experiment in Section 6.3 due to a different selection of compression level
at the a=0 reference setting. The single bias point experiment was conducted
at 1dB gain compression at Vps=28V whereas the variable drain bias
experiment used a pre-defined shaping function which resulted in a 2dB
compression level at 28V bias. It is therefore noted that the higher
compression level causes a greater PAE enhancement at a=-0.6. One of the
possible explanations is that at the higher compression level, the steep part of
the Cps curve in the knee region is invoked, producing a higher displacement

current magnitude.

The uncertain contribution of the displacement current at other a values
poses an issue of using a constant Iyax as the normalizing method in a
continuous mode PA characterisation. The other issue is that there are
regions where the target lyax is not achieved due to the superposition of
displacement current from the nonlinear Cps which changes overall current

waveform shape.

From the results, it was observed that the varactor effect on continuous
class-F both improves and degrades the PAE. In addition, the required
fundamental and harmonic load locations are modified, and the expected
continuous class-F current (and as a consequence voltage) waveforms altered
due to the contribution of displacement current, presenting a challenge in the
characterisation process of a continuous mode PA from waveform engineering

perspective. The next section presents a novel mathematical analysis of the
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effect of the Cpg variation, or the varactor effect, on continuous mode PA’s,

focusing on continuous class-BJ which is the most basic continuous mode.

6.5 A Novel Mathematical Analysis of the Varactor Effect
on Continuous Mode Power Amplifiers

The ideal formulation of continuous class-BJ and class-F impedance
trajectories shown in the previous section assumes a fixed Cps. In a real
device however, the value of Cps changes nonlinearly with drain voltage, in a
way that is specific to the device technology used. Taking account of the
nonlinear Cps to Vps relationship changes the impedance formulation for
continuous modes, even at a single bias point. This is not only because of the
Cps Vvariation during a drain voltage swing, but also the modification of the
output voltage and hence the output capacitance, by the continuous mode
operator a as it is varied from -1 to 1. The variation in Cps changes the nature
of the current delivered to the load, which then changes the effective load seen

by the current generator plane.

This section aims to provide a mathematical explanation of the varactor
effect on continuous mode power amplifiers, focusing on class-BJ power
amplifier as it is the simplest form of continuous mode and involves only
fundamental and 2™ harmonic load analysis. The objective is to understand
how the varactor and its displacement current change the fundamental and 2™
harmonic impedances seen by the current generator plane, when the output
voltage adheres to the continuous class-BJ voltage definition. The ultimate
objective is to understand its impact on the device output power and drain

efficiency.
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6.5.1 Calculating the Varactor-Modified Impedance
Device Load
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Figure 6.7 - Simplified circuit diagram of the device with (a) an ideal, fixed output
capacitance, and (b) a variable capacitance, connected to the load.

Fig. 6.7 shows the equivalent circuit of a transistor operating in a
continuous class-BJ mode, where the transistor is represented by a current
generator in parallel with an output capacitor connected to a load. The top
diagram illustrates an ideal scenario where the device output capacitance
Crixea is Of @ fixed value regardless of the output voltage vgs(a). The effect of
this capacitor can be negated or fesonated-out’ on the load side by an
appropriate inductive load or in the case of waveform engineering and active
load-pull, it can be de-embedded by adding a negative capacitance of the
same value. In both cases the effect of the device output capacitance is
cancelled out and the remaining current through the load (Z;) is equal but

opposite to that of the current generator.
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With the output voltage strictly adhering to the continuous class-BJ
definition, the output impedance seen by the current generator plane is given
by (6.3) and the conventional continuous class-BJ fundamental and 2"
harmonic load trajectory from Fig. 6.1 is obtained:

Vas (a)

lgen

den(a) = (6.3)

where v, (a) is the continuous class-BJ voltage as defined in (6.2).

In Fig. 6.7 (b) the ideal capacitor is now replaced with a variable
capacitor, or varactor, whose value depends on the voltage across it. The
static, de-embedding negative capacitor now does not completely cancel out
the varactor current but rather it leaves a residual displacement current which

is dependent on a. The current through the load is now given by:

iL(a) = _[igen + iCds(a) - iC]
= _igen + dv((ii—st(a) [Cds(vds) - Cfixed] (6-5)

With the output voltage constricted to the continuous class-BJ
definition, the addition of this net variable current caused by the varactor
modifies the fundamental and 2" harmonic load impedances seen from the
current generator plane. It is therefore important to know the C-V
characteristic of the varactor in order to perform this mathematical analysis.
The varactor’s typical behaviour, which is dependent on the output voltage,
can be modelled by the equation:

Co

Cas(vgs) =C +
s S of fset (1 + vds/vo)m

(6.6)
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where Cofrser, Coy Vo, and m are the adjustable parameters that describe the

shape of the C-V curve. In Section 6.5.2 an approximation of the C-V
characteristics is shown using the parameters in (6.6) to match the
manufacturer's C-V model. Applying (6.6) into (6.5) the load current can now
be expanded to:

dvgs(a) Co

i(a) = _igen +—F Coffset t—— Cf'xed (6.7)
dt (1+ vds/vo)m l

Using FFT operation on the continuous class-BJ voltage described in
(6.1) and the current in (6.7), the resulting fundamental and 2™ harmonic

impedances seen by the current generator can be calculated.

6.5.2 Performing Numerical Analysis with Approximated Device
Parameters

To proceed with this analysis a numerical approximation approach is
used as it simplifies the calculation and also provides a basis for comparison
with the simulation and measurement results. The parameter values are
approximated and based on the device properties and the class-BJ operating
conditions (bias, output voltage and current swings). The FFT operations,
calculations of the impedance, power, and drain efficiency are performed using

Wavemetrics Igor-Pro software.

Maximum voltage magnitude (Vyax) 50V
Maximum current magnitude (lyax) 0.8A (resulting in 10W output power)
Knee voltage ov
Conduction angle 180° (Class-B bias)
Frequency 1GHz

Table 6.1 - Device settings and operating conditions used in the analysis.
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An approximation of the output capacitance behaviour as a function of
drain voltage (C-V characteristic) is needed for this analysis. With the
manufacturer’'s C-V model known, the parameters in (6.6) can be selected to
produce a similar behaviour. Fig. 6.8 shows the values of these parameters in
this mathematical analysis and how the approximated C-V curve compares to

the manufacturer’'s model for this device.
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Figure 6.8 - The C-V approximation used in this mathematical analysis and how it
compares with the manufacturer’s model.

Applying the values from Table 6.1 and Fig. 6.8 into (6.1) and (6.7), the
calculated time domain voltage and current are shown in Fig. 6.9. For this
analysis the knee voltage effect is ignored. The displacement current
generated by the varactor alters the ideal half-rectified current waveform even
at a=0. This is because the fixed de-embedding capacitor value used is not

able to cancel out the nonlinear Cps throughout the voltage swing period.

Fig. 6.10 shows the calculated fundamental and 2™ harmonic load
trajectories of continuous class-BJ mode for -1<a<1 in 0.2 steps for the ideal

case from Fig. 6.7 (a) and with the varactor of Fig. 6.7 (b).
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Figure 6.9 — Calculated time domain voltage (red) and current (blue) waveforms.
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Figure 6.10 — Calculated class-BJ fundamental and 2nd harmonic loads as a
function of a for a fixed Cps (left) and a variable Cps (right).

6.5.3 Observations and Discussions from the Mathematical Analysis
Fig. 6.10 indicates that with the varactor effect in place, the

fundamental and 2™ harmonic load trajectories have been modified in order to

maintain the established class-BJ output voltage waveforms with the varactor

in effect. The calculated 2" harmonic load trajectory goes inside the Smith
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chart for -1<a<0 indicating the presence of a resistive load requirement and
consequential power dissipation, while for 0<a<1 the 2" harmonic load
appears outside the Smith chart indicating a varactor related 2" harmonic
‘injection’ is taking place. It is worth noting that 2" harmonic injection is an

established way to improve PA efficiency [9-12].

Only at a=0 is the original class-BJ 2™ harmonic load condition
maintained, while at the extreme a values of -1 and 1, the 2" harmonic load is
located on the edge of the Smith chart, although with a phase offset from the
ideal case. The trajectory of the fundamental load has also been slightly

modified compared to its ideal class-BJ counterpart.

The modification of the load trajectories tallies with the calculated
output power trend as a function of a, for fundamental and 2" harmonic as
shown in Fig. 6.11. For -1<a<0 as the 2" harmonic load enters the Smith
chart, the 2" harmonic output power increases while the fundamental power
drops by the same amount. This is an indication of an energy up-conversion
where the energy at the fundamental frequency is transferred to the 2™
harmonic frequency. Subsequently the calculated drain efficiency, which
depends on the fundamental power also drops compared to the ideal class-BJ

efficiency for this range of a, as shown in Fig. 6.11.

Conversely and importantly, for 0<a<1, where the 2" harmonic load
sits outside the Smith chart, energy down-conversion is observed where the
2" harmonic energy is transferred to the fundamental frequency, causing the
increase in fundamental power by the same amount as the drop in 2™

harmonic power. For this a range, an interesting observation is that the drain
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efficiency has increased to approximately 85% compared to the ideal class-BJ
efficiency of 78.6%. Therefore it can be concluded from this analysis that the
calculated impact of the varactor on fundamental output power in this example

is as much as 8% and +6.5% on drain efficiency, which is significant.
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Figure 6.11 - Calculated fundamental and 2nd harmonic power with and without
varactor (top) and the resulting drain efficiency (bottom).

At a=0, the 2" harmonic power is zero even with the varactor in effect
since there is no 2™ harmonic voltage component. As for the cases of a=-1
and 1, the calculated fundamental and 2" harmonic power are also zero, just
as in the case of the ideal class-BJ. This is because the phase of the 2™
harmonic output voltage in these cases are 90 degrees out-of-phase from the

121



Chapter 6 Utilising Continuous Mode PA in ET & the Varactor Effect

2" harmonic current. Since the power is the product of the voltage and current
vectors, a 90-degree phase difference produces no 2" harmonic power and

the power at fundamental is preserved.

6.5.4 Bringing the 2" Harmonic Load to the Edge of Smith Chart

The varactor causes the 2™ harmonic load to shift inside and then
outside the Smith chart for negative and positive a values, respectively in order
to maintain the continuous class-BJ voltage at the output. For the next step in
this mathematical analysis, it is desirable to relocate these 2" harmonic loads

to the edge of the Smith chart and there are 2 motivations for doing this.

Firstly, by pulling the 2" harmonic loads from outside the Smith chart
(in the case of positive a range values) towards the edge, it becomes possible
to achieve through passive network design. Secondly, by pushing the 2™
harmonic loads from inside the Smith chart towards the edge (in the case of
negative a range values), a high-reflect is presented to the 2™ harmonic
frequency, preventing an energy up-conversion from the fundamental

frequency hence improving efficiency.

The method used to bring the second harmonic loads towards the edge
of the Smith chart is by applying a phase shift to the continuous class-BJ
output voltage. The equation (6.8) below describes the output voltage with the

inclusion of a phase term, ®.
V(@) = Vi (1 — cos(0 + @) (1 — asin(6 + ¢)) (6.8)

It is important to note that at a=1 and a=-1, no phase shift is needed
since the 2" harmonic load for these cases are already located on the edge of
the Smith chart. As for a=0, it will be shown in the next section that a phase
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shift is necessary to maintain the continuity of the fundamental load trajectory.
Continuing from the example analysis from Section 6.5.2 above, an iterative
search process is applied to the phase shift value ®, such that the magnitude
of the 2" harmonic reflection coefficient is equal to 1 for all a other than a=-1,
0, or 1. Fig. 6.12 shows the resulting phase shift required to bring the 2™
harmonic load to the edge of the Smith chart. It is observed that by
interpolation, the phase shift at a=0 is approximately -25°. Even though the 2™
harmonic load at a=0 is already on the edge of the Smith chart, this phase shift

is required to maintain continuity in the fundamental load trajectory.
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Figure 6.12 — The required phase shift to bring the 2nd harmonic load to the
edge of the Smith chart.

Fig. 6.13 shows the resulting fundamental and 2" harmonic load
trajectories as a function of a after the phase shift is applied. Note that the
fundamental load at a=0 is now shifted from the real axis (ideal class-B load)
as a result of applying the -25° phase shift to maintain the smoothness of the
overall fundamental load trajectory. The 2" harmonic load at a=0 does not

change since the 2" harmonic voltage is shorted out.

The phase shifting counteracts the energy up-conversion and down-

conversion phenomena from the varactor at negative and positive a,
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respectively, keeping the calculated total output power at fundamental as a is

varied from -1 to 1, as shown in Fig. 6.14.
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Figure 6.13 - Fundamental and 2nd harmonic load trajectories after phase

shifting.
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Figure 6.14 - Output power distribution before and after phase shift.

The phase shifting step consequently changes the calculated drain
efficiency outcome, which results from the change in the fundamental output
power as a function of a. In the example above, applying phase shift shown in
Fig. 6.12 results in the drain efficiency performance shown in Fig. 6.15. As
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expected at positive a values, the calculated efficiency drops since the 2™
harmonic injection effect from the varactor has been removed with the loads
now relocated to the edge of the Smith chart. At a=0, the efficiency drops from
the ideal class-B number of 78.6% to 71% for this example, as the
fundamental load has been shifted from the optimum location on the real axis

of the Smith chart to cater for the overall load trajectory smoothness.
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Figure 6.15 - Drain efficiency before and after phase shift.

However for a < -0.4, the calculated drain efficiency is higher than the
theoretical class-B efficiency number, since the varactor effect is now exploited
to provide a 2™ harmonic injection effect within this range of a. The highest
drain efficiency achieved in this example is 85% when a=-0.8. This presents
an interesting proposition in the design of a class-BJ power amplifier, where
the fundamental and 2™ harmonic now are all within the border of the Smith
chart and a higher efficiency performance is possible to be achieved by

exploiting the 2" harmonic generating properties of the varactor.
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6.5.5 Comparison with Previous 2" Harmonic Injection Works
It is useful to revisit previous works where 2™ harmonic injection has
been used for the same purpose and review their results as well as their

methods of implementation.

The proof-of-concept of efficiency enhancement using 2™ harmonic
injection is presented in [9] where an additional source is directly connected at
the input to inject a 2™ harmonic signal. By adjusting the externally injected 2™
harmonic power, the PAE can be improved by 15% for a 4W GaN HEMT
operating in a class-B mode at 2GHz. In [10] a source pull approach is used to
inject the 2™ harmonic to shape the input waveform, enhancing the PAE of a
pHEMT operating in class-B by 5.9% at 9GHz. In [11] the 2" harmonic
injection is obtained through a feedback loop with an added auxiliary class-E
mode amplifier, enhancing the main amplifier PAE by 16%-point. An auxiliary
PA is also used in [12] to inject a 2" harmonic into a main PA operating in
inverse class-F mode at 1GHz. For this particular example the improvement
was not in terms of a higher PAE but in terms of the extended bandwidth of the

high-efficiency (>80%) region, going from 60MHz to 180MHz.

However in these previous works an external circuit is required to
supply the 2™ harmonic signal. The mathematical analysis in this chapter
suggests that the varactor itself can be exploited to generate the 2" harmonic
injection to improve PA efficiency. In the next chapter the experimental

investigation is performed to explore this possibility.
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6.6 Conclusions

The first part of this chapter presents the novel experimental work of
integrating continuous class-F mode in an envelope tracking environment
using waveform engineering approach. The observations made from the
measurement results suggested that the varactor positively and negatively
affects the drain efficiency performance of a continuous mode PA even at a
single drain bias. This observation led to a deeper investigation of the varactor

effect on continuous mode PA’s to explain the measurement results.

The second part of this chapter presented the theory of the varactor
effect on continuous mode PA’s, focusing on the most basic continuous mode
which is class-BJ. It can be shown mathematically that the varactor improves
the drain efficiency performance on half of the continuous mode design space
while it degrades the other half, relative to the class-B reference mode. The
mechanism behind the efficiency performance change is the energy
conversion between fundamental and 2" harmonic. In the case where
efficiency is enhanced, the varactor acts as a 2" harmonic injection source,
similar to the concept discussed in [9-12]. It is worth noting that the efficiency

improvement amount will also depend on the Cps-Vps characteristics.

The next chapter presents an experimental work to validate the theory
of efficiency enhancement through the varactor alone, and discusses its

limitations.
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Chapter 7

Exposing the Varactor Effect in
Measurement — The Voltage-Pull
Method

7.1 Introduction

In the previous chapter, the varactor effect on continuous mode PA
performance has been mathematically analysed. The concept of exploiting the
varactor for efficiency improvement has also been proposed using a phase

shifting technique that is theoretically applied to the output voltage.

This chapter presents an experimental investigation of the varactor
effect to validate the theory proposed in Chapter 6 and to investigate the
feasibility of exploiting the varactor for PA efficiency improvement. A novel
measurement method to expose the varactor effect on continuous mode PA’s,
termed the voltage-pull is presented. This method is a modification of the
traditional active load-pull approach with the difference that it uses the output
voltage waveform as the target criteria rather than specific fundamental and

harmonic loads on the Smith chart.

The voltage-pull method was applied both in simulation and in

measurement, to a 50V LDMOS device operating in a continuous class-BJ
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mode. The resulting impedance trajectories, output power, and efficiency were

then analysed and compared to the outcomes from the mathematical analysis.

The possibility of exploiting the varactor for efficiency improvement was
then explored using the phase shifting technique on the class-BJ voltage
waveform. The chapter concludes with a discussion on the limitations of
efficiency enhancement using the varactor due to its resistive loss, and
mathematically analyses the lossy-varactor effect in comparison with the

theory presented in Chapter 6.

7.2 Load-Pull Approach vs. Voltage-Pull Approach

The approach to conventional active load-pull uses the concept of a
target load and an algorithm to iteratively change the magnitude and phase of
a synthesized phase coherent signal at the load in order to converge onto the
target. For waveform engineering and specifically continuous mode PA
characterisation, this method relies on de-embedding accuracy to correctly
establish the continuous mode output voltage and current waveforms at the
intrinsic device plane, from the defined loads. However as shown in Chapter
6, a static de-embedding approach will not be able to fully compensate for the

dynamic displacement current generated by the nonlinear Cps.

Characterizing a continuous class-BJ mode for example, by applying a
target load based on the continuous mode formulation from Fig. 6.1 will result
in an output voltage that is different from the expected class-BJ waveforms in

Fig. 6.1 because of the varactor displacement current.

To understand and observe the varactor effect on continuous mode

operation, a different measurement approach is required where the desired
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continuous mode output voltage waveform itself is set as the target at the
device’s output. This is the approach used in the newly introduced voltage-pull
method, where a voltage source is connected at the load to force the output
voltage according to the theoretical continuous mode voltage formulation. Fig.
7.1 shows the implementation of the voltage-pull method on a class-BJ mode

compared to the conventional load-pull method.

Vas (@) | Load pull
4. Zyo(a) = Ryo —j "Ry
igen l Cas (Vds)__llc(vds) z; (@) 3
— Zygo(@) =0+ a5 Ry
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Ve =1
i l Cas (vds)::lic(vds) é} Z v, (@) Vio(a) = -1+ ja
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> Vzm(“):()_fa

v
Zgen (vgs)

Figure 7.1 - Comparison of load-pull approach (top) and voltage-pull (bottom).

The voltage-pull method enables the analysis of the fundamental and
harmonic impedances seen by the current generator plane during a continuous
mode operation, when the output capacitance is de-embedded with a fixed
reference value. With the output power and efficiency known, this method also
enables the investigation of the energy transfer between fundamental and 2™
harmonic, for the case of class-BJ mode. The subsequent section discusses

the simulation of the voltage-pull method.
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7.3 Simulation of the Varactor Effect on Continuous
Class-BJ Power Amplifier Using Voltage-Pull

The voltage-pull method can be simulated in Keysight ADS software
where a voltage source is used to force the continuous mode voltage at the
device output. This section demonstrates in simulation the voltage-pull method

performed on a 50V LDMOS device operating in class-BJ mode at 900MHz.

7.3.1 Setting up the Voltage-Pull Simulation: Class-BJ Mode, 48V
Drain Bias, Optimum Load = 150Q

The same device model from chapter 3 was used in this simulation,
where the die model inherently contains the device nonlinear Cps as shown in
Fig. 6.8. The device was drain-biased at 48V to get maximum output power
and so that the energy conversion between fundamental and 2™ harmonic was
more visible. The 150Q Ropr Was used in this section since it is the optimum
load for efficiency at 48V bias. A fixed Cps de-embedding value was used to
access the current generator plane when the continuous mode variable a is set
to zero. This provides a reference setting that was used in quantifying the
effect of the varactor as a was varied from -1 to 1. The details of the

simulation setup are discussed in Appendix D.

7.3.2 Simulation Results & Discussions

Fig. 7.2 shows the resulting fundamental and 2™ harmonic load
trajectory on the Smith Chart as a was varied from -1 to 1. For the reference
setting a=0, the expected class-B loads were obtained. However for negative
a values, the 2™ harmonic loads were located inside the Smith Chart and for
positive a values they were located outside the Smith Chart. This result

matched the mathematical analysis of the varactor effect explained in Chapter

132



Chapter 7 Exposing the Varactor in Measurement — The Voltage-Pull Method

6. The main difference now was that for a= -1 and a= 1 the 2" harmonic load
did not return to the edge of the Smith Chart. The exact reason is unknown
but it is suspected that the manufacturer model incorporates some lossy

element at the drain.
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Figure 7.2 - Simulated fundamental and 2"" harmonic load trajectories for -1sasl
using voltage-pull.

The resulting current and voltage waveforms are shown in Fig. 7.3.
With voltage-pull, the nonlinear variation in Cps with a manifested itself as a
change in the displacement current, and since a static de-embedding was
used, the drain current magnitude varied with a. The resulting waveforms
were very similar to the waveforms obtained from the mathematical analysis

(Fig. 6.9).

Fig 7.4 shows the change in fundamental and 2" harmonic absolute
power level (a) and in percentage (b) from simulation, as a is varied, which
confirms the theory discussed in Chapter 6. In the negative a region the
energy at the fundamental was up-converted to 2" harmonic while at positive

a region the 2™ harmonic energy was down-converted to fundamental.
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Figure 7.3 — Simulated voltage and current waveforms for -1<a<lin 0.2 steps
using voltage-pull.
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The output power and drain efficiency as a function of a are shown in
Fig. 7.5. As a result of the energy up-conversion in the negative a region, the
device output power and efficiency dropped in performance compared to the
reference class-B (a=0) case by as much as 15%. In contrast, the output
power and efficiency improved by as much as 10% in the positive a region as
the energy from the 2" harmonic was injected and down-converted to

fundamental, as predicted from the mathematical analysis.

7.3.3 Simulating an Applied Phase Shift on the Output Voltage

The next step was to simulate the necessary phase shift on the output
voltage at each a value to bring the 2™ harmonic loads to the edge of the
Smith chart, as performed in the mathematical analysis in Chapter 6. In this
example simulation, the required phase shift for each a was manually obtained

using the ADS Tuning function.

Fig. 7.6 shows the phase shift values that were applied and the
modified fundamental and 2" harmonic load trajectories, which agreed with the

trajectories predicted from the mathematical analysis in Fig. 6.13.

The resulting output power from simulation after phase shift was
applied is shown in Fig. 7.7. It is observed that the energy conversion from the
varactor was not as large as the one from the mathematical analysis. This is
because this simulation took into account the device knee voltage and this also

reduced the Cpg variation.
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Figure 7.7 - Simulated output power with phase shift applied.

The simulated output power and drain efficiency comparison before and
after applying phase shift are shown in Fig. 7.8. The efficiency in the positive a

region decreased as the 2™ harmonic injection effect was removed when the
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2" harmonic loads were no longer outside the Smith chart. The efficiency at
a=0 degraded by 2% as a result of the phase shift that was applied to maintain
a smooth fundamental load trajectory on the Smith chart. In the negative a
region the efficiency improved after phase shift and was higher than the
efficiency at a=0 overall since the 2" harmonic power was down-converted to

the fundamental frequency due to the high reflection it was presented with at

the output.
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Figure 7.8 - Simulated output power and drain efficiency before (blue) and after
phase shift applied (red).

7.4 Experimental Setup to Analyse the Varactor Effect on
Continuous Class-BJ Using Voltage-Pull

The next step was to implement the voltage-pull method on an actual
device operating in class-BJ mode. Similar to the previous experiments
performed in Chapter 3, the device under test was a packaged 50V LDMOS
device. An iterative algorithm was used in the implementation of the voltage-

pull approach as described in the next section.
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7.4.1 Voltage-Pull Experimental Setup

The same active load-pull system was used in this experiment but
instead of executing the usual load-pull characterisation, the waveform
engineering system was now configured to run voltage-pull instead. The
device was biased in continuous class-BJ mode at 900MHz near the maximum
drain bias point of 48V to enable a more visible energy transfer between
fundamental and 2™ harmonic. The fundamental load that produced maximum
efficiency at 48V bias (150Q) was selected so that any further increase in
efficiency can be attributed to the varactor's 2™ harmonic energy down-
conversion. A class-B mode (a=0 state) was used as a reference state for the
rest of the a values. The drive level at each a was adjusted to maintain a
constant DC current as the class-B state.
7.4.2 Implementing Voltage-Pull Method Using an Active Load-Pull

System

The Mesuro active load-pull system at Cardiff University uses a load
search algorithm, targeting loads instead of voltage waveforms. The
fundamental and harmonic loads are synthesized based on the measured
incident and reflected waves using external signal generators. Since it is an
active load-pull system, it is able to synthesize negative loads, which allows for
this varactor analysis. However, the Mesuro system is unable to perform
voltage-pull directly on its own. In order to use this system for voltage-pull,
additional steps are needed to report the loads that correspond to the desired
voltage waveforms, and for this work the ADS software was used to provide

this function, as shown in Fig. 7.9.
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Voltage Pull Calculation Active Load Pull System
(ADS software) (Mesuro software)
Continuous mode ] measured data ( Generates desired
voltage formulation output voltage
(target voltage) J L

Voltage error
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Iterative load ] target loads ( Load search
calculationusing algorithm using

measured current J L standing wave ratio

Figure 7.9 — Implementing voltage-pull using an active load-pull system

A new program to iteratively calculate the target loads to produce the
formulated continuous class-BJ was developed using ADS software utilising its
Data Display capability. The reason ADS Data Display was chosen instead of
other applications is because it can directly import measured load-pull data for
post load-pull processing. The program was then used to iteratively calculate
the target loads that correspond to the required voltage states, and feed them
into the active load-pull system. Fig. 7.10 shows the flow of the voltage-pull

algorithm implemented within the ADS Data Display window.

The first step of the process was the establishment of a class-B mode
(a=0) using the active load-pull system. The measured voltage and current
information was then extracted and the waveforms were phase-aligned by
stripping off the phase of the current so that its phase was zero. The target
voltage in this case was the ideal continuous class-BJ voltage for each a and
can be derived using the magnitude of the measured fundamental voltage as

shown in equations (7.1) and (7.2).
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Read load pull data for alpha = 0 (class-B) for each
component (Vdc, V_f0, V_2f0,...)

J

Phase-align the output current to 0

For each a:

Derive the target voltage using ideal continuous class-BJ
voltage formulation:
Vtarget_f0 =-|V_f0| + a|V_{0|
Vtarget_2f0 = 0 — 0.5a[V_f0|

A

Use the measured current to calculate the continuous
class-BJ load:
Z_cont = Vcont/lout_classB

J

Run load pull using calculated load as iteration i & read

data
Compute new load \L
Zii1 = ViargedImeas Compare the measured voltage with target voltage and
To add weighting factor: obtain the error voltage:
Zit = WV jgedImeas) + (1-W)Z; Err_f0 = (V_f0O_loadpull — V_f0_target)?

Err_2f0 = (V_2f0_loadpull —V_2f0_target)?

Erroris low?

| End

Figure 7.10 — Voltage pull algorithm flow

Viarget_fo = VBj fo = _|Vf0| +ja|Vf0| (7.1)

1
Viarget 2r0 = Vej 270 = 0 —]Ea’lvfol (7.2)

Using the measured current, the target load for each frequency

component can be calculated using the equation:

7 _ Viarge (7.3)
rarget Imeasured

The calculated fundamental and harmonic loads for each a were then
fed into the active load-pull system, which used external signal generators to
produce the next iteration of voltage waveform. The difference between the
resulting voltage (Fig. 7.11) and the ideal class-BJ voltage, or the error voltage

Ey, can be calculated as:
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2
ETTOT‘fO = (Vfo_measured - VfO_taTQEt) (7.4)

2
ETTOTzfo = (VZfO_measured - VZfO_target) (7.5)
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Figure 7.11 — Difference between measured (red) and target (black) voltages.

The next iteration of voltage-pull measurement, i+1, was calculated in a
similar way, but an option of adding a weighting factor was also introduced
(7.7) to enable a gradual convergence for cases where there was an overshoot

in getting to a solution.

_ Viarget (7.6)
Ziy1 = —
l
v,
Zioy = W( “‘Ifg“) +(1-w)z (7.7)
L

where [; is the measured current from the previous iteration, and W is the
weighting factor ranging from 0 to 1. Fig. 7.12 shows an example of obtaining

the ideal class-BJ voltage waveform for a=0.2.
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Figure 7.12 - Iteration example for a=0.2.

The weighting factor was only needed in some of the iterations as they
converged closer to the final solution. Throughout the voltage-pull iteration
process, the drive level was adjusted such that the DC current component
remained constant. This was to ensure that a proper baselining was done.
The peak current value lyax in this case could not be used as a reference in
setting the drive level because it changes due to the displacement current from

the nonlinear Cps.

7.5 Voltage-Pull Measurement Results & Discussions

The voltage-pull measurement was first performed at a low input drive
level to stay within the linear region and also to reduce the device Cps
variation. The purpose of this step was not to analyse the output power and
efficiency performance but to verify the algorithm developed in Section 7.4 on
a real device. The same step was also performed in simulation for

comparison.
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In the second part of the experiment the device was driven
approximately 1dB into compression exercising the full range of the Cps-Vps

nonlinear relationship to enable device performance analysis.

7.5.1 Verifying the Voltage-Pull Method Using Low Input Drive Level
Fig. 7.13 shows the simulated and measured voltage and current
waveforms obtained from the voltage-pull method as well as the load
trajectories when performed at a low drive level without hitting the knee region
for -1<a<1 in 0.2 steps. For this small voltage swing the variation in Cps was

relatively small and the peak drain current did not vary significantly with a.

There are several observations that can be made from this step. Firstly
the voltage waveforms obtained from measurement were close to the ideal
continuous class-BJ mode waveform which verified that the voltage-pull
approach using an active load-pull system worked well in setting up an ideal
continuous class-BJ mode. Secondly there was a good correlation between
simulated and measured waveforms, providing a high confidence on the

device model and simulation results.

However it was also observed that to obtain these ideal class-BJ
voltage waveforms in measurement the 2" harmonic load trajectory stays
outside the Smith chart for -1<a<0, unlike in simulation where the 2™ harmonic
load enters inside the Smith chart, upholding the varactor effect even at this
low drive level. The measurement results indicate possibly a resistive loss at
the output after the device current generator plane for the real device which
cancelled out the effect of the varactor observed in simulation and from the

mathematical analysis in Chapter 6. This was the main discrepancy observed
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between the device model and the actual device behaviour and shall be

discussed further towards the end of this chapter.
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Figure 7.13 - Voltage pull waveforms and load trajectory comparison between
simulation (top) and measurement (bottom).

7.5.2 Voltage-Pull Method at 1dB Compression & Optimum Load

In this step, the voltage-pull approach was applied while exercising the
full voltage swing to have a larger Cps variation and boost the varactor effect.
The pulling voltage at the device output was set such that the device current

generator was presented with an efficiency-optimum load of 150Q at a=0.

It was observed that with the bias, load, and drive level combination,
the device entered an unstable condition at a<-0.6 and a=1 where the voltage-
pull approach was not able to converge properly to build the desired class-BJ

voltage waveform at the output. This stability issue limited the available a
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range for this experiment. An additional measurement point was added at a=-

0.5 to improve the confidence in the test results.
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Figure 7.14 - Measured class-BJ fundamental and 2"" harmonic loads from
voltage-pull for -0.5<a<0.8.

Fig. 7.14 shows the measured fundamental and 2" harmonic load
trajectories for -0.5<a<0.8. For this working range of a, the 2" harmonic load
trajectory followed the theoretical behaviour and simulation trend where the
varactor caused the 2" harmonic load to go inside the Smith chart for the

negative a values and outside the Smith chart for positive a values.

At each a the drive level was adjusted to keep the output DC current
the same as at a=0. Class-BJ voltage waveforms that were close to ideal
could still be produced for -0.5<0<0.8 as shown in Fig. 7.15. With the device
driven into compression bifurcations were present in the output current
waveforms and the current peak varied with a as a result of displacement

current from the varactor. It was therefore necessary to adjust the input drive
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level to keep the DC current the same as the a=0 reference setting instead of

using the maximum current (Iyax) as a baseline as carried out in [1].

Draln voltage (V)
(W) 1Ueling uelq

time (ns)

Figure 7.15 — Measured voltage and current waveforms using voltage-pull for
-0.5=a=0.8. Expected a=-0.6 and -0.8 voltages are shown with dotted lines.

Fig. 7.16 shows the measured drain efficiency and output power as a
function of a. Unlike simulation results (Fig. 7.5) and the mathematical
analysis (Fig. 6.11) where the efficiency varied by at least 6%-point, the
measured efficiency performance was relatively flat within this working o
region, possibly due to the different criteria of selecting the drive level. Also,
the simulation results and mathematical analysis predicted that the efficiency
should go up in the positive a region, however from measurement a small
decrease of approximately 3%-point was observed for the same region. So
even though the experimental voltage-pull approach was successful in
producing the almost-ideal class-BJ measured output voltage waveforms, it
was not able to produce the predicted efficiency performance. It is suspected
that the varactor effect had been counteracted by a lossy element, dissipating
the energy that would theoretically be present as a 2" harmonic injection

described in Chapter 6.
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The next step of the investigation was to apply a phase shift to the
output voltage and bring the 2" harmonic loads that were inside the Smith

chart in Fig. 7.14 (in the negative a region) towards the edge and recover the

efficiency.
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Figure 7.16 — Measured output power and drain efficiency from voltage-pull.

7.5.3 Applying Phase Shift on the Output Voltage

The objective of this section is to find out if it is possible to practically
exploit the varactor and use it to improve efficiency performance in the
negative a region. As demonstrated in simulation and in the mathematical
analysis, an improvement in efficiency can be obtained by pushing the 2™
harmonic loads that are inside the Smith chart towards the edge. From the
results obtained in Fig. 7.14 this was only applicable for a values of -0.2, -0.4,

and -0.5.

Applying phase shift for each a required a slightly modified algorithm
from the flow described in Fig. 7.10. ADS software was used to estimate the
initial required phase shift which was then set as the target voltage waveform.
The voltage-pull method was then executed to construct this waveform on the

device output. If the resulting 2" harmonic load did not sit on the edge of the
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Smith chart, the phase of the voltage waveform was changed accordingly and
the next iteration was executed. This process was repeated until the 2™
harmonic sits on the edge of the Smith chart. Fig. 7.17 summarizes this

process.

Estimate the initial phase shift angle for
each alpha (estimated from ADS)

|

Set this shifted voltage as the new class-BJ
target voltage, Viapcer_sHiFten

|

Increment/decrement Run voltage pull method to search for fO &
phase shift angle 2f0 loads that will produce Vragger sHiFten:
keeping |y constant by adjusting drive level

No 2f0 load at edge

of Smith chart?

Yes

| End

Figure 7.17 — Method to apply phase shift in measurement.

® Fundamental
® 2nd harmonic

Figure 7.18 — Measured fundamental and 2"" harmonic loads from voltage-pull
with phase shift applied.

148



Chapter 7 Exposing the Varactor in Measurement — The Voltage-Pull Method

The resulting measured fundamental and 2™ harmonic load trajectories
with phase shift applied are shown in Fig. 7.18, for the applicable range of
-0.5=0<0.8 in 0.2 steps. In this example, the phase shift was not applied at

a=0.

Fig. 7.19 shows the measured output power and drain efficiency
comparison before and after applying phase shift. A small improvement of 3%-
point and 2%-point was observed at a=-0.4 and -0.5, respectively. This
amount was small compared to prediction from simulation and mathematical
analysis which again was likely to be caused by the lossy element of the
varactor. As expected, the drain efficiency dropped in the positive a region

with the removal of the 2"* harmonic injection effect provided by the varactor.

The small improvement seen at the negative a region can be traced to
the distribution of fundamental and 2™ harmonic power before the phase shift,
as shown in Fig. 7.20. Before applying phase shift the split between
fundamental and 2" harmonic power was only + 2% at best, compared to

simulation (x 15%) and mathematical analysis (+ 8%).
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Figure 7.19 — Measured output power and drain efficiency before and after phase
shifting.
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Figure 7.20 — Measured fundamental and 2" harmonic power distribution.

7.6 Analysing the Lossy Varactor

The measurement results from voltage-pull indicate a discrepancy
between actual varactor behaviour versus simulation and mathematical
prediction. It is suspected that the reason for this discrepancy is the resistive
loss associated with the varactor. This section aims to mathematically analyse
this phenomenon by incorporating a series resistance to the varactor analysis
from Chapter 6 and explain the experimental results. It also aims to estimate

the resistive element alongside the varactor for the device used in this work.

7.6.1 Modelling the Lossy Varactor

Since the manufacturer device model used in ADS simulations was not
changeable, only mathematical analysis was performed. The simplified circuit
diagram from the Section 6.5 has been modified to include a resistor Rs in

series with the varactor as shown in Fig. 7.21, to model a lossy varactor. An
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iterative approach was used to calculate the current and voltage across the

varactor at a given value of Rs, and is described in more detail in Appendix E.
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Figure 7.21 - Modified circuit diagram to represent a lossy varactor.

7.6.2 The Lossy Varactor Effect: Calculated Results

---Class-B —— a=-0.2
=+ a=-04 = a=-06
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Delta-PAE relative to clags-B (%-polnt)
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0 10 20 30 40
Varactor series resistance (Q2)

Figure 7.22 - Calculated effect of varactor series resistance on drain efficiency

With the addition of a series resistance, the efficiency improvement
introduced by the varactor slowly declined as the resistance increased, as
shown in Fig. 7.22. In this calculation the same varactor characteristic from Fig
6.8 was used and the knee voltage effect was not included so that any decline
in efficiency relative to class-B’s 78.5% theoretical efficiency was contributed
by the varactor series resistance alone. For a=-0.8 where the calculated
efficiency was highest for the lossless varactor case (Fig. 6.15), its efficiency
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benefit was fully counteracted by a series resistance of approximately 27Q.
Overall, the calculated efficiency benefit for all a was completely diminished by
a series resistance higher than 34Q when the knee voltage effect was not

included.

7.6.3 Estimating the Varactor Series Resistance of the Actual Device
In order to estimate the series resistance of the device used in Section
7.5, the varactor and device parameters were modified to reflect its actual
behaviour instead of using ideal parameters. From Fig. 7.15 the knee voltage
can be estimated to be 6V while the DC bias and voltage swing are 48V and
42V, respectively. The measured DC current of 195mA was used to determine

the drain current magnitude.

With the knee voltage factor applied, the calculated class-B drain
efficiency dropped to from 78.5% to 69% without any varactor series resistance
(Rs=0Q). The measured efficiency of 65% corresponds to a calculated
efficiency performance with a varactor series resistance of 9Q. This was the
step used to estimate the varactor series resistance for the rest of a, which is

summarized in Fig. 7.23.

From Fig. 7.23 there were some differences in the estimated series
resistance before and after phase shift was applied. This could be attributed to
the measurement uncertainty from the active load-pull setup and the accuracy
of the fixed de-embedding value used. Even the Cps model itself was subject

to uncertainty as a result of simplification techniques [2].

It was observed from this basic analysis that the varactor series

resistance Rs was not constant throughout the different a values in this class-
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BJ mode of operation. At a=0 (class-B) Rs was 9Q but at a=0.8 Rs was
approximately 29Q. This could be due to other factors not considered in this
basic and simplified analysis, such as feedback and other experimental errors.
Without considering outliers, the estimated series resistance was
approximately 8 to 12Q. Since this was a simplified analysis further
investigations are needed to understand the reason for the series resistance
variation with a in a continuous mode PA and it is proposed that this be carried

out in future work.

. -

o 25 —e— Before phase shift

e —A— After phase shift

2 20-

w

e

3 15

2

- 10— :

@

©

E 54 4

w

i | . /;
I I I I 1

-1.0 -05 00 0.5 1.0

alpha

Figure 7.23 - Estimated varactor series resistance based on measured data.

7.7 Conclusions

The experimental investigation of the varactor effect on class-BJ mode
PA has been presented in this chapter. The novel voltage-pull approach
provides an alternative method to characterise continuous mode power
amplifiers and exposes the varactor effect. Voltage pull simulations performed
using the device model validated the varactor effect theory discussed in

Chapter 6.

An experimental investigation of the voltage-pull approach is presented

utilising the active load-pull system. In this work several challenges were
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encountered in its implementation. The first challenge was providing high
enough fundamental and 2" harmonic injected power at the device output in
order to formulate the desired output voltage. Secondly a device stability issue
was also encountered, most likely due to the fact that the device used for this
work was a ‘test device’ packaged specifically for this PhD work. This test
device did not have the proper output-input feedback isolation internally as do

the standard ones.

The theory of exploiting the varactor for drain efficiency enhancement,
although showing potential in the mathematical analysis and simulation, was
limited in the measured results, possibly due to the resistive loss of the
varactor. A maximum of 3% improvement was obtained from voltage-pull
measurement at a=-0.4. This nhumber could possibly be further improved using
different Cps-Vps characteristics than the one used in this work, and this

extended investigation can be included in future work.

Finally it is also proposed that this this research be extended onto other
device technologies such as Gallium Nitride (GaN) which is currently gaining

traction in the mobile communication systems [3].
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Chapter 8

Conclusions & Future Work

8.1 Conclusions

Maximizing the system-level efficiency performance of an envelope
tracking (ET) power amplifier system requires both the envelope amplifier and
the RF power amplifier to be highly efficient. However, in previous ET system
designs, less attention has been given to the RF power amplifier [1] and the
class-AB mode RF PA has been the common choice for implementation [2].
This research work fills that gap and provides a systematic analysis on the use
of higher-efficiency RF PA modes, and specifically in this work, class-F in ET
system applications. This chapter discusses and concludes the five objectives

listed in Chapter 1 for this research.

The novel use of waveform engineering in analysing any PA mode for
envelope tracking applications has been described, revealing the challenge of
maintaining a particular high-efficiency mode such as class-F throughout the
entire ET supply range, due to the nonlinear Cps variation. This analysis
uncovers the maximum available efficiency of class-F and class-AB modes in
ET as well as the predicted efficiency when the PA load impedances are
optimised at any given bias point. The effect of Cps on the optimum load at
different bias and the resulting load trajectory have been demonstrated for
class-F and class-AB using a 50V high voltage LDMOS device. For class-F, it

was shown that optimising the loads at 28V improved the efficiency at 7.5dB

155



Chapter 8 Conclusions & Future Work

OBO hy approximately 8%-point compared to when the class-F loads were

optimised at maximum bias of 48V.

A systematic design method for a class-F PA for ET applications has
been developed based on the findings from the waveform engineering
experiment at variable bias settings. The method provides the ability to
optimise based on the efficiency-linearity-gain trade-off analysis from different
design requirements and constraints. From CW characterisation, it was
observed that for class-F, there was minimal trade-off in efficiency when the
envelope shaping function targeted a flat gain (linear) performance in ET if the
PA was in compression. This method can also be used to design PA’s
operating in other modes and other technologies such as GaN, to be

implemented in ET systems.

The formulated method was used to design and fabricate a prototype
900MHz class-F PA using a packaged 10W 50V LDMOS device as a proof of
concept. From CW measurements, the measured peak drain efficiency of 73%
occurred at 3dB OBO while at 7.5dB OBO, the measured DE was 68%. This
PA was then integrated into an industry-standard ET system at Arelis in
France. The measured ET system level efficiency for both the PA and the ET
modulator combined was 64% producing 32dBm average output power using a
5MHz LTE signal with a 7.5dB PAPR. The measured efficiency is among the
highest compared to the state-of-the-art ET PA’s at the time of writing, as
shown in Fig. 5.14. However, the measured ACPR was -32dBc due to the soft
turn-on nature at very low input level and was not able to be corrected by DPD,
and it is suggested for future work that a variable gate bias is used to address

this issue, as described in the next section.
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The use of ET as a baseband linearisation method has also been
explored in addition to improving efficiency. The ET flat-gain shaping function
for a linear performance consisted of a 2"-order term which agreed with the
findings from [3]. Therefore it can be concluded that the baseband signal
injection at the drain has the potential to be implemented as an envelope
shaping function in ET systems, but its effectiveness in reducing AM-AM
distortion is limited when used with a class-F mode PA due to the soft turn-on
characteristics which resulted from a class-B biasing. A different outcome can

be expected if a class-F is used, for example with GaN technology.

The use of a continuous class-F PA mode in a variable drain bias has
been demonstrated using waveform engineering, and it highlighted the positive
and negative effects of the nonlinear output capacitance, or the varactor, on
the PA efficiency performance even at a single bias. These findings led to the
development of a novel method to characterise continuous mode PA’s called
voltage-pull, enabling a new design space to be explored. From mathematical
analysis and simulation results, it was observed that there is a possibility to
exploit the varactor as a 2™ harmonic injection source to improve efficiency.
However, the measured results did not achieve the level of improvement
predicted and it is suspected that it was due to the varactor having an
associated resistive loss. Although the experimental efficiency improvement
from this approach was minimal compared to simulation, the outcome of this
study can be used for future work in this topic, and may well be more relevant

to other device technologies.

While the envelope tracking architecture is getting more attention as the

demand for bandwidth and efficiency increases, it is currently more widely
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used in user equipment (UE) rather than in base stations due to challenge of
balancing efficiency, linearity, bandwidth, and power handling of the ET
modulator [4]. The implementation of ET in base stations is therefore
proposed initially on small cells, with the advancements in medium-power ET

modulators such as the one used in the Opera Net 2 project.
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different bias engineering from 64% DE previous BB new design
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class-F and AB. || gain trade-off based -32dBc ACPR. Limited by class-F use of varactor
8%-point PAE on design specs and || ACPR limitation soft turn-on for efficiency
improvement if PAPR confirmed in characteristics improvement
optimized at Vyg simulation

Figure 8.1 - Research objectives and conclusions.

8.2 Future Work

This research has demonstrated the potential and limitations of using a
high-efficiency mode PA in ET architectures. There are areas for further

research that can be taken as future work that stems from this study.

8.2.1 Variable Gate Bias for Linearity Improvement

While the ET shaping function has been shown to have the potential to
be used as a baseband linearisation signal, a class-F mode PA in an ET
system would also require a gate bias modulation as a function of the input

envelope. This is needed to rapidly adapt the bias from pinch-off to a class-
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AB-like bias at very low drive levels, trading-off a small enough efficiency to
meet the linearity requirement. Fig. 8.2 shows some simulated results that
illustrate the potential of linearising the device transconductance while
maintaining high efficiency by varying both gate and drain bias voltages of a
class-F mode PA under a 2-tone excitation. Further work is required in

defining this ‘gate bias shaping function’ and aligning it with the drain

modulation.
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Fig 8.2 - The effect of varying only the drain bias (left) and varying both drain and
gate bias (right) on the linearity of the transconductance curve.

8.2.2 Further Shaping Function Adjustment and Optimisation in an
ET Test Environment

In Chapter 5, the ET system level test was performed using shaping
functions that would ideally replicate the ‘flat-gain’ and ‘max-PAE’ shaping
functions defined in Chapter 4. However, the shaping function entry at the ET
system level was done in the digital domain using digital-to-analogue
converters (DAC), causing a level of uncertainty in the exact replication of the

desired shaping functions.

Furthermore, the desired shaping functions were extracted from CW
measurements using a fixture that was de-embedded to the current generator

plane. At the PA level and in an ET integrated system, the input and output
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characteristics have changed and this potentially will affect the shaping
function accuracy. Ideally a different setup is needed which would have the
ability to automatically search for a constant gain criteria and generate a new
shaping function in situ. Such a system would have a controllable DC supply
which would take the place of an ET drain modulator. Having this capability
allows for a more accurate shaping function generation and deployment.

8.2.3 Using GaN Technology in Inverse Class-F Mode for Potential
Incremental Efficiency and Linearity Improvement

GaN technology has a smaller on-resistance (Ron) compared to
LDMOS and a smaller output capacitance. These characteristics potentially
could produce a higher baseline drain efficiency compared to LDMOS as seen
in [5]. Using a GaN device also would enable the inverse class-F mode which
theoretically would avoid the linearity issue caused by the soft turn-on
phenomenon seen in class-F mode PA’s. The class-F' mode was not
possible to be implemented in this research due to the large Cps associated
with LDMOS technology, making it difficult to present an open circuit at the 2™

harmonic through active load-pull.

8.24 Automating the Voltage-Pull Method for Continuous Mode PA
Characterisation

The voltage-pull method described in Chapter 7 was performed
manually, toggling between the active load-pull system and the load calculation
template in ADS in several iterations. The iteration process could be made
faster through automation by merging the two functions (load calculation and

load-pulling) into one user interface.
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There was also an issue with regards to stability of the device which
prevented a full characterisation of the continuous mode in Chapter 7. A
comprehensive stability analysis is therefore needed to address this issue for a
fully functional voltage-pull test setup.

8.2.5 Further Research into the Varactor for Effect on Continuous
Mode PA’s and Potential Use for Efficiency Enhancement

The mathematical analysis shown in Chapter 6 indicated a possibility of
exploiting the varactor for efficiency enhancement, but this was limited in the
actual device. This research predicted that the lossy element of the varactor
contributed to this discrepancy. However it is also noted that the mathematical
analysis performed in Chapters 6 and 7 is a simplified analysis and there could
be other factors involved, which were not included such as the input
capacitance effect. The measurement results could also inherently have a
larger uncertainty than expected as a result of de-embedding inaccuracies.
Further research is needed to understand the discrepancies between the
predicted and the actual device performance, as well as investigating optimum
Cpbs-Vps characteristics that would enlarge the varactor effect for a potentially

larger efficiency improvement.
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Appendix A

Measurement Setup

A.l Active Load-Pull System and Waveform Engineering
Measurement Setup
The waveform engineering approach uses an active load-pull system to
construct the desired current and voltage waveforms at the transistor current
generator plane. It is achieved by synthesizing the required fundamental and
harmonic loads at any bias point hence setting up any PA mode of operation,

emulating a harmonic balance simulation in actual measurement.

The voltage and current waveform measurements are performed using
a measurement system based around an Agilent N5242A PNA-X Nonlinear
Vector Network Analyser (NVNA) as the receiver. It can measure up to
26.5GHz but for this work the fundamental frequency is set at 900MHz. Three
signal generators together with their associated power amplifiers are used to
synthesize the travelling fundamental and harmonic waves incident on the
output of the device, setting up the fundamental and harmonic load conditions
up to the third harmonic as shown in Fig. A.1. A triplexer is used to combine
the 3 harmonics into 1 path, placed between the device and the load-pull
signal generators. The input signal is a 900MHz continuous wave (CW) signal
generated by an RF signal generator with a driver amplifier. No input matching
is applied on the device input side in this research work, instead the input drive
level is increased accordingly to overcome the mismatch losses to arrive at the

desired input power level.

External directional couplers are used to sample the incident and
reflected waves on both sides of the device to the PNA-X receiver channels.
The PNA-X ports 1 and 2 are used for the device under test (DUT) while ports
3 and 4 are used to connect the phase reference modules which enable the

nonlinear measurements by correlating the relative phase of the harmonics.
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The DC bias signals for the gate and the drain of the device are supplied by an
HP 6629A DC Power Supply with 4 outputs of 50W each and a maximum

voltage of 50V, which meets the requirements for this work.

[M al Receiver . bZ}
|| ||

DUT

DC Coupler = Coupler
>®
CirCUIator @ Combi"er

Amplifier

H Amplifiers
Source
Load pull signal generatov U U

Figure A.1 - Active load-pull system that enables waveform engineering

DC

Fig. A.2 shows the fully configured bench setup. The active load-pull
system is run using the Mesuro software which enables 3-harmonic load
search, multi-parameter sweeps, and 3 layers of de-embedding.

Figure A.2 - Waveform measurement system

A.2 Device Under Test, Fixture, and De-embedding

The transistor device used in this work is a 10W high voltage LDMOS
from Freescale (now NXP) with a gate width of 5.2mm in packaged form. As it
is a test device made for this research work, it has a single bond wire each at
the gate and the drain. The knee voltage is around 10V while its maximum
operating drain voltage of 50V provides a higher output impedance compared

to a 30V device of the same power capacity.
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A.2.1. Test Fixture De-embedding

For load-pull measurements, the device is tested on a test fixture
fabricated for this work. A Thru-Reflect-Line (TRL) calibration kit is also
fabricated to enable the extraction of the fixture transmission line s-parameters
for de-embedding purposes, as shown in Fig. A.3. The TRL calibration kit has
2 lines of different lengths that are used for 2 frequency ranges of calibration:
700MHz to 6GHz and 2GHz to 15GHz.

Figure A.3 — Packaged 50V LDMOS devices (left), test fixture (centre), and TRL
calibration kit (right).

A.2.2. Device Package De-embedding

The device model to be used in Keysight ADS simulation software is
provided by Freescale. The model consists of the die which inherently includes
the drain-to-source capacitance (Cps), gate and drain manifolds, and the pad
capacitance. The dimension of the bond wires are characterised during the
fabrication of these devices and therefore their models are then generated in
ADS using the BONDW1 element. The nonlinear relationship between Cps and
the drain voltage Vps of the device is also provided which therefore enables a
complete de-embedding process from the device package to the device

current generator plane.

For load-pull measurements that involve drain bias variation, a two-
layer de-embedding is used to obtain the waveform information at the device
current generator plane (Fig. A.4). The first layer is a fixed de-embedding that
includes the test fixture, pad capacitance, bond wires, and gate/drain

manifolds. The second layer is a bias-dependent de-embedding to cater for the
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drain-to-source output capacitance (Cps) which changes nonlinearly with the
drain voltage. For this work the feedback capacitance between the gate and
the drain (Cgp) is not considered as the value is too small and can be

neglected.

3" harmonic load-

Fundamental Fundamentalload
load

° o o | s
27 harmonic 3 harmonic —
load ' load \

@ 2" harmonic load

Device current generator plane | | Device package plane |
+
| Bias-dependent Fixed de-embedding _ _ _ _ _ _ _ _ T
1 de-embedding | 1 |
1 . 1
| | 1
Gate Drain: | I ) 2 11
1 : ™1
L | = BONDW1 1
1 ¢c - ; —
1 e N I S2P Bond_wire L c 1
! I 57* I, Drain| manifold T Pad_capacitance 1 1 1O test
Source ' I, 1, fixture
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Figure A.4 — Device de-embedding stages shown here for the output side

A.3 Correlating Device Model Simulation with Actual
Measurement

Verifying that the actual device performance is correlated to the device
model is a critical step in this research. Having a good correlation enables
most of the research and experimentation work to be performed in simulation
first with confidence and using the measurement system as a validation step,
saving measurement time. Rigorous steps have been taken to verify that the
model simulation correlates with the actual measurements, including through
DC current-voltage (DC-1V) characterisation, s-parameter comparison, and
harmonic load manipulation. This Appendix presents examples of these

verification steps.

A.3.1. DC-IV Characterisation

The first comparison made between the device and the model is the
DC-IV characteristics. Fig. A.5 shows the comparison for drain current versus
drain voltage and versus gate voltage. It was observed that the device model

predicts a maximum drain current of 1A whereas the actual device only
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produced 0.8A maximum. This potentially means that the device model will
produce higher gain and output power compared to the actual device under the
same condition, and subsequently higher efficiency. However the trend of the
pinch-off condition is similar between simulation and measurement, both
showed that the device starts to turn on at around 2V gate bias.
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5 1 ‘5 VDS=
; 400 g 400 |
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Drain voltage (V) Gate voltage (V)
1000 1000
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Figure A.5 - DC-IV comparison between simulation (top) and measurement
(bottom).

A.3.2. S-Parameter Comparison

Bias-dependent s-parameter measurements are made in simulation
and measurements, where the drain bias is varied within the device operating
range and the gate is biased at a class-AB point. The measured s-parameters
are made at the device package plane by de-embedding the test fixture. Fig.
A.6 below shows the S21 comparison between simulation and measurements

when the gate is biased at 2.5V and the drain at 30V and 48V.
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Figure A.6 - S21 (top) and S11 (bottom) comparisons between simulation (blue)
and measurement (red) at 30V and 48V.

The measured S21 has a similar trend as the simulation at both drain
voltages, with the device model having a relatively higher S21 below 1.5GHz.
The differences between simulation and measurement at 900MHz are 0.5dB
and 0.7dB for 48V and 30V drain biases, respectively.
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Figure A.7 - S11 and S22 comparison between simulation and measurement.

Both simulation and measurements show a high input reflection based
on the S11 results and that there’s an overlap between 30V and 48V bias (Fig.
A.7). Table A.1 below compares the simulated and measured input and output
reflection coefficients for 30V which is similar to 48V. The difference between
simulation and measurement gets bigger at higher frequencies. This potentially
will result in different available source power requirements between simulation

and measurement to get to the same input power at the gate.
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Frequency | Simulated Measured Simulated Measured
[in [N Fout Fout
900MHz 0.96 ~-128 | 0.92 £-135 0.91 £-91 0.91 £-94

1.8GHz 0.97 £-157 0.94 £-174 0.95 £-129 0.94 £-137

2.7GHz 0.97 £-173 0.91 £153 0.96 £-149 0.95 £ -167

Table A.1 - Input reflection comparison between simulation and measurement.

A.3.3. Harmonic Load Manipulation Comparison

Ultimately the correlation of interest between simulation and
measurement is in the performance at the current generator plane under a
certain harmonic load combination, an exercise that takes into account the
effect of de-embedding accuracy. This section presents the steps taken in
determining the right Cps de-embedding for load-pull, followed by the

simulation and measurement comparison of a class-F mode PA.

The first step is to find the right de-embedding for the actual device.
Using load-pull measurements, a search for maximum efficiency point is
performed and different Cps values are iteratively used until the maximum
output power and efficiency of the load-pull contours are located on the real
axis of the Smith chart. Fig. A.8 shows the iteration performed for the 48V drain
bias setting, where the optimum Cps value for de-embedding was found to be

1.3pF. This step is repeated at other drain bias settings as well.

Cds = 1.0pF Cds = 1.2pF Cds = 1.3pF

Figure A.8 - Iterations to find the right de-embedding in measurements.

The next step is to compare simulated load-pull against measured load-
pull, with the same harmonic load combination on the current generator plane.
The comparison shown in this section is achieved by performing a power
sweep at 28V drain bias with the PA set to operate in a class-F mode. The

fundamental load presented to the current generator plane in this example is
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117Q which is targeting a maximum efficiency performance, while the 2™ and
3" harmonics are presented with a short and an open circuit, respectively. Fig.
A.9 compares the gain and PAE between the model and actual device as a
function of output back-off from peak power. The model has approximately
0.8dB higher gain before the compression region, as predicted from the DC-IV
differences. This produces a PAE of close to 80% at its peak, while the
measured device exhibits a maximum PAE of 74%. The maximum output
power from simulation in this case is 36.4dBm, 0.6dB higher than the
measured output. Although the absolute performance result values are
different, the actual device does exhibit the same trend as the model.

—&- Simulated gain [~ 80
20 - | & Simulated PAE
—- Measured gain

—A— Measured PAE

I~ 70

18 —
I~ 60

Gain (dB)
(%) 3vd

16 —
\ |50

14 —

- 40

Output back-off from peak power (dB)

Figure A.9 — Gain and PAE comparison between simulation and measurement.

Fig. A.10 shows the DC, fundamental, and 2™ harmonic current at the
drain as a function of the input voltage magnitude, normalized to the location of
maximum gain. Both simulation and measurement show a similar trend,

although the model generates higher fundamental drain current output.

Finally the simulated and measured time-domain waveforms with power
sweep of up to 5dB compression are compared, as shown in Fig. A.11. The
squared voltage waveform characteristic of class-F can be seen on both cases,
with the simulation having a slightly bigger swing. The measured current peaks
at 650mA compared to 600mA from simulation. This small difference could be
attributed to the difference in the fundamental impedance presented to the
current generator plane or residual de-embedding error between simulation

and load-pull. However in general the device model does show a good
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correlation with the actual device especially in predicting performance trends

with different fundamental and harmonic load combinations.
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Figure A.10 - DC, fundamental, and 2" harmonic current comparison between
simulation (blue) and measurement (red) normalized to maximum gain location.
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Figure A.11 - Voltage (red) and current (blue) waveforms during power sweep
from simulation (top) and measurement (bottom).

171



Appendix B Simulation Data for the Design Method Formulation

Appendix B

Simulation Data for the Design
Method Formulation

B.1. Formulating the Design Flow of a Class-F PA for an
ET Application
A design flow has been formulated in designing a class-F PA to be
used in an ET architecture that considers the factors that will influence
efficiency and linearity with the constraint on output power and signal PAPR.
Fig. B.1 shows the proposed design flow, achieved through waveform

engineering.

Determine impedance that balances max power at max Vg and
ET system PAE at output back-off
v

Identify max-PAE points for each Vg5 from gain curves

v
Identify ‘average’ drain bias (Vp_aye ) whose max-PAE sits at
average power. Assign a constant gain (Ggpr) that coincides
with this point and use it for all Vg
v

Determine lowest Vg that can still meet the gain requirement of

Gopr
v
Extract the shaping function (Vpg-V,y) fixing the gain of each Vpg
to Gopr

v

Verify the linear transconductance curve

@ ® © 00

Figure B.1 - Formulated design flow

This section describes with simulation results the design flow of a class-

F to be used in an ET system with a peak output power specification of 40dBm
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and signal PAPR of 7.5dB. The useable drain bias range for ET is from 16V to
48V.

B.2. Finding the Optimum Fundamental Load

The ET efficiency is defined as the trajectory of maximum PAE curves
of different drain bias within the ET drain supply range of 16V to 48V. Fig. B.2
shows the simulation outcome of this exercise in ADS. For this PA design, the
chosen output reflection coefficient is 0.34 which corresponds to an optimum
load of 101.5Q as it provides a good compromise between peak power and

average efficiency.

i — 80

40.5 — A D
£ — 75
s 40.0
N—r . - -U
5 — 70
2 m
2 5
5 39.5 - 65 <
s
> 1
o —=- Simulated output power at 48V

39.0 —A— Simulated ET Max PAE at 7.5dB OBO — 60

—— Simulated Max PAE at 48V at peak power
| I — I I |
0.1 0.2 0.3 0.4 0.5 0.6

Output reflection coefficient

Figure B.2 — Simulated output power at 48V bias and the corresponding ET
system PAE at 7.5dB OBO

B.3. Identifying Maximum-PAE locations, Assigning
Constant Gain (Gopt), and Minimum Drain Bias
(Vb_min) from Gain Curves
A family of gain curves obtained from power sweep at different drain
bias with the device operating in a class-F mode is shown in Fig. B.3. The bias
that has its maximum PAE sitting on the average power in this case is 20V and
the intersecting gain is chosen as the target constant gain value for each Vps,
which is 14.5dB. The lowest drain bias that can still meet that gain value is 16V
which is set as the minimum ET drain supply range. The simulated PAE also
shown in Fig. B.3 indicates less than 2%-point worst-case trade-off in efficiency

when the ET shaping function targets a constant 14.5dB gain performance,
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while the output power range where this constant gain holds is approximately
10.5dB.

® Max PAE point

® Constant 14.5dB gain point

— Max PAE trajectory
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Figure B.3 - Simulated gain curves with locations of maximum PAE (blue dots)
and flat 14.5dB gain (red dots), and the corresponding PAE.

B.4. Extracting the Shaping Function

Fig. B.4 shows the extracted ET shaping function from the previous
simulation step, which describes the relationship between the input voltage
and the drain supply voltage. The first shaping function (blue) targets maximum
efficiency throughout the ET operating range while the second one (red)
targets a flat gain performance and therefore linearity. From simulation the
quadratic feature of the flat-gain shaping function is not really apparent but as
shown in Chapter 4 it does consist of even order coefficients. The lowest input
voltage that will enable this flat gain performance is shown in the plot as |Vy]

minimum.

B.5. Verifying the Transconductance Curve

Fig. B.5 shows the resulting transconductance plot for both shaping
functions. As expected the shaping function that holds a flat gain yields a linear
relationship between the input voltage and the output fundamental current of

the device. However this linear relationship has a limited range, where it only
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applies when the input voltage is above the minimum |V\|. For lower input
voltage, it will follow the transconductance curve of the lowest Vps bias within

the ET range.
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Figure B.4 - Extracted shaping function for maximum PAE (blue) and constant
14.5dB gain (red) from simulation.
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Figure B.5 - Verifying the simulated linear performance from the
transconductance plot.
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Appendix C

Continuous Mode Power
Amplifier Theory

C.1. Introduction

The basis of the continuous mode power amplifier starts with the
formulation of the class-J power amplifier that was introduced by Cripps in [1].
The class-J applies a phase shift on the fundamental and 2" harmonic loads of
a class-B mode PA at -45° and 90°, respectively and retains the class-B output
power and efficiency performance. The work in [2] further presented a design
space continuum between the class-B and class-J states which would maintain
the same output power and efficiency performance, enabling a high bandwidth
design of matching network. This continuous mode of operation is referred to

as the continuous class-BJ mode.

C.2. Formulation of the Continuous Class-BJ Mode

The continuous class-BJ mode of operation has a half-rectified current
waveform as class-B but applies a raised sine function of the continuous mode

operator (1 — asind) to the normalized class-B output voltage:

s 3
Iconty,(9) = Imgxcosd  0<9 <5 and — <9 <2m

2 2
n 3m (C.1)
=0 — -
> <9I < >
Veont B) = Vimax(1 — cos?) - (1 — asind) (C.2)

where the range of a is defined from -1 to 1 in order to keep the voltage

above zero. Multiplying out the terms in (C.2) yields:
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a
Veont B) = Vimax(1 —cosd —asind + Esin 29) (C.3)

Fig. C.1 shows the ideal normalized output voltage and current
waveforms of a class-BJ mode power amplifier as the variable a is varied from
-1to 1in 0.2 steps. At a=0 (shown in black) the voltage waveform returns to a
class-B output state. It is noted that the voltage swing of the class-BJ mode
increases by almost a factor of 1.5 from the class-B state at a=-1 and a=1.
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Phase (radian)

Figure C.1 - Output voltage (red, black) and current (blue) waveforms of class-
BJ power amplifier when ais varied from -1to 1in 0.2 steps.

The normalized DC, fundamental and 2" harmonic frequency voltage
components can be extracted from C.3:

Vpe =1 (C.4)
Vio(a) = -1+ ja (C.5)
Vapo(a) =0 —j% (C.6)

From the voltage and current equations the fundamental and second
harmonic loads can be derived as a function of a:

Zro = Ropt — j @ Ropt (C.7)
. 3
ZZfOZ_J'Q'E'Ropt (C.8)

where Ropr is the normalized optimum load. Again, at a=0 the pair of

load impedances return to the class-B load state. It is noted from (C.8) that the
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2" harmonic load is always located on the edge of the Smith chart. Fig. C.2
shows the trajectories of the fundamental and 2" harmonic loads on the Smith

chart as a is varied from -1 to 1 with Ropr=101.5Q from Chapter 5.
[ ]
[
[ ]
e
a=1

® Fundamental f\
® 2nd harmonic s o=-1

Tt 5

Figure C.2 — Trajectories of fundamental (blue) and 2nd harmonic loads (red) of a
class-BJ power amplifier with Ropr=101.5Q for -1<a<1 in 0.2 steps.

The resulting normalized output power and theoretical efficiency is
maintained at 1 and 78.5%, respectively throughout a values from -1 to 1 as
shown in Fig. C.3.

C.3. Formulation of the Continuous Class-F Mode

The continuous mode operator of (1 — asind) can also be applied to
the output voltage of class-F to produce the continuous class-F mode. Class-F
mode has the same half-rectified current waveform as class-B while the output
voltage is ideally a squared waveform if infinite harmonics are used. For this
analysis only the first 3 harmonics are considered as described in [3] and
applying the raised sine function of the continuous mode operator produces

the voltage equations below:

2 1
Veont F = Vimax (1 — —cosY + —=cos 319) (1 —asin?)

V3 3v3 (C.9)

which can be expanded into the equation below, showing up to the 3™

harmonic component:

2 7 1
Veont F = Vinax(1 — ﬁcosﬁ — asind + ﬁa sin 29 + ﬁcos 39) (C.10)
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The normalized individual frequency components can therefore be

extracted:
2
Veig() =——+j-«a
ro(@) Nl (C.12)
Varo(a) 2
a)=—j——=-a
1
Vorn(a) = —— (C.14)
3f0( ) 3\/§

It is noted that only the fundamental and 2" harmonic voltages have a
dependency on a. Fig. C.3 shows the ideal normalized output voltage and
current waveforms of a continuous class-F with a varied from -1 to 1 in 0.2
steps, as well as the theoretical efficiency performance and normalized output
power. As with the previous section, at a=0 the output waveforms become the
conventional class-F waveforms.
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and current (A)

Phase (radian)
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Figure C.3 — Top: Output voltage (red, black) and current (blue) waveforms of a

continuous class-F power amplifier when a is varied from -1 to 1 in 0.2 steps.
Bottom: Efficiency and normalized output power for continuous class-BJ and F.
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Dividing each component with the corresponding current component
results in the following load impedances for the fundamental, 2" and 3"

harmonic components:

V3
Zro = Ropt —J 7“ “Rope (C.15)
Zypo(a) =j- 1375« (C.16)
Zspo(a) = o (open circuit) (C.17)

Fig. C.4 shows the trajectory of the continuous class-F mode with a
varied from -1 to 1 using the same Ropr of 101.5Q from the previous chapter.
The 3™ harmonic load remains in an open circuit condition while the

trajectories of fundamental and 2" harmonic loads move in opposite directions.

® Fundamental
® 2nd harmonic|- -1
® 3rd harmonic

Figure C.4 — Trajectories of fundamental, 2", and 3rd harmonic loads of a
continuous class-F power amplifiers with Ropr=101.5Q for -1<a<1 in 0.2 steps.
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Appendix D

Voltage-Pull Simulation Method

D.1. Setting up the Voltage-Pull Simulation

The voltage-pull simulation is performed in ADS using the Harmonic
Balance simulator. Fig D.1 shows the ADS schematic where a V_nHarm
voltage source is connected to the load side of the device. The device model is
a die model with intrinsic drain-source capacitance (Cps). To probe the voltage
and current waveforms at the current generator plane (Igen), @ negative
capacitor is used for de-embedding. This negative Cps value is fixed based on

the value given by the manufacturer based on the drain bias voltage.

In this simulation the waveforms after the Cps which contains the sum
of the displacement current and Iggy is obtained by placing back a positive Cps.

Another negative Cps is required to enable probing at the Igey plane.

The continuous class-BJ voltage equations as a function of a as
described in Appendix C are used to define the DC, fundamental, and 2nd
harmonic voltage magnitudes respectively, while higher harmonic voltages are
set to zero. The phases of these components are initially set to zero but in the
later part of the simulation their values will change to simulate the effect of

phase-shifting.

The desired impedance at a=0 is achieved by adjusting the magnitude
of the voltage source at fundamental frequency. The parameter a is swept from
-1 to 1 in 0.2 steps, modifying the output voltage and the output power and

PAE are recorded.
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Appendix D

Voltage-Pull Simulation Method

I-gen + |_Cds

Ideal class-B) voltage definition

|-gen

ce
C=Cds| temp pF

C=-Cdg_temp pF

¢
|_Cds
‘:‘u
2
>3
8
el
g
g
g
Qo0
= I-gen

e &

VFEEB_FET2
Q1
Finger_Style=VHV8_F8U116P_505_23p2

V_nHarm

SRC4

Freq=RF_freq MHz
V[1]=(Vo1*Mag_Vicad_f0*(cos(phi1)+j*sin(phi1))) V
V[2]=(Vo2*Mag_Vicad_2f0*(cos(phi2)+j*sin(phi2))) V|
L vja=0v

— V=0V

V[5)1=0 v

Vde=(0*"Vo_dc*Mag_Vioad_DC) V

Gate_Fingers=10
If‘ﬂ?’a N HARMONIC BALANCE I

‘%l PARAMETER SWEEP I

HarmonicBalance ParamSweep
HB1 AlphaSweep
Freq[1]=RF_freq MHz Sweep\Var="alpha"
Order[1]=6 Start=-1
Stop=1
Step=0.2
alpha1t
Y alpha1
alpha=-0.200
10 08 406 04 02 00 02 04 06 08 0 —
alpha Current at |I-gen for each slider setting

=l alpha_i=alpha1_alpha_index

=l Displacement_current = ts(l_cds.i[alpha_i,::])
=l |_gen_current = ts(l_gen.i[alpha_i,:])

=l Total_drain_current=ts(|_tot.ifalpha_i,::])

=l Drain_voltage=ts(Vout[alpha_i,:])

&ela} Fundamental_Drain_Current=mag(l_gen.i[::,1])

[=ela) Fundamental_Displacement_Current = mag(l_cds.i[::,1])

=Lls] Fundamental_Drain_Voltage=mag(Vout[::,1])
I=ly] 2nd_Harmonic_Drain_Voltage = mag(Vout[::,2])

=l Load_f0_lgen = (Vout[1])/~(I_gen.i[1])
IXelg) Load_2f0_Igen=(Vout[2])/-(I_gen.i[2])

I=Xela) Load_3f0_Igen=(Vout[3])/-(I_gen.i[3])

Y7 2f0_Igen=(Load_2f0_Igen-50)/(Load_2f0_Igen+50)

e} Z_fO_lgen =(Load_f0_lgen-50)/(Load_f0_lgen+50)
=Y Z_3f0_lgen=(Load_3f0_Igen-50)/(Load_3f0_Igen+50)

e} Load_Real_2f0=real(Load_2f0_Igen)

X)) Load_Real_f0=real(Load_f0_Ilgen)
2l Load_Imag_f0=imag(Load_f0_Igen)
e} Load_Imag_2f0=imag(Load_2f0_Igen)

=) |_gen_DC = |_gen.i[0]
=) |_gen_f0=I_gen.i[1]
1=l |_gen_2f0=I_gen.i[2]
I=sly) |_gen_3f0=I_gen.i[3]

Total current (I-gen + |_Cds) for each slider setting
Zon] |_tot_DC=I_tot.i[0]

ey |_tot_fO=1_toti[1]

el |_tot_2f0=I_tot.i[2]

el |_tot_3f0=I_tot.i[3]

Displacement curmrent at I-Cds for each slider setting
Il |_Cds_DC =|_tot_DC-1_gen_DC

1=l |_Cds_f0=I_tot_f0 - |_gen_f0

=) |_Cds_2f0=I_tot_2f0 - |_gen_2f0

=) |_Cds_3f0=I_tot_3f0 - |_gen_3f0

&l |_gen_td=I_gen.i[:]
Il |_tot_td=I_gen.i[:]
=) |_Cds_td=I_tot_td -1_gen_td

=Tl Vout_f0=Vout[1]
=elal Vout_2f0=Vout[2]

B Ptot_W = Pdel_W + Pdel_W_2f0

Figure D.1 - Voltage pull simulation setup with a fixed Cps de-embedding (top),
and the equations used in the analysis (bottom).

To simulate a phase shift effect on the output voltage and bring the 2™
harmonic loads to the edge of the Smith chart, the phase of the V_nHarm

source is changed manually using the ADS Tuning function.
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Appendix E

Calculating the Lossy Varactor

E.1. Calculating the Current and Voltage: an lterative
Approach

To model a lossy varactor, a series resistor is added in series with Cps
as shown in Fig. E.1. The Igor program developed in Section 6.5 is modified to
iteratively calculate the varactor voltage and current for a given series resistor
value as shown in Fig. E.2. At the start of the iteration the ‘lossless’ varactor
voltage is used to determine the corresponding Cps and varactor current. With
a known series resistor value assigned, the calculated current is then used to
calculate the next iteration of varactor voltage Vnexr using Kirchhoff’s Voltage
Law. This voltage is then compared with the previous iteration and an error
voltage is calculated. The magnitude of the error voltage is used to determine if
the next iteration is required. The process is repeated until the error is reduced
to near zero or until the iteration reaches a certain limit. A weighting factor is

applied in the voltage iteration to improve convergence success rate.

; Device 1 ovgs(a) Load ) \
I

: . : !
1 ! 1 :
L 8 I J= @ |a!
| ‘gen ' iT——_ fixed | ZL(& li

! Cas(v) ZZ=|feas(e) “
. — . | !
S S —— /I v t ,!

den(a)

Figure E.1 — Modified circuit diagram to represent a lossy varactor.

E.2. Estimating the Varactor Series Resistance of the
Actual Device

In order to estimate the series resistance of the device used in Section

7.5, the varactor and device parameters are modified to reflect its actual
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Appendix E Calculating the Lossy Varactor

behaviour instead of using ideal parameters. These modified parameters are
then used to calculate the corresponding drain efficiency where the series
resistance value is swept in 2Q steps. Fig. E.3 shows the comparison between
the calculated drain efficiency at different series resistance values and the
measured efficiency from voltage-pull. To have a higher confidence on the
estimation, the comparison process is performed both before and after phase
shifting is applied.

Set Viyow & Viext voltages as the ideal
class-BJ drain voltage Vg,

i

Re-calculate using weighting factor
Viow = W (Viexr) + (1-W)Vyow

l

Calculate Cpg from (6.21) and resulting
current, Ig = Cpg(dVyow/dt)

Calculate next iteration voltage
Viexr = Ve = R'lg

Calculate error voltage
Verr = [Vvow = Viextl

Error voltage = 0?

Yes
| End |

Figure E.2 — Iterative approach to determine the lossy varactor effect.

With the knee voltage factor applied the calculated class-B drain
efficiency drops to from 78.5% to 69% without any varactor series resistance
(Rs=0Q). The measured efficiency of 65% corresponds to a calculated
efficiency performance with a varactor series resistance of 9Q. This is the step
used to estimate the varactor series resistance for the rest of a, which is
summarized in Fig. E.4. However only a values between -0.5 and 0.8 are
available since the voltage-pull approach was not able to converge beyond this

a range.

184



Calculating the Lossy Varactor

Appendix E
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Figure E.3 — Comparing measured data with calculation (red) to estimate

varactor series resistance.
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Figure E.4 — Estimated varactor series resistance based on measured

data.
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