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Abstract

Power amplifiers have been playing a vital role in most wireless communication
systems. In order to improve efficiency of wireless systems, advanced transmitter
architectures, such as Doherty amplifiers, outphasing amplifiers, supply voltage modu-
lation techniques are widely used. The goal of this work is to develop novel techniques
for building load modulation transmitters based on class-E power amplifiers.

The first contribution is an analytical model for derivation load network param-
eters. The proposed model derives the parameters for both the peak and back-off
power levels providing high efficiency. The proposed model demonstrates, that
class-E PA with shunt capacitance and shunt filter is capable of providing high drain
efficiency for back-off output power levels.

The second contribution is a design of a wideband class-E power amplifier
(PA) with shunt capacitance and shunt filter. The broadband operation has been
achieved by application of the double reactance compensation technique. Simulated
and experimental results are presented. The performance of the fabricated PA is
compared with existing wideband PAs.

The third contribution is application of the proposed technique to outphasing
PA design. The designed outphasing PA was optimized, fabricated and tested. A
possibility to extend the operational bandwidth of the PA is considered. Also the
application of the proposed technique to Doherty PA design is demonstrated.

The fourth contribution is linearization of outphasing PA. Firstly, an analytical
model describing the nonlinearity of nonisolated combiners under amplitude imbal-
ance is presented. Secondly, a novel phase-only predistortion technique for class-E

outphasing PAs is proposed. Thirdly, linearization of the fabricated outphasing



PA based on memory polynomial model is demonstrated using a 64QAM OFDM
modulated signal with 20 MHz bandwidth.
Overall, this work provides novel techniques for load modulation transmitter

design based on class-E power amplifiers with shunt capacitance and shunt filter.
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Chapter 1

Introduction

1.1 Motivation

Since the in the end of 19th century, wireless transmission technologies have trans-
formed life immensely. The invention of radio telegraphy enabled the transatlantic
transmission of information without long and expensive cables. Besides, the wireless
transmitter systems provided maritime communication which was extremely impor-
tant for rescue services. Nowadays, radio communication systems have numerous
applications incluing voice and video communication, radio and TV broadcasting,
internet access, emergency services, remote health-care systems, car-to-car communi-
cation, etc. With the development of the 5th generation of cellular communications
(5G) and the internet-of-things (IoT) systems, the demand for wireless data trans-
mission is going to further increase.

According to the 3rd Generation Partnership Project (3GPP) standalone spec-
ification, 5G systems must provide peak data rates of 20 Gbps for downlink and
10 Gbps for uplink, whereas the user expected data rate should be 100 Mbps and
50 Mbps for downlink and uplink respectively [1]. Besides, they should have low
latency, high energy efficiency, improved spectral efficiency compared to 4G and
capability to support a large number of connected devices. In order to cope with

these requirements, a number of techniques have been proposed for 5G systems [2].



1.2 RF transmitter architectures

The first way to improve the general throughput is to use wider bandwidth. For this
reason, several new bands have been allocated for 5G applications at two frequency
ranges - Frequency Range 1 (FR1) (410 MHz - 7125 MHz) and Frequency Range 2
(FR2) (24.25 GHz - 52.6 GHz).

Another way of improving channel capacity is to use multiple-input-multiple-
output technology (MIMO) [3]. Although multiple antenna transmitters have been
widely used for LTE systems, very large MIMO arrays have been proposed for 5G
standard [4]. Each base station uses a number of antennas much larger than the
number of terminals. Using beamforming technology along with time- and frequency-
division multiplexing enables to serve many terminals with relatively low transmitted
power. Analog, fully digital and hybrid beamforming have been proposed [5]. The
fully digital beamforming provides the highest level of flexibility and, therefore,
the best performance. However, increasing the number of RF chains in very dense

antenna arrays imposes additional challenges on the transmitter design.

1.2 RF transmitter architectures

A block-diagram of a typical RF transmitter is shown in Fig. 1.1. Information
represented as a bitstream is modulated with one of the types of modulators. The
outputs of the modulator are in-phase and quadrature components of the transmitted
signal in the digital domain. These two components are transformed into the
analogue domain with digital-to-analogue converters (DAC). The two components
of the baseband signal are upconverted to an RF frequency with a local oscillator
(LO) signal with 90° phase shift as shown in Fig. 1.1. In order to travel over a long
distance the signal is amplified with the power amplifier (PA) before the transmitting
antenna.

Different types of modulator can be used depending upon the application and
the requirements to the system. High-order modulation schemes, such as quadrature
amplitude modulator (QAM) or amplitude and phase shift keying (APSK) enable the

transmission of high number of bits per symbol, which in turn increases the channel
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Fig. 1.1 Block-diagram of RF transmitter.
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Fig. 1.2 Diagram of OFDM modulator.

capacity. In order to eliminate intersymbol interference (ISI), raised cosine filtering
can be used, which widens the occupied bandwidth [6]. In orthogonal frequency-
division multiplexing (OFDM) the binary data is split into several parallel streams
as shown in Fig. 1.2. Each stream is modulated with a conventional constellation
mapping scheme such as QAM or APSK. The modulated streams are transmitted
at a number of orthogonal subcarriers. Since the bandwidth of each subcarrier is
relatively small, the duration of each symbol is long which significantly reduces ISI
caused by multipath propagation in wireless systems. Reduced ISI allows to simplify
the equalization filters at the receiver side and achieve low bit error rate (BER) [7].
Due to aforementioned advantages, OFDM has been widely used for LTE and 5G
systems [8].

A typical RF transmitter is designed to provide high spectrum efficiency, high
energy efficiency and low signal distortion. As it will be discussed in the following
chapters, the last two requirements are often in contradiction with each other. For

most applications the required output power is much higher than a typical modulator



1.3 Contribution

can provide and therefore, a PA is required. Any PA, regardless of the structure
and type of the device, transforms the power of the direct current (DC) supply
into the power of the output RF signal. Depending upon the operation point, the
PA can provide either high efficiency or high linearity [9]. Switchmode PAs (e. g.
class-D, class-E, class-F) provide the highest efficiency, however, they introduce
significant nonlinear distortion. In order to provide both linearity and efficiency
requirements several techniques have been proposed: outphasing PA [10], Doherty
PA [11], envelope tracking [12]. However, since these types of PA introduce nonlinear
distortion, digital predistortion (DPD) techniques are used in modern base station

transmitters [13, 14].

1.3 Contribution

The work presented in this thesis focuses on theoretical analysis, design and practical
implementation of load modulation techniques based on class-E PA. New solutions
are proposed in both circuit design and linearization algorithms. The suggested
solutions enable high efficiency wideband RF transmitters along with low level of
nonlinear distortion.

The first contribution is the novel analysis of class-E PA with shunt capacitance
and shunt filter for back-off power level. Since switchmode PAs are usually used
as part of more complicated PAs, such as Doherty or outphasing, most of the time
they operate under back-off power conditions. In these cases, the back-off operation
is achieved by modulating the load presented to the transistors’ outputs. It this
thesis it is shown that the class-E PA with shunt capacitance and shunt filter can
provide high drain efficiency for any back-off power level. Furthermore, it is shown
that a necessary output power level can be provided by variation of the impedance
of the output load, which is important for load modulation structures. The proposed
solution provides a new method to calculate the value of the load that provides the

highest drain efficiency for a specified back-off power level.



1.4 Thesis Outline

The second contribution is the design of wideband class-E power amplifier with
shunt capacitance and shunt filter. It is shown that by applying the double reactance
compensation technique it is possible to achieve broad band class-E operation.
Compared to other wideband switchmode PA structures, the proposed PA has a
very compact load circuit. The designed PA structure has been implemented and
experimental results are presented.

The third contribution is the design of load modulation PA structures based
on the class-E PA with shunt capacitance and shunt filter. Based on the proposed
model the optimum impedance values for both peak and back-off output power were
calculated. In order to build an outphasing PA, a Chireix combiner that provides the
required values of peak and back-off impedance is designed. The designed outphasing
PA was implemented and tested. Based on the same model a Doherty PA has been
designed, where optimum peak and back-off impedance values are provided for carrier
PA.

The fourth contribution is the linearization technique for outphasing PAs. Firstly,
an ideal case when the two branches of the outpasing PA have the same magnitudes
is studied. It is shown, that a simple memoryless predistortion technique can be
applied in order to improve linear performance of the PA. Secondly, the nonlinear
behaviour of the outphasing PA is studied. Finally, the application of the memory

polynomial technique to the outpasing PA has been demonstrated.

1.4 Thesis Outline

This thesis is organized as follows: In Chapter II the operation of different classes
of PAs is reviewed. In Chapter III the analysis of the class-E PA with shunt
capacitance and shunt filter is presented. Special attention is paid to the load
modulation properties of this type of the PA. Design examples are presented. The
results from this chapter are published in the journal paper 1. In Chapter IV
the wideband operation of the class-E PA with shunt capacitance and shunt filter

using the double reactance compensation technique is demonstrated. The achieved
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results are published in the conference paper 3. In Chapter V the application of the
analytical technique described in Chapter III to the load modulation transmitter
design is demonstrated. The design of outphasing and Doherty PA is demonstrated.
The designed outphasing PA has been presented in the journal paper 1. In Chapter
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of the class-E outphasing PA is demonstrated. The memoryless phase+only digital
predistortion technique has been presented in conference paper 1. The linearization
of a GaN HEMT class-E PA has been presented in the conference paper 1. Finally,

in Chapter VII conclusions and some prospects for the future work are outlined.
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Chapter 2

Power amplifier operation

principles

Since the beginning power amplifiers have been an essential part of wireless communi-
cation systems that has huge impact on the transmitter performance. In this chapter
general power amplifiers operation principles are presented. Firstly, the operation of
the class-A,B,C power amplifiers is demonstrated. Secondly, switchmode PA classes
(class-D,E,F) are reviewed. Finally, some existing efficiency enhancement techniques,
such as Doherty PA, outphasing PA, envelope tracking transmitter, are explained. A
special attention is given to the class-E PAs and their application to load modulation

techniques.

2.1 Power amplifier classes of operation

Generally, all types of PAs are based on a nonlinear device that transforms the energy
of a power supply into the energy of the output RF signal. The amplitude of the
output RF signal (ioy) is manipulated by the small input signal (see Fig. 2.1(a)).
Regardless of what type of the device is used (vacuum tube, BJT transistor, FET
transistor), it has a minimum level of the input signal when the current starts flowing
through the output circuit. In the case of FET transistor it is called the pinch-off

voltage V,, as shown in Fig. 2.1(b). Therefore, in the simplest case the I-V curve of

8



2.1 Power amplifier classes of operation

| 1 lout

(a) (b)

Fig. 2.1 Active device operation: (a) - nonlinear active device; (b) - I-V curve approxi-
mated by a piecewise-linear function.

such a device can be approximated with a piecewise-linear function [15]:

0, Vin < Vp
ip = (2.1)
gm(vin - ‘/;))7 Uin > Vp

where vy, is the input voltage, ip is the output current, gy, is the device transconduc-
tance. Let’s assume that the input signal consists of bias voltage V}, and harmonic

voltage with magnitude Vi,:
Vin = Vp + Vin coswt (2.2)

then the output current will be zero when the phase of the phase of the input signal

takes on the value 6y:
W-V

" (2.3)

cosfy = —

Therefore, if the bias voltage Vi, > V, — Vi, then the output current will never
reach the zero value, and the output current will be a pure harmonic oscillation with

significant DC-component. Otherwise, the output current can be expressed as:

0, —0<wt<b
ip = (2.4)
I + Lycoswt, O<wt<2m—10
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Fig. 2.2 General structure of power amplifier.

where I, is the quiescent current and [, is the magnitude of the output current.
From (2.4) one can see that the output current of the active device is a periodic
function and therefore, can be represented using Fourier-series expansion, as was

demonstrated in [16, 17]:

ip(wt) = Iy + I; coswt + Iy cos 2wt + ... + I, cosnwt = 25)
= I(%(Q) + 71(0) coswt + 72(0) cos 2wt + ... + 7,(0) cos nwt)

where [ is the magnitude coefficient, and , (#) are the coefficients of expansion of
the output current waveform [18, 19].
The detailed analysis of the PA waveforms can be found in [19, 20]. Particularly,

it is shown that the coefficients 7y and v, can be found from the expressions [19]:

Yo = i(sin@ — 6 cos 9) (2.6)
v = 71T(6’ — sin 6 cos 9) (2.7)
_ 1 (sin(n—1)0 Sln(n +1)0 n

It order to analyze the properties of power amplifiers, we assume, that the load
network consists of a DC-blocking capacitance, ideal shunt resonator LyCj tuned
to the fundamental frequency and an active load Ry, (see Fig. 2.2). Drain supply
voltage V.. is supplied to the device through an ideal RF choke. The drain current
will be defined by the expression (2.5). Since the shunt resonator provides short

circuit conditions for all the harmonics, the current through the output load can be

10



2.1 Power amplifier classes of operation

expressed as:

Gout = 11(0)1 cos wt (2.9)

At the same time the voltage across the active device is a sum of the DC supply

voltage and fundamental voltage:
vp = Vee + 11 (0)I Ry, cos wt (2.10)

When the magnitude of the fundamental frequency reaches the point where v, (0)I Ry, =
Vee, the drain voltage swings from 0 to 2V,.. In this case the device reaches saturation.

The DC power that the PA consumes, can be defined as:
Ppc = 70(0)Veel, (2.11)
whereas the output power dissipated in the load is:
Py = 0.572(0)I*Ry. (2.12)
Therefore, the drain efficiency is:
N IRy

=0.5—
1 Yo V::c

(2.13)

From the last expression one can see, that the drain efficiency of the PA is maximized
if the active device is driven into saturation. The saturation is achieved when the
following expression is fulfilled:

V2
RL _ cc

= — 2.14
2Pout ( )

As it is demonstrated, the power generated at each harmonic depends on the
conduction angle #. In order to achieve the maximum power at the n-th harmonic,

the conduction angle of # = 7/n must be provided. Therefore, the ratio of the

11
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i
lout harmonic output waveform =
pulsed output waveform

ATAYaY

0 wt

Fig. 2.3 Output current waveforms for different conduction angle values.

fundamental harmonic amplitude to the DC component amplitude can be tuned by
the variation of the conduction angle.

The possibility to manipulate the PA operation by tuning the bias voltage was
experimentally studied in [21, 22]. It was shown, that for a pure sinusoidal input
signal it is possible to achieve a pure sinusoidal output current by adjusting the
voltage at the grid of the vacuum tube. However, in this case the current in the
anode-to-cathode circuit will have significant DC component, and the anode efficiency
cannot exceed 50%. The efficiency of the PA can be significantly improved by reducing
the output DC current, however, the anode-to-cathode current will have a pulsed
shape, as shown in Fig. 2.3, and consequently contain high-order harmonics. It was
also shown, that at a certain level of grid voltage the conduction angle reduces to
zero, and the anode efficiency approaches 100% [22].

Initially, the PAs were classified according to the level of distortion caused either
by tube nonlinear characteristic or by the pulse shaped anode-to-cathode current [9].
Since the 1930s the PAs are usually classified according to the conduction angle 26

into following classes:
e Class A: 26 = 360°

« Class AB: 180° < 26 < 360°

12
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e« Class B: 20 = 180°
¢ Class C: 260 < 180°

The theoretical limit for drain efficiency for class-A PAs is 50% whereas drain
efficiency of a class-B PA cannot exceed 78.5%. Recently it has been shown the
efficiency of the class-B can be improved by adding a parallel capacitance to the load
network along with complex load. This type of operation is referred to as class-J PA
[23-25]. As it was demonstrated, if a certain complex load impedance is provided for
the first and second harmonics, the voltage and current waveforms can be shaped as
half-sinusoid waves with minimum overlap in the time domain. However, compared
to switchmode PAs, the class-J PA provides higher level of linearity [24].

The choice of the type of operation depends on requirements to the PA. The bigger
values of the conduction angle demonstrate lower level of nonlinear distortion at the
cost of drain efficiency. At the same time, reducing the conduction angle improves
the drain efficiency, however, it reduces the amplitude of the fundamental harmonic

of the output current, which in turn reduces gain and power added efficiency (PAE).

2.2 Switchmode power amplifiers

As it was shown in Section 2.1, the drain efficiency of a PA can be significantly
improved by reducing the conduction angle. In the extreme case the conduction
angle is minimized and the PA device (either a vacuum tube or a transistor) switches
between the saturation and cutoff points. In the saturation state the switch is turned
on and its resistance is zero, whereas in the cutoff state the switch is off and has
infinitely large resistance. In this section several classes of the switchmode PAs are

considered: class-D, class-F and class-E.

2.2.1 Class-D power amplifiers

The class-D PA was initially proposed in [26] as a way to efficiently convert DC
energy to AC energy. Since then this type of PA has been widely used for numerous

13
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]
=

Fig. 2.4 Ideal model of a class-D PA.

applications, such as dc-dc converters, fluorescent lamps, induction welding, solder-
ing, wireless transmitters, etc. The main advantage of using class-D PAs for RF
applications is high drain efficiency compared to class-B,C PAs, due to the switch
operation of the PA devices. Depending upon the type of the DC power supply, two
main groups of the class-D PA can be distinguished: voltage-switching class-D PA
and current-switching class-D PA. In the former case the drain (collector, anode)
of the device is fed by a voltage source and in the latter case it is fed by a current
source usually made by series connection of a voltage source and an RF choke.

The operation principle of the class-D PA can be demonstrated using a simplified
model shown in Fig. 2.4. The transistor is represented as an ideal switch with
saturation resistance rs. The DC current is supplied from a voltage source V.. via an
RF choke RFC. The output circuit consists of an active output load Ry, connected
to the device via a DC block capacitor Cy,. It is assumed that the input of the PA is
fed by a square-wave signal with 50% duty ratio. Therefore, the operation of the
PA can be described separately in two state: when the switch is closed (0 < wt < 7)
and when the switch is open (7 < wt < 27).

When the switch is turned on, the circuit can be described by Kirchoff’s law in

the time domain:

is(wt) = ip(wt) + Iec (2.15)

‘/CC = iL(wt)RL + is(wt)rs (216)

14



2.2 Switchmode power amplifiers

Here it is assumed that the DC-block capacitor C}, has an infinite capacitance and
therefore immediately charges to the voltage V... Solving the system of two equations

(2.15) and (2.16) an expression for the switch current can be derived:

o V::c + ICCRL

is(wt) By (2.17)

When the switch is turned on, the current does not flow through it. Therefore,

the drain current can be expressed as follows:

0, O<wt<m
iy = (2.18)

‘/cc+IccRL
Rt T <wt <27

From (2.18) it follows that the drain current in the time domain will have square
shape, as shown in Fig. 2.5(a), and therefore it has an infinite number of harmonics.

The first two terms of the Fourier expansion can be expressed as [19]:

1 Vee

[:ICC:—/W' td(wt) = —— 2.19
0 2m Jo iwt)d(wt) Ry, + 2r ( )
1 = 41
I = —/ is(wt) sin wtdwt = —> (2.20)
mJo s
The power delivered to the load at the fundamental frequency will be:
1 8  RLV?
p—ipR — o Ve 2.21
T2 2 (R 4 2,2 (2:21)
The drain efficiency can be found as:
P, 8R
n 0 = & (2.22)

T IV 2Ry +2ry)

In the ideal case, when ry = 0, the drain efficiency of the class-D PA would be
n = 81%. This means that in the case of square wave drain current 19% of the DC

power supply energy is spent for higher harmonics.
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() (b)

Fig. 2.5 Waveforms of a class-F PA: (a) - drain current; (b) - output current.

Usually class-D PAs consist of two devices operate in push-pull mode. Both
devices are driven by the same source with duty cycle of 50% or less in order to
prevent overlapping of drain current. The main advantage of the class-D PA is its
low voltage across drain-source transition, which makes them an attractive choice
for system-on-chip (SoC) applications. However, as it has been shown earlier, this

type of PA has efficiency losses due to generation of high harmonics.

2.2.2 Class-F power amplifiers

The general structure of the class-F PA is shown in Fig. 2.6. It consists of an active
device (vacuum tube, BJT or FET), drain voltage supply V.. connected via RF choke,
and an active load Ry, connected to the output of the device via a band-pass filter
BPF. As it was shown in [27, 28] if the drain voltage waveform of a class-B PA is
flattened it is possible to significantly improve the output power without increasing
the DC power consumption, and therefore, improve the efficiency of the PA. If the
voltage waveform has a square shape, as shown in Fig. 2.7(a), the drain efficiency will
approach 100%. In [28] this operation mode was referred to as the optimum efficiency
case class-B PA. Drain current in this case will have the shape of a half-sinusoidal
waveform (see Fig. 2.7(b)).

Since the square shaped waveform consists of an infinite number of harmonics,

the BPF has to filter out the harmonics and provide only the fundamental frequency
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R,

Fig. 2.6 The general structure of the class-F PA.

at the output load. For the ideal operation the BPF must provide short circuit input
impedance at the even harmonics, open circuit impedance at the odd harmonics and
active impedance Ry, at the fundamental frequency (see Fig. 2.8(a)). The higher
number of harmonics provided, the closer the waveforms will be to the ideal shape,
and therefore, the higher efficiency can be achieved. However, it is extremely difficult
to provide the ideal harmonics suppression using lumped component resonators or
transmission line resonators. The possibility to maximize the flatness of the drain
voltage and drain current waveforms using a finite number of resonators was analyzed
in [29]. It was demonstrated, that providing the required conditions for the second
and third harmonics results in drain efficiency of 75%, which is close to the class-B
PA. Providing additional conditions for five voltage harmonic components increases
the efficiency to 83.3%.

Further improvement of the drain efficiency can be achieved by minimizing the
downward excursion of the waveform [30]. By adjusting harmonic amplitudes in
this way it is possible to minimize the DC power consumption of the PA while
maintaining the same level of the output power at the fundamental frequency. It
should be noted that the maximum output power and the maximum efficiency can
be achieved with the same set of coefficients [30].

High efficiency of a PA shown in Fig. 2.6 can also be achieved if the band-pass
filter provides open circuit condition for even harmonics and short circuit conditions
for odd harmonics. In this case the drain voltage in the time domain will have

half-sinusoidal shape, and the drain current will be a square wave. This type of PA
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Fig. 2.7 Waveforms of a class-F PA: (a) - drain voltage; (b) - drain current.
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Fig. 2.8 Load circuit of PA: (a) - class-F PA; (b) - inverse class-F PA.

operation is referred to as inverse class-F PA. The load consists of a finite number of

series resonators tuned to the even harmonics (see Fig. 2.8(b)).

At high frequencies the implementation of load network and RF choke with

lumped components is difficult and therefore transmission line implementation is

widely used. The design of a distributed circuit is based on Richard’s transformation

which establishes the equivalence between lumped circuit elements and transmission

line sections [31]. As a result of this transformation, the capacitances can be

represents as open-circuited stubs and the inductances as short-circuited stubs with

electrical length of 45°. The achieved impedance and electrical length values can
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then be optimized in order to provide the required load impedance at the specified
frequencies.

Since all resonant circuits (implemented with either lumped components or
transmission line) provide ideal load at one frequency only, several techniques have
been proposed in order to address limited bandwidth issue. A load network with low
loaded Q-factor has been proposed [32]. This load provides a quasi-optimal class-F
operation at the fundamental frequency and second harmonic. As a result, relative
bandwidth of 45% (575 MHz - 915 MHz) was achieved. Another way of improving the
bandwidth of is called continuous class-F [33, 34]. In this type of PA the bandwidth
enchancement is provided by means of stabilizing the load impedances for the second
and third harmonics across the frequency band. A class-F PA demonstrating over
61% power added efficiency across the fractional bandwidth of over 20% (2.15 - 2.65
GHz) was presented in [34].

2.2.3 Class-E power amplifiers

As it has been shown in the previous sections, the drain efficiency of a PA can
be significantly improved by driving a device in a switchmode and eliminating the
overlapping of the drain current and drain voltage waveforms. In the class-F mode
this is achieved by forming a square drain voltage waveform in the time domain.
In the middle of the 20th century it was shown that high efficiency can also be
achieved by forming an asymmetric anode waveforms for tube PAs. For example, in
[35] anode efficency of 92% was achieved by simply tuning the load resonator to a
higher frequency. In this case the anode load circuit had an inductive impedance
and, therefore, caused a phase shift between the output voltage and the fundamental
voltage at the anode.

In [36] a PA was demonstrated that exceeded the efficiency of a class-C PA by
adding a shunt capacitor to the load network along with a series LC-resonator. The
achieved class of operation was later called the class-E PA [37]. The ideal class-E

PA can be defined as an amplifier with an active device operating as an ideal switch
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Fig. 2.9 General structure of the class-E PA.

and load network which fulfils three conditions: 1) there is no voltage drop across
the switch when the switch is on, 2) the voltage across the switch reaches the zero
value at the moment when the switch turns on, 3) the slope of the voltage reaches
the zero value at the moment when the switch turns on. The last two conditions
are referred as zero voltage switching (ZVS) and zero voltage derivative switching
(ZVDS) conditions respectively.

A detailed theoretical analysis of the class-E PA was presented in [38]. The
operation can be demonstrated on a simple model shown in Fig. 2.9. The transistor
is represented as an ideal switch, the load network consists of a shunt capacitor (),
series filter LyCy and a load R + jX. The active device is fed from a DC voltage
source via infinitely large inductance RFC. In the model the following assumptions

are made:

1. The switch has zero resistance when it is turned on and infinite resistance when

it is off.
2. All the lumped components of the circuit are linear.
3. All the components except the active load are lossless.
4. The load resonator is tuned to the fundamental and has infinite Q-factor.
5. The input signal is a squre wave with 50% duty cycle.

Without loss of generality, one can assume that the switch is on at the time
0 < wt < w and the switch is off at the time 7 < wt < 27w, where w = 27 f, is

the operating angular frequency. Hence, the ZVS and ZVDS conditions can be
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Fig. 2.10 Voltage and current waveforms of an ideal class-E PA.
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Fig. 2.11 Class-E PA with finite DC-feed inductance.

mathematically expressed as:

o(wt) =0 (2.23)
dv(wt)

=0 2.24

dwt ’w?w ( )

where v(wt) is instantaneous value of the voltage across the switch. The behaviour
of the switch voltage in time domain can be described by a first-order differential
equation. The solution of this equation gives the optimum values for C}, and X
depending upon the required output power and drain supply voltage V... Typical
voltage and current waveforms are shown in Fig. 2.10. However, the ideal class-E
operation can be achieved only for one frequency and for 50% duty cycle input signal,
which is called optimum class-FE. If the central frequency and duty cycle deviate, the
PA is referred to as suboptimal class-E [38].

Although the load network with RF choke and shunt capacitor can provide the
ideal class-E operation, it requires a large inductance connected to the DC power

supply, which makes the circuit bulky. However, the class-E operation can also
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Fig. 2.12 Class-E PA with finite quarterwave transmission line.

be achieved with a load network consisting of one finite inductance and one shunt
capacitance [39-41]. The general structure of such a PA is shown in Fig. 2.11.
Unlike the class-E PA with an RF choke, the load network contains an inductance
L4 connected in parallel with the shunt capacitance C,. The load is connected to the
device through a resonator LyCy which has sufficiently high loaded Q-factor. In this
case, the voltage across the switch in the time domain is described by a second-order
differential equation which has an infinite number of solutions. Consequently, for
the given values of output power, drain supply voltage and carrier frequency there is
an infinite number of combinations of L4, C}, and complex load Z = R + jX that
provide the ideal class-E operation. In order to separate a particular solution, an

additional parameter can be defined as:

1

= w\/Lde

where w = 27 f, is angular carrier frequency. As it was demonstrated in [42], the

(2.25)

arbitrary chosen parameter g along with input design parameters uniquely defines
the circuit components C',, and L4 and complex load Z. The possibility to choose an
arbitrary value of ¢ gives an additional flexibility to a designer when it is necessary to
take into account parasitic reactance of a transistor. It also enables the manipulation
of load modulation properties of a PA, which can be used in high efficiency PA
structures, such as outphasing or Doherty PA [43, 44].

At RF frequencies the infinite inductance in Fig. 2.9 can be replaced with a
quarterwave transmission line. In this case the device parasitics can be taken into

account by including an additional inductance L, as shown in Fig. 2.12. The switch
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Fig. 2.13 Class-E PA with shunt capacitance and shunt filter.

voltage and current waveforms can be found from solving a second-order differential
equation in the time domain. The parameter ¢ = (wy/LsC,) ! defines a particular
solution from an infinite number of solutions and allows one to take into account
device parasitic capacitance and bondwire induction. The load network parameters
Ly, Cp, and Z = R+ jX can be derived from the procedure outlined in [19]. The
optimal load Z can be matched with the required output impedance using either a
single section of a transmission line or an L-shaped section. In the latter case an
additional suppression of the third harmonic can be provided which improves the
overall efficiency of the PA.

The possibility to achieve high efficiency when the zero switching conditions are
provided for switch current and current slope was demonstrated in [45]. This type of
operation was later referred to as inverse class-E PA. The switch voltage and current
waveforms are provided by an L-shaped circuit implemented as a high-pass filter (a
series capacitance and a parallel inductance), and the harmonics are filtered with a
series band-pass filter. In [46] the same PA operation was achieved using a low-pass
filter shaping circuit (a series inductance and a parallel capacitance) with a parallel
filter, which provides short circuit conditions for all harmonics.

The load network of a class-E PA with shunt capacitance and shunt filter was
presented in [15]. In this case the voltage waveforms fulfilling the ZVS and ZVDS
conditions are provided by a load network containing a parallel capacitance C}, and
a series inductance Lg, as shown in Fig. 2.13, and the harmonics are suppressed by a
shunt resonator LoCy. The detailed analysis of this type of PA was presented in [47].
As it was shown, the ideal class-E operation can be provided for any value of the shunt

capacitance C, which allows a designer to incorporate device capacitance into the
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load network. The more detailed analysis of the class-E PA with shunt capacitance
and shunt filter along with its properties will be presented in the following chapters.

Due to their high efficiency, compact output load network size and ability to
operate at wide range of output power levels, class-E amplifiers are widely used in
modern transmitters. Besides, due to the load network configuration, the parasitic
reactances of an active device can be incorporated into the output circuit. Typically,
at RF frequencies the output capacitance of a transistor acts as the shunt capacitance
(), forming the class-E voltage and current waveforms. More information about
history of the class-E PA, modern trends and design techniques can be found in

[19, 48, 49].

2.3 Outphasing power amplifiers

Although all the single-ended PAs can amplify RF signals, they can provide either
high linearity or high efficiency. For example, class-A PAs are capable of providing
a very high linearity but the efficiency of this type of PA is less than 50%, since
there is power dissipation at the active device at all times. Switchmode PAs, such as
class-F and class-E provide very high efficiency, however, the ideal operation can be
achieved at a certain level of output power and therefore, these types of PA introduce
a significant nonlinear distortion into the transmitted signal.

In order to overcome this issue a technique called outphasing modulation was
proposed in [10]. In this work the overall efficiency of an RF transmitter was improved
by splitting a transmitted amplitude modulated signal into two phase modulated
signals using a signal component separator (SCS), as shown in Fig. 2.14. The phase
modulated signals have constant magnitude and can be amplified with high efficiency
without any nonlinear distortion. After amplification these two signals can be added
together with the output combiner in order to achieve an amplified replica of the
input amplitude and phase modulated signal Si,(¢), as shown in Fig. 2.14. The
same technique was later reintroduced by Cox in [50] where it was called linear

amplification with nonlinear components (LINC).
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Fig. 2.14 A block-diagram of the outphasing transmitter.
Vet Z. 90°
+j6 © :
V, e Zc 90 Iccomp RL
R, = S —
Z: 90 =
Risol ° <
Zc 90 - Vie® Lcomp
V, e =
(a) (b)

Fig. 2.15 Outphasing combiners (a) - Wilkinson isolated combiner; (b) - Chireix non-
isolated combiner.

Different types of output combiners have been used in outphasing transmitters.
All off these types can be categorized into three general classes: isolated combiners
[51, 52], non-isolated combiners [43, 44, 53-57], and partially isolated combiners [58].
Isolated combiners contain resistive elements that isolate branch PA outputs from
each other, as shown in Fig 2.15(a). Therefore, each branch PA sees a constant load
impedance and very high linearity can be provided. However, as it was shown in
[59], the instantaneous efficiency of isolated combiners depends on the outphasing
angle value as:

Tinst = COS2 0 (226)

The average efficiency defined by expression

/2
Nave = /0 NinstP(0)d0 (2.27)

where p(0) is the probability density function of the transmitted signal. The higher

the peak-to-average power ration (PAPR) of a signal, the more often the outphasing
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angle takes on values close to 90° and, therefore, the lower the average efficiency of
the isolated combiner.

Nonisolated combiners do not contain lossy elements and, therefore, provide higher
efficiency. The general structure of a Chireix combiner is shown in Fig. 2.15(b). Two
inputs are connected to an output load Ry, through quarterwave transmission lines
with characteristic impedance Z.. The input impedance of nonisolated combiners
depends on the outphasing angle and therefore on the level of input signal. For
two signals with the same magnitude and opposite phases the input impedance will
be two complex conjugate values. The reactive components Leomp and Ceomp are
chosen in order to provide purely active load impedance for peak and back-off output
power. This load modulation can significantly improve the average efficiency of the
transmitter. However, since these combiners introduce significant nonlinear distortion,
digital predistortion (DPD) techniques should be used for these transmitters [60—
62]. Partially isolated combiners provide trade-off between nonlinear distortion and
linearity and are capable of improving the bandwidth performance of an outphasing
transmitter [58].

Generally, any type of amplifiers can be used as branch amplifiers in outphasing
transmitters. Up to the present time, outphasing transmitters based on class-A,B
[10, 54], class-AB [58], class-D [61, 63], class-F [62, 64, 65], class-E [43, 44, 53, 55,
56]. However, since the branch PAs amplify signals with constant magnitude, the
switchmode amplifiers provide better efficiency improvement. Besides, the branch PA
load impedance provided by nonisolated Chireix combiners depends on outphasing
angle, and therefore, on the level of the input signal. Consequently, in order to
amplify amplitude modulated signals with high efficiency, the branch PAs have to
maintain high efficiency across a wide range of load impedance values.

Due to their potential to provide very high drain efficiency across wide range of
output power, the outphasing PA has drawn attention of researchers and engineers.
However, there are some significant design challenges concerned with this type
of load modulation technique. Firstly, the separation of an amplitude and phase

modulated signal into two constant magnitude phase modulated signals causes
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significant spectrum regrowth. Therefore, each phase modulated signal has bandwidth
8-10 times wider than the bandwidth of the original signal before the SCS, which
causes additional nonlinear distortion. For this reason, the instantaneous bandwidth
of outphasing PAs is limited. Secondly, since the amplitude of the input signals is
constant and does not depend on the amplitude of the transmitted signal, outphasing
PAs demonstrate low gain for low output power. Therefore, outphasing PAs provide
relatively low instantaneous power added efficiency PAE for low output power levels,
and low average PAE for signals with high PAPR. However, this drawback can be
overcome by introducing amplitude modulation into the input signals and drain

voltage supply modulation [66, 67].

2.4 Doherty power amplifiers

Doherty PA was proposed by William Doherty in 1936 as an alternative approach
to improve the overall efficiency of radio transmitters operating with amplitude
modulated signals [11]. The proposed technique was initially demonstrated on a 50
kW transmitter for a transatlantic radiotelephony station. By means of the described
novel load modulation technique, the overall efficiency of 60% was achieved along
with a very low level of nonlinear distortion - a few per cent depending upon the
frequency range. This efficiency improvement enabled a reduction of the overall power
consumption of the transmitter two times compared with a traditional single-tube
amplifier that would provide the same level of linearity.

The operation principle of the Doherty PA can be described using a simple model
shown in Fig. 2.16(a). The two transistors are modelled as ideal voltage-controlled
current sources with different bias and output currents I; and I. If these two current

sources are connected directly to an active load, the load impedance that each source
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Fig. 2.16 Doherty PA model (a) - model at the active load; (b) - current sources with
impedance transformer.

sees will depend on the output current of the other source:

I
7, = Ry (1 + ;) (2.28)
1

I
Zy = Ry, (1 + 1) (2.29)
I

Therefore, the output current of each current source depends only on the input
voltage, whereas the power generated by each of the sources into the load depends
on the current of the other source.

When the level of the input signal is low, the peaking amplifier does not generate
any output current, and the carrier amplifier sees the impedance Ry. Since the
carrier PA operates as an ideal current source, the output current rises linearly up to
the transition point where the carrier PA reaches the saturation. Once the transition
point is passed, the peaking PA starts generating output current I, and, according
to (2.28), increases the impedance seen from the carrier PA. In order to reduce the
power generated by the carrier PA to the load, an impedance inverter is added, as
shown in Fig. 2.16(b). Because of the impedance variation in the time domain, the
carrier amplifier remains in the more efficient saturation mode, whereas the power
generated by the peaking PA increases. If the current of the peaking PA increases
twice as fast as the current of the carrier PA, at the peak value of the input signal
they both generate the same peak power.

A Doherty PA at microwave frequencies was presented in [68]. A typical structure
of a microwave Doherty PA implemented with transmission lines is shown in Fig. 2.17.

The load Z; is transformed to an intermediate imoedance 0.57; using a quarterwave
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Sout(t)

90°

Fig. 2.17 Block-diagram of the Doherty PA implemented using transmission lines.

line with characteristic impedance 0.717,. At the peak output power the load
impedance for both peaking and carrier PAs is Z;. At the back-off power level -6
dB, when the peaking PA is off, the carrier sees the load impedance 2Z7;, which
is provided by the load 0.57, along with the impedance transformer implemented
with a quarterwave transmission line with characteristic impedance Z;,. Since the
impedance transformer line in the load circuit of the carrier amplifier causes a phase
delay of 90°, the input signal is split into two parts with 90° compensation offset.
This signal separation is usually done using either a Wilkinson combiner with delay
transmission line, or with a 90° hyprid power divider. Since the carrier PA operates
in the saturation mode, the Doherty PA maintains the high efficiency for output
power levels between the peak power and -6 dB back-off power.

Due to the ability to amplify signals with high PAPR with high efficiency, Doherty
PAs have been drawing the attention of researchers. Some modifications of Doherty
PA have been proposed targeting an extended back-off power level [69-71], improved
bandwidth [72-75]. Some works are targeting the overall efficiency improvement by
using class-F amplifiers [76-78] and class-E amplifiers [73, 79].

In the digital Doherty PA configuration the input signal is split digitally and
fed to the carrier and peaking amplifiers separetly [80-83]. This approach enables
some performance improvement by means of adaptive phase alignment in the digital
domain, which compensates the phase impairment between the two paths when the
peaking amplifier is turned on. Besides, since the signal separation is performed
digitally, digital Doherty PA does not suffer from phase delay caused by impedance
mismatch. Usually, the digital block also performs DPD in order to achieve the
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required level of the output signal linearity. However, linearization of the PA can
be also implemented on the circuit level implementing overdrive voltage control and

multiphase RF-clocking [83].

2.5 Envelope elimination and restoration

The envelope elimination and restoration technique (EER) was initially proposed in
[84] as a way of improving the efficiency of RF transmitters operating with single
sideband modulated signals. Since this type of signal conveyed the information in
both amplitde and phase variation, it required more advanced techniques to achieve
high efficiency compared to AM transmitters. In an EER transmitter the original

amplitude and phase modulated signal
v(t) = V(1) cos (wt + (1)) (2.30)

is split into two parts and supplied to an envelope detector and an RF limiter (see Fig.
2.18). The RF limiter eliminates the amplitude variation V' (¢) from the transmitted
signal and produces a phase modulated signal with constant amplitude, which is fed

to the input of a switchmode PA:
vpm(t) = Ve cos (wt + (1)), (2.31)

The envelope detector extracts the amplitude variation of the transmitted signal,
which is then amplified with a low frequency amplifier and used to modulate the
drain supply voltage of the transmitter PA. Since for switchmode PAs the output
power is proportional to the drain voltage, the PA with a modulated drain supply
restores the original amplitude and phase modulated signal.

As well as in the outphasing transmitters, in the EER systems the PA amplifies a
signal with a constant envelope which allows the use of high-efficient switchmode PAs,

such as class-E [85] or class-F [86]. Compared to the load-modulation techniques
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v(t)
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me(t)

Fig. 2.18 The structure of an envelope elimination and restoration transmitter.

presented in the previous sections, the EER provides higher efficiency across a wide
range of output power levels and higher linearity of the output signal [87]. However,
the implementation of this transmitter is challenging. Firstly, there is a potential
phase mismatch between the phase-modulated signal and the low frequency envelope
signal, which causes an intermodulation distortion of the output signal. Secondly,
the RF limiter introduces some phase distortion to a phase-modulated signal, which
can significant at high frequencies. Thirdly, since the signals supplied to the device
input is constant envelope, the low level of the output signal is provided by a low
level of the drain supply voltage. This pushes the active device to operate outside of

the active region, and may cause severe distortion for signals with high PAPR.

2.6 Envelope Tracking

A similar approach to improving the efficiency of transmitters is called envelope
tracking (ET). This technique is based in the fact that the efficiency of a single-
ended PA, such as class-AB, class-B or class-C, depends on both output power
and drain supply voltage. For example, drain efficiency of a class-B PA increases
with the rise of drain-source current, and it reaches 78.5% when the output current
reaches the saturation. The difference between the drain supply voltage V. and
the envelope voltage is called voltage overhead. If V. remains constant, at back-off
power levels voltage overhead is big, which decreases the efficiency of the PA. In the
ET transmitter the drain supply voltage is varied in the time domain so that the
voltage overhead is minimized. Therefore, the active device constantly operates close

to its saturation, which improves the transmitter efficiency.
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envelope DC - DC
detector converter
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Fig. 2.19 The structure of an envelope tracking transmitter.

The general structure of the ET PA is shown in Fig. 2.19. It consists of a supply
modulator and an RF PA. The envelope signal fed to the supply modulator can be
generated from the input RF signal itself using an envelope detector. However, in
most modern transmitters it is easier to generate an envelope signal in the digital
domain using a separate DAC. This signals usually occupy the low frequency spectrum
from DC to 3-4 times RF signal bandwidth depending upon the modulation and
PAPR of the transmitted signal. The peak power of the envelope signal should be
approximately 1.5 times higher than the peak power of the RF signal. For example,
if an LTE signal with 10 dB PAPR is transmitted with output power 20 W, then
the peak power for the envelope signal will be approximately 300 W.

Time delay block is necessary in the main RF part, since the dynamic supply
voltage and the input RF signal should arrive at the RF PA at the same time. The

acceptable time error can be estimated as [88]:

Ao 002

~ 2.32

where BWgr is the bandwidth of the transmitted signal. In modern transmitters
time alignment can be implemented using closed-loop monitoring systems. These
systems also perform DPD in order to maintain required level of linearity of the
output signals.

The idea was initially proposed by Loy Barton [89] and was addressing the issue
of high power consumption of transmitters operating with amplitude modulated
signals. The ET transmission in the modern form was described in [90, 91] as a

way of transmitting single-sideband modulated signals. This technique has recently
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Fig. 2.20 Spectrum regrowth as a result of PA distortion.

drawn the attention of researchers as a way to reduce energy consumption of wireless
systems operating with WCDMA and LTE signals. Compared to other efficiency
enhancement techniques ET transmitters are capable of providing wider bandwidth

and wide range of back-off power levels.

2.7 Linearization Techniques

According to the Shannon-Hartley theorem, the channel capacity of any wireless
system is proportional to the occupied bandwidth [92]. However, since the frequency
spectrum is a natural resource, transmitted signals should provide as high spectrum
efficiency as possible. For this reason, OFDM modulation has been used in LTE
transmitters. Most PAs introduce some nonlinear distortion into transmitted signal if
amplitude and phase modulation is used, which in turn causes spectrum regrowth, as
shown in Fig. 2.20, and reduces the spectrum efficiency. One way to avoid nonlinear
distortion is to drive PAs at back-off output power level [93]. As it has been shown
previously in this chapter, this approach significantly reduces the overall efficiency of
a transmitter.

Another approach to improve the PA linearity is to introduce some nonlinearity
into a transmitted signal, which would compensate the nonlinearity of the PA. This

approach is called predistortion, and it can be performed either in the analog domain
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or in the digital domain. In the latter case it is called digital predistortion (DPD),
which is widely used in modern communication systems.

In order to be precompensated, the PA nonlinearity should be accurately modelled.
Various behavior models have been proposed based on the trade-off between accuracy
and computational efficiency [14]. If both transmitted and received signals are
represented in the digital domain as a finite number of samples, the nonlinear output

of the PA can be represented as follows:

y(n) = ; apa’(n) (2.33)

where x(n) is the sampled input signal, y(n) is the sampled output signal, and P is
the nonlinearity order. Increasing the order of the polynomial improves the precision
of the model at the cost of computational complexity. It should be pointed out, that
in the model (2.33) it is assumed that the level of the output signal depends on the
level of the input signal only. However, in real PAs it also depends on the level of
the input signal at the preceding samples, which is called memory effect. In order to
account for memory effects, a Volterra series representation of the baseband signal

can be used, which was outlined in [94] as follows:

P M M (p+1) (2p+1)
yn)=>">" 0> hy(ma,oo,my) [[ s(n—my) J] #*(n—mi) (2.34)
p=1m1=0 mi=0 7j=1 l=p+2

The advantage of this representation is that the model basis contains all possible
combinations of the memory depth. However, the full Volterra representation of a
signal requires significant computational resources.

Memory polynomial (MP) model is a simplified version of Volterra series repre-
sentation, in which the cross-terms of signal values and its lagging terms of different

values are omitted:

y(n) = Z Z Appz(n — m)|z(n — m)|? (2.35)

p=1m=0
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where | - | denotes the absolute value, o, are the model coefficents and M is
the memory depth, which defines the amount of previous time samples taken into
consideration. The MP model defined by equation (2.35) provides a sufficient accuracy
for many practical applications [95]. An extension of this model called generalized
memory polynomial (GMP) was proposed in [96], wich takes into account cross-term
time shifts. Since all the coefficients in the MP and GMP models appear in a linear
form, they can be easily calculated using any least-squares (LS) algorithm [96]. Due
to the high accuracy and relative simplicity the GMP model remains one of the most
popular techniques for behavioral modelling of different types of amplifiers, such as
outphasing PA [97] and Doherty PA [98].

Once a behavioral model has been built and the coefficients have been identified,
the accuracy of the model needs to be estimated. The precision can be evaluated
either in the time domain or in the frequency domain. In the former case the common
metrics called mean square error (MSE) and normalized mean square error (NMSE)

can be used:
1 N
MSE = 3= |y(n) () [ (2.36)
N
> 1y(n) —g(n) |
NMSE = = (2.37)

N
> lyn)
=1

where y(n) is the measured signal and ¢(n) is the modelled signal. In the frequency
domain the precision of the model can be estimated using a metric called adjacent

channel error power ratio (ACEPR), which was defined in [99]:

(2.38)

2
ACEPR = mox {Zﬂadj V() =V (f) }

e V()P

where Y'(f) is the discrete spectrum of the output signal y(n), fu, denotes discrete
inband frequencies and f,q; denotes frequencies in the lower (L) and upper (U)

adjacent channels. Since the ACEPR metric estimates the accuracy of the model
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Fig. 2.21 AMAM plots of signals before and after applying DPD.
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Fig. 2.22 Block-diagram of an indirect learning predistorter.

in the frequency domain it allows to separate the distortion in different adjacent
channels and the inband distortion.

The linearization of the PA is implemented by a linearizer which mimics the
inverse nonlinear behavior of the PA. Combined with the nonlinearity of the PA,
the predistortion provides a linear signal at the output of the PA. This process is
illustrated in Fig. 2.21, where initial signal coming from an IQ modulator is distorted
after a PA (blue dots). Based on a behavioural model of the PA, a linearizer generates
a predistorted signal (green dots), which produces a linear output (red dots) after
the PA stage.

The two main approaches to DPD implementation are direct learning and indirect
learning algorithms. The principle of the indirect learning DPD can be demonstrated
using Fig. 2.22. The predistorter analyzes the difference between a transmitted

signal before the PA z(n) and a transmitted signal after the PA y(n). Therefore, the
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Fig. 2.23 Block-diagram of a direct learning predistorter.

goal of the algorithm is to build a signal xppp in order to minimize the error, and

the cost function can be expressed as follows:

Jira(n) =[ zpep(n) — y(n) |17 (2.39)

where || - ||z denotes the Frobenius norm. The cost function Jipa(n) can be minimized
using different techniques, such as least squares (LS) or least mean squares (LMS)
algorithms. Despite its simplicity, the indirect learning technique is sensitive to noise,
because the error estimation depends on the noisy output signal measurement [100].
In order to reduce this dependency, a modified technique called model-based indirect
learning algorithm was proposed in [101]. In this technique, a model of the real PA
is constructed, which replaces the PA in the linearization process.

In the direct learning technique the predistorter iteratively minimizes the difference
between the original signal xz(n) and the transmitted signal y(n) that comes from
the PA output (see Fig. 2.23). In this case the error vector will be written as

e(n) = y(n) — z(n), and the cost function can be expressed as follows:
Jora =| e — ®(x)T A6 |3 (2.40)

where A# is the vector of model parameters and ®(x) = [x(n),x(n —1),...,x(n —
M)|x(n — M)|?P] is the matrix constructed of input signal values. Since this matrix
is base on undistorted signal, the direct learning algorithm is less sensitive to the

noise compared to the direct learning.
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Chapter 3

Class-E power amplifier with shunt

capacitance and shunt filter

As it has been pointed out in Section 2.2, the class-E PA is capable of providing high
drain efficiency and has a compact output load circuit. Besides, class-E amplifiers
demonstrate the ability to maintain high drain efficiency across a wide range of
output power levels when load modulation is used [44, 102] and wide frequency
bands [103-105]. There are several ways of achieving class-E PA operation [19], and
a particular choice of the PA structure depends on the operating frequency, used
technology, output power level and other factors.

The class-E PA with shunt capacitance and shunt filter has several advantages
compared to other structures, such as ability to incorporate the device parasitics
into the output load network and potential of broadband operation. Initially, it was
proposed in [106], and in [15] a modified version of this PA with pure active load
was introduced, which made it easier to match the output to the standard 50 ohms
load. The general analysis of this type of class-E PA was presented in [47]. As it was
demonstrated, a particular complex load can be found in order to take into account
device parasitics. Therefore, it is possible to find an output load configuration that

provides very high drain efficiency for a particular device.
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Fig. 3.1 Load network of a class-E power amplifier with shunt capacitance and shunt
filter: (a) - drain voltage supply through RF choke; (b) - drain voltage supply
through resonator inductance.

In this chapter the general analysis of the class-E PA with shunt capacitance
and shunt filter for an arbitrary output power is presented. Firstly, the solution
for the ideal class-E operation is presented. Secondly, the operation of the PA at
back-off power is analyzed. The derived results are proven using a harmonic balance
circuit simulator from Keysight ADS simulation tool. Based on the derived results
single-ended amplifiers have been manufactured based on GaN HEMT packaged
transistors. The operation of the fabricated amplifiers at the peak power has been

tested experimentally.

3.1 Ideal operation

As mentioned in 2.2, the necessary and sufficient conditions for the ideal class-E
operation reffered to as ZVS and ZVDS and defined by (2.23) and (2.24) respectively.
In [15, 47] it was shown, that class-E operation can be achieved using the load
network configuration shown in Fig. 3.1(a) and Fig. 3.1(b). This load network

consists of a shunt capacitance (), a series inductance L, a shunt resonator LyCy,
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a DC-block capacitance C},, an active load R and load reactance jX which can be
inductive or capacitive depending on the values of Ly and C,, as it will be shown
later. A DC voltage V.. is supplied to the drain of the transistor either through an
RF choke RFC (see Fig. 3.1(a)) or through the inductance of the shunt resonator
Ly (see Fig. 3.1(b)). The latter case is preferable since it avoids the need for bulky
inductive elements. The operation of the PA can be considered separately in two
states: when the switch is on (0 < wt < 7) and when the switch is off (7 < wt < 27).

In this section an ideal model of the output circuit is considered, which means that:

1. The transistor operates as an ideal switch with zero on-resistance and infinite

off-resistance.

2. All the lumped components in the circuit are linear.

3. All the components except the load resistance R are lossless.
Throughout this section we denote:

o v(wt) is voltage across switch in time domain;

» vg(wt) is voltage across active load in the time domain;

o vx(wt) is voltage across reactive load in the time domain;

+ ic(wt) is current through the parallel capacitance C}, in the time domain;

o ip(wt) is current through the series inductance Lg in the time domain;

o VR is amplitude of the voltage across the active load at the fundamental

frequency;

o Vx is amplitude of the voltage across the reactive load at the fundamental

frequency;

w = 27 f is the fundamental angular frequency.
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In order to simplify the equations, the following parameters are used:

q= ﬁst (3.1)
r = wt (3.2)

Vi
R = 17R (3.3)
rx = “Z (34)
u(z) = “(V“C’Ct) (3.5)

In the normalized form, the conditions for ideal class-E operation ZVS and ZVDS

can be written as:

u(x) . =0 (3.6)
du(z) B
dr |, =0 (3.7)

When the switch is on (0 < wt < 7), there is no voltage drop across the switch,

and Kirchoff’s law for voltages can be written as:

Vee — vx(wt) — v, (wt) — vg(wt) =0 (3.8)

where the voltages in the time domain can be expressed as:

. diL(wt)
v (wt) = wih Tt (3.9)
vr(wt) = Vi sin(wt + @) (3.10)
vx (wt) = Vx cos(wt + ) (3.11)

In (3.10) and (3.11) it is assumed that the shunt filter LoCj has very high loaded
Q-factor and provides ideal short circuit for all harmonics. Therefore, only the

fundumental current flows through the active load R with phase shift ¢. Since the
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switch is on, the current does not flow through the capacitor:

ic(wt) = wC dv(wt)

=0 3.12

When the switch is off (7 < wt < 27), the current does not flow through the

switch and flows through the parallel capacitance instead:

ic(wt) = wCp dq:lfjtt) = wzs /:t v (wt)d(wt) + i ()

= [ W= oleot) = unlet) — (el +

(3.13)

€

Differentiating the equation (3.13) and using definitions (3.1) - (3.5) one can

derive an equation for the voltage across the switch in the normalized form:

d
chZ + ¢*u = q2<1 — rrsin(x + @) — rx cos(x + <p)> (3.14)

Equation (3.14) is a linear ordinary differential equation with four unknown parame-
ters: ¢, rr, rx and . Here we assume that parameter ¢ is a variable and the rest of
the parameters can be found from the solution of the equation and application of
initial conditions. The solution of the equation (3.14) can be found using the method

of constant variation. The solution is:

2
u(x) =1+ q72 (TR sin(z + ¢) + rx cos(z + go))—l—
1—yq (3.15)

+ (' cos qx + Cysingx

Here C and C5 are constants that do not depend on x. These constants can be
defined from the initial conditions for the moment when z = 7.
The first condition follows from the assumption that when the switch is on

(0 <z < ), there is no voltage drop across the switch:

u(lz=m)=0 (3.16)
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At the same time the current through the inductance L, can be expressed as:

1 T
/ (VCC — Vx cos(z + ¢) — Vr sin(z + go))dx =
wLg Jo

ZL<JZ) =

Ve X . . Vi
= 0% - - 3.17
L. L. (sm(w + ) — sin 90) + L. (cos(x + ¢) — cos gp)—}— (3.17)
+i1,(0)

At the moment when the switch turns off, this current flows through the parallel

capacitance C, and therefore

. , dv(z)
iclz=m7)=tiL(x =7m) =wC, o

(3.18)

On the other hand, the current through the inductance Lg at the moment z = 0

is defined as

(3.19)

Podr y=on
and therefore, from the ZVDS condition (3.7) it follows that i1,(0) = 0. However, as
it will be shown later, in the case of back-off power operation the ZVDS conditions
is violated and, therefore, i,(0) # 0. From equations (3.17) and (3.18) and using
(3.1) - (3.5) one can derive an equation for the slope of the voltage across the switch
at the moment when the switch turns off:

du(z)
dx

= (7? + 2(rx sin ¢ — rg cos go)) (3.20)

T=T

Applying the conditions (3.16) and (3.20) to the equation (3.15) one can obtain
the system of two linear equations for the variables C'; and C5. The solution of this

system will be:

2

C, = —p2< 7 _ 2q> sin gm — g sin gm + TP o qm — COS qT (3.21)
1—¢q? 1—¢q?
4°ps q
Cy = sin gm — sin qm + qm cos g7 + po ( — 2q> cos qm (3.22)
1—¢q? 1—¢2
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Fig. 3.2 Equivalent circuit of class-E PA at the fundamental frequency.

where

p1 =TrSing + 1y cosg (3.23)

P2 = rrCoOS@ — rx sing. (3.24)

In order to find the circuit parameters it is necessary to use conditions for
ideal class-E operation (3.6) and (3.7). Substituting expression (3.15) along with
the expressions for constants (3.21) and (3.22), one can achieve a system of two
independent linear equations with two unknown parameters p; and ps. The solution

for the system would be:

(¢ — 1)<q7r sin gm — 2(¢* — 1)(1 — cos qw))
2¢*(1 + cosgqm)

(> = 1) <q27r cos qm + 2¢ sin g + q27r)
2¢*(1 + cos gm) '

p2 = (3.26)

The circuit parameters can be found by considering the load PA network in
the frequency domain. The DC component of the drain current can be found from

applying the Fourier transform to the current waveform:

1 2 . ‘/vCC 7'(‘2
Iy = %/0 ip(x)dx = L. (2 —2p; — 7Tp2>. (3.27)

Since all the components except the active load are lossless, one can assume that
the drain efficiency is 100%. Therefore, all the energy of the DC power supply
is transformed into the energy dissipated into the active load R. Consequently,

Pout = IpVee, and, taking into accout (3.1), the values Lg and C}, can be derived from
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3.1 Ideal operation

the following expressions:

VQ 7T2
— cc - 2 _ 2
s 27w Py < 9 P1 7rp2> (3 8)
1
= 2
Cp Ta(qo)? (3.29)

The values g, rx and ¢ can be found from considering the operation of the PA
in the frequency domain at the fundamental frequency as shown in Fig. 3.2. The

normalized voltage magnitude across Lg and X can be found as:

1 T
Unix = Viix _ ——/ u(z) cos(z + ¢)dx (3.30)
Vee T Jo

The voltage across the active load R has 90° phase shift relative to Vi, x and

consequently can be found from the Fourier transform:

_ W1 :
Ur = 7 7T/O u(z) sin(z + ¢)dx (3.31)

It should be noted that in (3.30) and (3.31) the normalized voltage u(x) is defined
by (3.15) and the integration can be performed analytically. From the first Kirchoff’s

law for the circuit it follows that

UL+X . wLS + X

3.32
TR R ( )
However, from the output power definition
V2 (TRV )2
R=_—1 =>+°F 3.33
2Pou‘c 2Pout ( )
From (3.32) and (3.33) it follows that
2Pou Ls
Xy Zow 2 (3.34)

Upix = — .
+X
TR Vc% TR
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3.1 Ideal operation

By performing integration on expression (3.31) and substituting it into the equation
(3.34) one can derive an equation that, along with the equations (3.25) and (3.26),
form a system of three independent equations with three unknown variables. The

solution of this system can be written as:

A B
p= M larccos (\/W) +

(3.35)

4 arccos L

VA2 + B2

where
A= Mip: + Mapy — Mapi + Mypy (3.36)
B = Mipy — Mapy — 2M3p1ps (3.37)
T = 2M4 - M1p2 - Mgpl (338)
M, = 71'((]2q—1) (C’g(cos 2qm + cos qm) — Cy(sin 2¢m + sin q7r)> (3.39)
2q sin 2qm + sin g €OS 2qT + cos qTm

M,=-"21+(C C 3.40
= POy P e (340)

2

q
My=14 ———— 3.41
2FPoy

My= =73 “wLs (3.42)

The constants C7 and Cs are uniquely defined by the parameter ¢ and can be found
from expressions (3.21) and (3.22) respectively. Once the phase shift value has been

found, the voltage ratio parameters can be derived:

rX = P1COS Y — Pasing (3.43)

TR = p18in ¢ + pe cos ¢ (3.44)
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3.2 Back-off operation

The values rg and rx in turn define the load impedance:

2
R =k “3 (3.45)
X = ;—XR (3.46)
R

The presented solution shows that it is always possible to provide an ideal class-E
operation for the given values of output power, drain supply voltage, operating
frequency and the parameter ¢q. Any deviations of the input parameters will violate

the ideal class-E operation.

3.2 Back-off operation

Although the ideal load network parameters can be found for the specified output
power, in real transmitters output power changes with time which causes non-ideal
class-E operation. This is the case when a class-E PA is used in transmitters
implementing load modulation techniques, such as Doherty PA or outphasing PA. In
these systems the load presented to the PA changes with time, whereas the values of
(), and Lg do not alter.

As it was shown in [102], a class-E PA can have very high drain efficiency even
when the condition (2.24) for drain voltage is not satisfied. This means that at the
moment when the switch turns on, the initial drain current ir,(0) (the last term in

(3.17)) is non-zero:
du

ir(x=0)= VcccuC’p%

(3.47)

=27
Therefore, the initial condition for normalized drain voltage u at the moment x = 7

will be
du

dz

d
= ¢ (7r + 2(rx sin ¢ — rg cos @)) + ﬁ

(3.48)

=27
Applying the condition (3.48) along with the condition for zero voltage condition at

the moment when the switch turns on, expressions for the constants C; and C5 can
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3.2 Back-off operation

be expressed as follows:

Cy = cio + cuipr + c12p2 (3.49)

Cy = o0 + co1p1 + Ca2p2 (3.50)

where the coefficients ¢;; can be calculated as follows, using the given value of ¢:

¢*>  cos2qm — cosqm
Cll = B .
1—gq cosqm — 1
q> 2gsin qm
C12 = .
12 1—¢% cosqm—1
qm sin qm + cos qm — cos 2qm
Ci0 =
cosqm — 1 (3.51)
q° sin 2qm — sin g7 .
Co1 = 5"
1—¢q cosqm — 1
7> 2q cos qm
Cog = — .
2 1—¢% cosqm—1
sin g — sin 2qm — gm cos qT
C20 =
cosqm — 1
The DC component of the drain current will be:
1 2m
Iy = —/ in(x)de =
‘/cc ( 2 9 ) + V;:c C du ’
= e — - —wC, - —
27w L b1 bz 2 Pdr | pmor

in (3.52) can be found by

r=27

differentiating the expression (3.15) with constants defined by (3.49) and (3.50). By

The first derivative of the normalized voltage %

assuming that the drain efficiency is 100%, P,,; becomes

Pout = V::c : [0 (353)

Therefore, one can derive the first equation for variables p; and ps:

Kipi + Kiaps = Ko (3.54)
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3.2 Back-off operation

where
wC 7 sin qm

i _ G , 3.55
1 2 ¢*—1 1—cosqrm (3:59)

WO ¢ 2¢* cos qm 1
P (1 > _ 3.56
12 2 P21 + 1 — cosqm 2wl (3:50)
Klo _ Pout . WOP A Q(Sin qm + qm cos qﬂ-) _ T (357)

V2 2 1 —cosqm 4wl

The second equation can be derived from the condition (3.6). Therefore the

parameters p; and ps can be calculated from these two equations as:

Ko — Ki2p2
=0 e 3.58
b1 K1y ( )
2
q —1<1—cosq7r 7T>
— — 3.59
b2 q> qsin gm + 2 (3:59)

Once the values p; and py have been found, one can define the parameters ¢, rg
and rx from the expressions (3.35), (3.44) and (3.43) respectively. These parameters
define the optimal load impedance according to the expressions (3.45) and (3.46).

The class-E PA design procedure operating under a given back-off power can be

outlined in the following steps:

1. From the chosen value ¢ calculate the values p; and ps for ideal class-E operation

using the expressions (3.25) and (3.26).

2. Using the calculated values p; and py obtain values for constants C and Cy

using (3.21) and (3.22).

3. From the calculated values C7, Cs, p1, po along with the given drain supply
voltage V.., output power P, and operating frequency f. calculate circuit

parameters using (3.28), (3.29), (3.45), (3.46).
4. For the given back-off power level calculate p; and py using (3.58) and (3.59).

5. Once the values p; and p, have been found for the back-off power, the optimum

load can be calculated using the same expressions (3.45) and (3.46).

49



3.3 Waveform analysis

back-off output
power

Fig. 3.3 Load contours for different values ¢

It should be pointed out, that the derived solution provides the ideal class-E
operation only for the model described in Section 3.1. In real PAs, however, drain
efficiency is degraded by a finite saturation resistance, finite cutoff resistance, non-
ideal harmonic suppression, etc. Hence, the circuit parameters derived from the
outlined procedure cannot be used as a final design, however, they provide a good

initial approximation for optimization with a circuit simulator.

3.3 Waveform analysis

In order to demonstrate the proposed technique 3 different class-E PA load networks
are analyzed: ¢ = 1.4, ¢ = 1.61 [15] and ¢ = 1.85 [47]. The load networks are
designed for the following parameters: f. = 2.14 GHz, V.. =20 V, P, = 12 W. The
load contours are shown in Fig. 3.3. From the presented curves it can be seen that
the active part of the load decreases with decreasing output power, which makes the
class-F. PA with shunt capacitance and shunt filter similar to a current source. The
reactive part of the load becomes more inductive for lower output power levels for
all values q.

The drain current and voltage waveforms for ideal class-E operation along with

waveforms for different back-off power levels are shown in Fig. 3.4 - 3.6. From these
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3.3 Waveform analysis
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Fig. 3.4 Waveforms for different output power levels (¢ = 1.4): (a) - current waveforms;
(b) - voltage waveforms.
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Fig. 3.5 Waveforms for different output power levels (¢ = 1.61): (a) - current waveforms;
(b) - voltage waveforms.

waveforms it can be observed that for lower output power level the voltage at the
end of the period has negative slope. This, in turn, causes non-zero drain current at
the moment the switch is turned on (see Fig. 3.4(a), 3.5(a), 3.8(a)).

It should be pointed out, that a particular choice of a value of ¢ depends on many
factors, such as used active device, required bandwidth, etc. From Fig. 3.3 it can be
seen that the PA with ¢ = 1.61 has a pure active load (X = 0 ohm), which makes it
easier to match the output to the standart 50 ohm impedance. When ¢ < 1.61, the
optimum load at a peak power has capacitive reactance, however, reducing the output

power increases the reactance. Therefore, the optimum load impedance becomes
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Fig. 3.6 Waveforms for different output power levels (¢ = 1.85): (a) - current waveforms;
(b) - voltage waveforms.

purely active at a certain value of back-off power. If ¢ > 1.61, the optimum load

reactance is always inductive (see Fig. 3.3).

3.4 Idealized simulation

The circuit simulator Keysight ADS was used to analyze the operation of class-E
PA load network at peak and back-off power levels. There are two ways to simulate
the operation of the PA - in the time domain and in the frequency domain. The
first approach provides better accuracy, however it is relatively time consuming. The
second approach is provided by the harmonic balance simulator from ADS. It is
much faster compared to the time domain simulator and can provide a sufficient
accuracy if the number of harmonics taken into account is large enough.

The simulated circuit topology is shown in Fig. 3.7. It is analyzed with the
harmonic balance simulator, and the number of harmonics is set to 50. The active
device is modeled as a voltage controlled switch with 10~ ohm on-resistance and
105 ohm off-resistance. The bigger difference between the values of the on- and
off-resistance provides better accuracy, however, it might cause convergence problems
for the simulator. The single-tone signal is fed to the input of the amplifier from a
P__1Tone power source. If the amplitude of the input signal is much higher than the
voltage threshold of the voltage-controlled switch, the effect of the single tone signal
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Fig. 3.7 Ideal class-E PA with shunt capacitance and shunt filter simulated in Keysight
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Fig. 3.8 Simulated waveforms for the peak and back-off power levels (¢ = 1.85): (a) -
current waveforms; (b) - voltage waveforms.

will be the same as the effect of an square wave with 50% duty cycle. The parallel
resonator consisting of a lumped capacitance C'0 and a lumped inductance L0 has a
loaded Q-factor ), = 100, which is sufficently high to provide harmonics supression.

The load network was optimized for the values of output power P, = 12 W,
operating frequency f. = 2.14 GHz, drain supply voltage V.. = 20 V. As well as in
the previous section, three cases are considered: ¢ = 1.4, ¢ = 1.61, ¢ = 1.85. All the
circuit components are simulated as ideal components without losses. The simulated
voltage and current switch waveforms for the PA with ¢ = 1.85 are shown in Fig.
3.8. From these plots it can be seen, that the waveforms calculated analytically
are in very good agreement with the simulated plots. The impedance is calculated

for the peak power and for back-off power levels -3 dB, -6 dB, -9 dB, -12 dB. The
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3.5 Output load matching

Table 3.1 Simulated output power and drain efficiency for different output load
impedance values.

Ppo, dB | Zp, ohm | Pou, W | Ndrain, %
q=14,Ls=25nH, C, =1.1pF

0 16.0 - j12.5 12.0 100
-3 14.8 - j1.74 6.0 100
-6 9.4+ j4.6 3.00 99.9
-9 5.0 + j6.76 1.50 99.7
-12 2.56 + j7.34 0.75 99.3
q = 1.61, Ly = 1.56 nH, Cp = 1.36 pF
0 14.2 4 j0.14 12.0 100
-3 12.2 4+ j9.3 6.0 100
-6 7.5 4 j14.0 3.00 99.9
-9 3.95 + j15.6 1.50 99.7
-12 2.0 + j16.0 0.75 99.3
q=1.85, Ly = 0.82 nH, Cp = 1.97 pF
0 11.1 + j8.7 12.0 100
-3 8.4 4 j14.9 6.0 100
-6 4.8 + j17.6 3.00 99.9
-9 2.5+ j184 1.50 99.6
-12 1.26 + j18.7 0.75 99.1

output power and drain efficiency simulated in ADS are presented in Table 3.1. From
the presented results one can see that even for the ideal case, the efficiency of the
PA decreases for back-off power level. The reason for that is harmonics, that are

generated due to a quick change of the drain current at the moment z = 0.

3.5 Output load matching

As it has been shown in Section 3.1, for the ideal class-E operation it is necessary to
provide a specific load impedance, which is complex in the general case. However,

for most practical applications it is necessary to match the output load to a standard
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3.5 Output load matching

(b)

Fig. 3.9 L-shaped matching circuits: (a) - low-pass circuit; (b) - high-pass circuit.

50 ohm transmission line. The easiest way to implement the matching using lumped
components is using an LC-matching circuit [107]. For example, if the value of a
source active impedance R and the value of a load active impedance Ry, and Ry, > R,
the impedance matching can be performed using two LC-circuit configurations, as
shown in Fig. 3.9. The matching network consists of two reactive elements - a
capacitance Cp, and an inductance L, and can be implemented either in the form of
a low-pass circuit 3.9(a) or a high-pass circuit 3.9(b). In the former case the circuit

elements can be found from the following expressions:

_ R

L ,
= (3.60)
QL
= 61
Cn =5 s (3.61)

where ()1, is the loaded Q-factor of the matching circuit, which is defined by the

| Ry,
QL= S (3.62)

If the matching circuit is implemented in the form of a high-pass circuit, the series

following expression:

capacitance and the parallel inductance can be found from the following expressions:

Ry

L, =
wQr,
1

(3.63)

Cp, = ROL (3.64)
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3.6 Implementation with transmission lines

The impedance matching can also be implemented using T-shaped and m-shaped
matching circuits which consist of three reactive elements [107]. This approach may
be useful if the reactive part of an output load impedance cannot be incorporated
into an LC-circuit. Besides, the loaded Q-factor of a 3-element matching circuit
can be chosen by adjusted by a designer, however it will always be higher than the

loaded Q-factor defined by (3.62), which in turn reduces the bandwidth of a PA.

3.6 Implementation with transmission lines

The load network considered in the previous chapters consists of lumped components.
However, microwave power amplifiers are often implemented using transmission lines,
such as microstrip lines, coplanar waveguides (CPW) etc. A transition from a lumped
components prototype to a transmission line circuit can be performed by applying
Richard’s transformation and Kuroda identities.

A diagram of a class-E PA load network implemented using transmission lines
is shown in Fig. 3.10. The shunt capacitance C, can be implemented with an
open-circuited section of a transmission line, however, it is often represented by a
device output capacitance. The series inductance Ly can be replaced with a short line
section, whose electrical length can be approximately estimated using the following

expression [19]:

Ly
0 ~ arctan (WZ ) (3.65)

where Z; is the characteristic impedance of the line, w is the operating angular
frequency. In practical amplifiers inductance Lg is partially formed by device bondwire
inductance, which makes the electrical length 6, smaller.

The resonator LyCy can be implemented using two sections of transmission line

with electrical length 45° and characteristic impedance:

1
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Fig. 3.10 Output circuit of the class-E PA with shunt capacitance and shunt filter
designed with transmission lines: (a) - a single line output matching; (b) - an
L-shaped line output matching.

From (3.66) it follows, that the higher the characteristic impedance of the lines, the
higher the loaded Q-factor of the resonator.

The matching of the output load to the optimum load impedance can be realized
in several ways. In the simplest case the matching can be performed either by a single
transmission line section or an L-shaped transmission line section. If the optimum
load impedance is Z = R + j X, then the parameters of a single transformer line can
be derived by solving a system of two equations:

_ Z§Ri(1+tan®0)
72+ Rtan®0
(Z2 — R3)Zytan 6

72+ R2 tan20

(3.67)

X =

(3.68)

where Ry, is the load of an output transmission line (usually 50 ohm), Z, and 6 are
the characteristic impedance and the electrical length of the transformer respectively.
It should be noted that if the optimum load reactance X = 0 (¢ = 1.61), the
single matching line becomes a well-known quarterwave impedance transformer with
characteristic impedance Zy, = v/RRy,. If ¢ > 1.61, the optimum impedance becomes
inductive (X > 0), and therefore, if R < Ry, the impedance matching line becomes
longer than 90°. If ¢ < 1.61, the optimum load is capacitive and the electrical length

of the transformer should be less than 90°.
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3.7 Implementation with GalN HEMT transistor

An impedance matching can also be implemented using an L-shaped transmission
line, as shown in Fig. 3.9. In this case the open stub usually has 30° electrical length
and provides additional third harmonic suppression. At the fundamental frequency
this stub can be considered as a capacitance connected in paralled with the active

load:

Cos = (3.69)

where Zpg is the characteristic impedance of the open stub. The length of the series
segment of the line and its characteristic impedance can be found by solving the
system of equations (3.67) and (3.68), where the active load Ry, needs to be replaced
with a parallel connection of Ry, and the capacitance defined by (3.69).

It should be noted that the derivation of the transmission lines parameters outlined
in this section is based on the assumption, only transverse electromagnetic (TEM)
waves exist in the line. This assumption is valid for coaxial lines and for striplines.
Most PAs are implemented with microstrip line technology, where quasi-TEM waves
propagate. However, the approximate result given by expressions (3.67) and (3.68)
provide sufficient accuracy in most cases and can be improved using more accurate

microstrip line models or by electromagnetic simulation.

3.7 Implementation with GaN HEMT transistor

Until now all the calculations have been performed assuming that the active device
operates as an ideal switch. In order to implement a PA, a model of a real device must
be used. Compared to other semiconductors, gallium nitride (GaN) has wide bandgap
(3.4 €V), and consequently is able to withstand higher power density. Therefore, for
the same output power a GaN HEMT device will have a smaller size, which in turn
provides smaller output capacitance and low saturation resistance. Besides, due to

relatively small output parasitic reactance, it is easier to provide wideband operation

of a PA.
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Fig. 3.11 ADS schematic of a GaN HEMT class-E PA operating at 2.14 GHz.
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Fig. 3.12 Simulated voltage and current waveforms of Class-E GaN HEMT power
amplifier.

In order to experimentally demonstrate the class-E operation, a GaN HEMT
device Cree CGH40010F was used [108]. The schematic of a single-ended class-E PA
operating at its peak power is shown in Fig. 3.11. The PA is optimized for operation
at the frequency 2.14 GHz and at the peak power level of 10W. The input and output
circuits are modelled using microstrip line models with the substrate RO4350B with
0.762 mm thickness. The input signal is a single-tone power source with 30 dBm
output power. The behaviour of the PA was analyzed using the harmonic balance

simulator, and the number of harmonics was set to 50.
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3.7 Implementation with GalN HEMT transistor

The shunt capacitance of the PA is represented by the drain-source capacitance of
the packaged device, and according to the datasheet C,, ~ 1.3 pF. The drain supply
voltage for the transistor is 28 V, however, since there is some voltage drop across
the drain-source transition in the on-state, the voltage in the model is assumed to be
20 V. Following the procedure outlined in Section 3.1 one can calculate the following

output circuit parameters:

e ¢=1.71
e Ly=1.46 nH
« C, =13 pF

Zpeake = 15.7 + j5.3 ohm

The series inductance Ly is partially represented by a short section of a microstrip
line connected to the drain of the transistor, and partially by the drain bondwire.
The L-shaped transmission line provides a matching of the standard output line
impedance 50 ohm to the optimum peak power impedance Zpe,x. The open microstrip
stub is adjusted to minimize the third harmonic of the output signal. The input
circuit provides the matching of a device input impedance Z;, ~ 2.7 + 70.5 ohm to
the standard 50 ohm transmission line. In order to provide stability, a bias voltage
is connected through a 10 ohm resistor. The simulated input matching is presented
in Fig. 3.13(a).

The simulated PA demonstrates drain efficiency of 85% with output power 10
W. The drain current and voltage waveforms simulated at the frequency 2.14 GHz
are shown in Fig. 3.12. From these plots one can see, that the high efficiency is
achieved by minimizing the overlap between drain voltage and current in the time
domain. However, due to the finite saturation resistance and non-ideal harmonic
supression, the maximum drain efficiency is below 90% [19]. The gain and drain
efficiency dependence on the input power is presented in Fig. 3.13(b).

The optimized PA was fabricated on RO4350B substrate as shown in Fig. 3.15(a).

In order to prevent overheating, the PA was installed on a brass heatsink. The input
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Fig. 3.13 Simulated results for a GaN HEMT Class-E PA with shunt capacitance and
shunt filter: (a) - a single line output matching; (b) - an L-shaped line output
matching.

Fig. 3.14 A class-E PA test setup.

and output microstrip lines are connected to coaxial cables through subminiature
version A (SMA) connectors. The gate bias line and the inductance of the output
resonator are connected DC voltage supplies using decoupling capacitors. The
performance of the fabricated PA was tested with a single tone excitation using a
test setup shown in Fig. 3.14. The single tone signal was generated from an HP83712
signal generator and preamplified with a linear EMPOWER driver PA to the level
+40 dBm. The output power of the PA was measured using a Rohde&Schwarz NRP
power meter. The measured output power and drain efficiency are presented in Fig.

3.15(b).
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Fig. 3.15 Fabricated class-E PA: (a) - PA board; (b) - measured drain efficiency and
output power.

3.8 Conclusions

In this chapter a novel analysis of the class-E power amplifier with shunt capacitance
and shunt filter was presented in order to analyze the behaviour of a PA under
back-off power conditions. The values of a series inductance and parallel capacitance
are found from the peak power operation conditions, assuming that the ZVS and
ZVDS conditions are fulfilled. As it has been shown, each value of back-off output
power can be achieved adjusting the value of the output load only, assuming the
only the the ZVDS condition is violated. The results achieved using the proposed
analytical model have been proven using the ideal simulations in Keysight ADS circuit
simulator. The operation of the class-E PA at the peak power level was demonstrated
by implementing a single-ended class-E PA using a GaN HEMT transistor. The PA
was optimized for the central frequency 2.14 GHz and the output power of 10W and

fabricated on RO4350B substratre. The experimental results are demonstrated.
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Chapter 4

Wideband operation of the class-E
power amplifier with shunt

capacitance and shunt filter

In Chapter 1 it has been mentioned that the channel capacity of a wireless channel
is proportional to the bandwith. Consequently, one of the main trends in wireless
communication systems development is extending the bandwidth occupied by RF
signals. Indeed, according to the 3GPP standard, the bandwidth for the LTE signals
is up to 100 MHz, and for 5G systems the maximum bandwidth is 100 MHz for
the FR1 range and 400 MHz for the FR2 range. Along with providing sufficient
bandwidth for a particular signal, many RF systems should provide reconfigurable
or multiband operation. Each of these operation conditions impose additional
requirements on the operational bandwidth of the RF transmitters.

In this chapter a wideband class-E PA with shunt capacitance and shunt filter is
demonstrated. Firstly, the reactance compensation technique and double reactance
compensation technique as a way of extending the bandwidth of resonant circuits is
discussed. Secondly, the application of this technique to extend the bandwidth of a
class-E PA is presented. Lastly, a novel wideband class-E PA based on a GaN HEMT

transistor is demonstrated. The simulated and measured results are presented.
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4.1 Reactance compensation technique

Fig. 4.1 Reactance compensation of a shunt filter resonator.
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Fig. 4.2 Input susceptance of a shunt resonator, series resonator and combined compen-
sated circuit.

4.1 Reactance compensation technique

The reactance compensation technique was initially proposed in [109] as a way of
improving gain-frequency response of diode parametric amplifiers. If an amplifier has
an output shunt resonator for harmonic supression, the operating frequency range
can be extended by adding a series resonator, as shown in Fig. 4.1. It was shown
that the bandwidth of a shunt resonator can be maximized if the first derivative of

input susceptance becomes zero at the resonant frequency [110]:

dB

Adw lw=wy

=0 (4.1)

In a similar manner, the bandwidth of a series resonator is maximized by con-
necting a shunt resonator to the output. In this case, the first derivative of input

reactance becomes zero:
dX

dw |w=uw,

~0 (4.2)
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Fig. 4.4 Input susceptance of a shunt resonator, series resonator and combined compen-
sated circuit.

The principle of the reactance compensation technique can be demonstrated if the
frequency response of a series and the parallel resonators are considered separately,
as shown in Fig. 4.2. From these plots one can see, that the input susceptance of
a shunt resonator increases with frequency, while the input susceptance of a series
resonator decreases. If the two resonators are combined together and the loaded
Q-factors are adjusted so that the condition (4.1) is fulfilled, the overall susceptance
has zero slope, as shown in Fig. 4.2, and the overall bandwidth is increased.

In [110] it was shown that the bandwidth of a resonant circuit can be further
increased by adding two or more resonant circuits, as shown in Fig. 4.3. If two
compensating resonators are connected to the output of the first resonator, the
technique is called double reactance compensation technique. In Fig. 4.3 the first
resonator is a shunt resonator, and therefore, the second LC-circuit is connected in
series, and the third LC-circuit is connected in parallel. However, in a case of series
resonator bandwidth extension, the second circuit would be connected in parallel,

whereas the third resonator would be connected in series.
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4.2 Extension of the bandwidth of a class-E PA

In a case of double reactance compensation technique of a shunt resonator (see
Fig. 4.4), the circuit parameters are chosen in order to satisfy the following conditions

for the input susceptance:

Bl =0 (4.3)
w=wo

dB

—_— =0 4.4
Adw w=w, (44)
d*B
—_— =0 4.5
dw3 |=w, (45)

It should be pointed out, that if all three conditions (4.3) - (4.5) are fulfilled, the
second derivative of the input susceptance is set to zero automatically [110]. It also
should be noted, that in most cases an analytical solution of the equations (4.3) - (4.5)
lead to very complex mathematical expressions, which makes the direct application
of this technique impractical. However, various numerical optimization techniques

can be used in order to minimize the input susceptance or reactance derivatives.

4.2 Extension of the bandwidth of a class-E PA

In order to increase operational bandwidth several structures of the class-E PA have
been proposed [111-113]. However, the maximum frequency range of such a PA is
limited by the parasitic drain capacitance of the transistor. Another approach to
achieve high efficiency across wide frequency range is called continuous class-F PA
[34, 114]. Using this technique broadband operation is achieved by drain impedance
adjustment at fundamental, 2nd and 3rd harmonics across the required frequency
range. However, this approach requires a load circuit containing several resonators.

Since its introduction in [109, 110] the reactance compensation technique has
been used to extend the bandwidth of power amplifiers. In [115] a GaAs MESFET
amplifier demonstrating gain ripple of +0.1 dB across the frequency range 3.7 - 4.2
GHz was demonstrated. In [116] an analytical design approach to calculating load

network parameters of class-E PA was presented. A parallel circuit class-E PA based
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4.2 Extension of the bandwidth of a class-E PA
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Fig. 4.5 Equivalent circuit of a class-E PA with matching circuit.
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Fig. 4.6 Drain efficiency of the simulated ideal class-E PA (active device is simulated as
an ideal switch).

on a laterally-diffused metal-oxide semiconductor (LDMOS) transistor was presented
in [117]. The proposed PA provided drain efficiency over 74% across the frequency
band 136 - 174 MHz, maintaining output power of 8W with 0.7 dB variation.

As it was mentioned previously in Chapter 3, a class-E PA with shunt capacitance
and shunt filter is able to incorporate the device parasitics into the PA load structure,
has relatively high output load impedance and finite DC-feed inductance. All of
these factors make possible switchmode operation across a wide frequency range.
The main objective of the presented design is a class-E PA providing high drain
efficiency across the frequency range 1.7 - 2.7 GHz, and output power 40 dBm. The
presented power amplifier is build on a GaN HEMT transistor CGH40010F. The
equivalent circuit of a class-E PA with matching circuit is shown in Fig. 4.5. The
PA is optimized for the output power of 10W and carrier frequency 2.14 GHz. The
values the parallel capacitance C, and the series inductance Ls were found in Chapter
3: C, = 1.3 pF, Ly = 1.46 nH. The resonator LyCj is tuned to the carrier frequency.

The matching circuit L,,C, provides impedance transformation from the standard
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4.2 Extension of the bandwidth of a class-E PA
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Fig. 4.7 Simulated load impedance for single reactance compensation and double reac-
tance compensation.

load 50 ohm to the required impedance Z; = 15.7 4+ 75.3 ohm. The calculated values
of the matching circuit are: C,, = 2.196 pF, L,, = 1.727 nH. By adjusting the loaded
Q-factor of the shunt resonator and the matching circuit components, drain efficiency
of higher than 90% was achieved across the frequency range 1.7 - 2.8 GHz, as shown
in Fig 4.6.

At microwave frequencies the input and output circuits of an amplifier are often
implemented with transmisson lines. The load network of a wideband class-E
PA with shunt capacitance and shunt filter can be implemented with microstrip
transmission lines as was shown in Fig. 3.10. The shunt capacitance can be fully
replaced by the output drain-source capacitance of a transistor, and the series
inductance Ly is replaced with a section of a microstrip line. The output load
matching can be realized with either a straight section of transmission line (see Fig.
3.10(a)), or an L-shaped section (see Fig. 3.10(b)). In the latter case, the open
stub provides the third harmonic suppression, while at the fundamental it can be
described as a shunt capacitance. Consequently, the L-shaped line is an equivalent
of the L,,Cy, circuit in Fig. 4.5, and the load network in Fig. 3.10(b) implements

the double reactance compensation technique. The simulated drain impedance
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4.3 Design of wideband class-E PA

for the single reactance compensation and the double reactance compensation are
shown in Fig. 4.7. From these plots it can be seen, that the double reactance
compensation technique implemented with microstrip transmission line can provide
better impedance stabilization, and therefore, provides better efficiency across the

required frequency range.

4.3 Design of wideband class-E PA

The design procedure for the wideband PA consists of two parts: input circuit design
and output circuit design. The input network should transform the device input
impedance to the standard 50 ohm line across the required frequency range, and the
output circuit should provide the class-E operation across the frequency band. Both
the input and output networks are implemented using microstrip transmission lines

on the substrate RO4350B with dielectric constant 3.48.

4.3.1 Input circuit design

In Chapter 3 a class-E PA was demonstrated with a simple input circuit that
transforms the input device impedance (Z;, ~ 2.7+ j0.5) to the standard 50 ohm line
at one 2.14 GHz. However, for wideband operation broadband matching is required,
which would provide the necessary impedance transformation across the fractional
bandwidth:

27TGHz—-1.7TGHz

BW = 914 GH =~ 04T

Consequently, the loaded Q-factor of the matching circuit should be:

fe

Af =2.14

QL =

where f, is the central frequency, and Af is operational bandwidth. It is well-
known, that the bandwidth of a matching network transforming a resistance R; to

a resistance Ry can be extended if the impedance R; is transformed to a certain
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4.3 Design of wideband class-E PA

Ly

Fig. 4.8 Wideband matching circuit with lumped components.

intermediate impedance R; and then to the required impedance R,. In order to

extend the bandwidth, the following inequalities must be fulfilled:

Ry < Ry < Ry

The more intermediate stages are added, the wider operational bandwidth can be
achieved. Each impedance can be transformed to the next one using an LC' matching
circuit, as shown in Fig. 4.8. At RF the impedance transformation from Ry to
intermediate stages R; and then to Ry is performed by microstrip transmission lines.
The optimized topology of the input circuit is shown in Fig. 4.9. The gate bias
voltage is supplied through a section of a transmission line and a resistor. This bias
structure provides isolation of voltage supply and stability at the same time. The

simulated S7; versus frequency is presented in Fig. 4.10.

4.3.2 Load network design

The microstrip load network optimized for wideband class-E operation is presented in
Fig. 4.9. As well as for the narrowband case, the shunt capacitance is implemented
with the device output capacitance, the shunt filter consists of two microstrip lines
45° each. The standard 50 ohm load is transformed to the required impedance using
an L-shaped microstrip line. The output transmission line topology is optimized
using the presented technique in order to minimize the first and third derivatives of
the susceptance that the device drain sees. The whole structure is then optimized in

order to maximize the drain efficiency across the given bandwidth.
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Fig. 4.9 Optimized schematic of the broadband class-E PA.
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Fig. 4.10 Input matching of the optimized wideband PA.

4.4 Implementation and Measured Results

The optimized PA structure was simulated using the harmonic balance solver from
Keysight ADS simulation tool. In the simulation a model of GaN HEMT device
CGH40010F was used which enabled the optimization of the input and output circuits
of the PA taking into account device parasitic reactance. The simulated results for
output power and drain efficiency are shown in Fig. 4.11. The voltage and current
waveforms at the 1.8 GHz and 2.7 GHz are presented in Fig 4.12 and Fig 4.14. From
these plots one can see, that high drain efficiency is provided by minimizing current
and voltage waveforms intersection across the frequency range. However, it should

be pointed out, that the CGH40010F device model does not provide access to the
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Fig. 4.12 Simulated drain and current waveforms at 1800 MHz.

intrinsic device drain, and the waveforms shown in Fig. 4.12 - 4.14 are taken at the
packaged device bondwire.

The optimized PA was manufactured using CGH40010F GaN HEMT packaged
transistor as shown in Fig. 4.15. The input and output circuits were implemented
on Rogers RO4350B substrate with dielectric constant 3.66 and thickness 0.762 mm.
The transistor and both the input and output microstrip boards are installed on a
brass heatsink, which provides sufficient heat dissipation. The fabricated PA has
a very compact output circuit (0.164\ x 0.164\ mm), which makes it suitable for

highly integrated transmitters.
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Fig. 4.14 Simulated drain and current waveforms at 2700 MHz.

The efficiency of the PA was tested using single-tone signal. The signal was
generated from HP83712B generator and preamplified to the level of 30 dBm using
a linear PA EMPOWER CA90301. The frequency of the input signal was swept
from 1.4 to 3.1 GHz. Since the gain of driver preamplifier depends on frequency, a
look-up table was created in order to keep the input power of the tested PA around
1W. The output power was measured using Rohde&Schwarz NRP-Z23 power meter.
It should be pointed out, that for the ideal class-E operation the input signal must
have a rectangular form in the time domain. However, when a sinusoidal input
signal is applied that overdrives the active device between saturation and cut-off,
the performance of the PA can be tested with this signal without significant loss of

efficiency [19].
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Fig. 4.15 Fabricated wideband class-E PA.
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Fig. 4.16 Measured efficiency of the fabricated PA

Table 4.1 Switchmode PA comparison.

PA Class of | Frequency, | Py, dBm Drain effi-
operation | GHz ciency

[111] Class-E 1.9-24 35-38.7 > 54%

[112] Class-E 2.1-2.7 39.7-41 > 56%

[112] Class-E 2.0-2.5 38.5-41.1 > 75%

[34] Class-F 2.15-2.65 40.6-41.8 > 65%

[15] Class-E 1.4-2.7 39.7-41.5 > 63%

This work Class-E 1.7-2.8 40.3-42.3 > 65%
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Fig. 4.17 Measured output power of the fabricated PA

The measured output power and drain efficiency are shown in Fig. 4.16 and
Fig. 4.17. From these plots one can see that the proposed PA provides over 65%
drain efficiency across frequency band 1.7 - 2.8 GHz and over 60% drain efficiency
across frequency band 1.4 - 2.8 GHz. The variation of output power is 2 dB across
frequency range 1.4 - 2.8 GHz. The comparison if the demonstrated PA with other
amplifiers is presented in Table 4.1.

It should be noted that when a PA is operating in a switchmode, the output
power is almost independent of the input power level. Therefore, when operating in
class-E mode, the PA introduces strong nonlinearity in the transmitted signal. For
this reason, this type of PA can be used in transmitters realizing load modulation

concept, such as Doherty or outphasing PA.

4.5 Conclusion

A broadband class-E PA with shunt capacitance and shunt filter has been described.
In the proposed design, an L-shaped output matching section and shunt resonator
are used to compensate for the reactance variation in the LC-circuit. The proposed
technique has been demonstrated on a PA built using a GaN HEMT transistor.
The fabricated PA shows over 65% drain efficiency across frequency range 1.7-2.8
GHz, 60% drain efficiency across frequency range 1.4-2.8 GHz, and 2 dB variation of
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output power. The fabricated PA has a very compact output circuit which makes it

suitable for highly integrated 5G transmitters.
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Chapter 5

Load modulation transmitters

based on class-E PA

In the previous chapters it has been mentioned, that when a PA is driven in a switch-
mode, the output signal level weakly depends on the input signal level. Therefore, if
such a PA is used on its own for transmission of an amplitude modulated signal, the
signal will suffer from strong nonlinear distortion. Therefore, in most cases switch-
mode amplifiers are used in complex transmitter blocks, such as Doherty, outphasing
transmitters and envelope tracking transmitters. These types of transmitters provide
improved efficiency for the signals with amplitude modulation. When used with
appropriate linearization technique, they can maintain low level of distortion along
with high efficiency.

In this chapter we demonstrate the usage of class-E PA with shunt capacitance
and shunt filter in outphasing and Doherty PAs. Firstly, an analytical description of
load modulation in outphasing PAs is presented. It is demonstrated how linearity can
be achieved by adding an isolated resistor to a combiner. Secondly, an outphasing
PA based on a class-E PA with shunt capacitance and shunt filter is proposed. It is
shown, that by proper design of a nonisolated combiner, which provides the required
impedance values for the peak and back-off power level, it is possible to maintain high

drain efficiency across wide dynamic range of a signal. The possibility of building an
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5.1 Outphasing power amplifier principles
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Fig. 5.1 A block-diagram of the outphasing transmitter.

outphasing PA with improved bandwidth is discussed. Lastly, a wideband Doherty
PA, where both peaking and carrier amplifiers are implemented as class-E PAs with

shunt capacitance and shunt filter is demonstrated.

5.1 Outphasing power amplifier principles

As it was discussed in Chapter 2, the outphasing PA transforms an amplitude and
phase modulated signal into two phase modulated signals, as shown in Fig. 5.1. In
modern transmitters this transform can be performed in the digital domain using

the following expressions:

Si(t) = Sin;a" -0 (5.1)
Sin max g
Sa(t) = === e 7o) (5.2)

6(t) = arccos < Sin(t) ) (5.3)

in,max

It should be pointed out, that the signal separation defined by expressions (5.1) -
(5.3) is nonlinear and therefore causes significant bandwidth expansion, as shown in
Fig. 5.2. After amplification, the signals S, and Sy, can be recombined together
with one of the types of power combiners. The two main types of the combiners
are: isolated combiners and non-isolated combiners. The properties of each type of

combiner will be discussed in the following subsections.
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Fig. 5.2 Bandwidth expansion after outphasing signal separation.

5.1.1 Nonisolated outphasing combiners

In order to analyse the properties of the power combining structures, we consider a
structure shown in the Fig. 5.3(a). It consists of two transmission lines connected
to a load resistor Ry, which is usually active and represents input impedance of a
transmitting antenna. The characteristic impedance of the lines is Z,, their electrical
length is 90° at the operating frequency and they are fed with two voltage sources
with the same voltage magnitude Vj and opposite phases. The phases of the input
signals correspond to value of outphasing angle +6 defined by expression (5.3). The
behaviour of the combiner at the junction is demonstrated in Fig. 5.3(b). This model
consists of two current sources with currents: I; = Ipe™® and I, = Iye=°. Therefore,

the current through the load Ry, can be expressed as:
jL = jl + jz = Io<€+j0 + €7j0) = 2[0 cos 6 (54)

Hence, if the current magnitude I is constant, the current through the load can be

manipulated by variation of #. The voltage that drops across the load will be:

VL = IoRL(6+j9 + e_je) = QIoRL cos (55)
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Fig. 5.3 Basic power combining structure: (a) - model with voltage sources; (b) - model
with current sources.

From (5.5) it follows that the current sources will see the following impedance

values:

i _ 2Iy Ry cost

Zes1(0) = S AR 2Ry, cos*§ — jRy, sin 20 (5.6)
1 0
A2l 0

Zesa(0) = ‘]/L = m = 2Ry, cos* 6§ + jRy, sin 26 (5.7)
2 0

Since the resistive load is connected to the voltage sources through two quar-
terwave transmission lines, as shown in Fig. 5.3(a), the input impedance that the

voltage sources see can be expressed as:

Z? Z?

Z; = =—=(1+4+j :

m(0) = 5= =3 RL( + jtano) (5.8)
Z? V5 ,

Zina(0) = ZCQ = 2RCL (1-jtan0) (5.9)

From the expressions (5.8) and (5.9) one can see that real part of input impedance
remains constant when outphasing angle changes. However, the imaginary parts of
the impedance do depend on the outphasing angle. Graphically it can be shown in a
Smith chart as shown in the Fig. 5.4(a). Input reactance values for the combiner
branches for a particular value of outphasing angle have the same absolute values
and opposite signs.

From the circuit theory it is well-known, that when a complex load is connected
to a voltage source, the power is dissipated in the resistive part of the impedance,

whereas the energy stored in the reactive part is then reflected back to the generator.
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5.1 Outphasing power amplifier principles

Fig. 5.4 Input impedance of a non-isolated combiner: (a) - without compensating
elements; (b) - with compensating elements.
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Fig. 5.5 A block-diagram of the outphasing transmitter.

Therefore, the instantaneous efficiency of the combiner can be defined as a ratio of
the real part of the input impedance to the magnitude of the impedance [118]:

real(Ziy,)
Tlcomb = (510)
|Zin|

From the definition (5.10) it follows, that the combiner shown in Fig. 5.3(a) provides
the maximum efficiency only for the value of outphasing angle 8 = 0°. However,
for most practical applications it is required to have high efficiency for a range
of back-off power level values. In [10] it was demonstrated, that if two reactive
components are added to the inputs of the combiner, as shown in Fig. 5.5, and the
reactive components provide additional susceptance with the same magnitude Beomyp

and opposite signs, the input impedance will be purely resistive for two values of
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5.1 Outphasing power amplifier principles

outphasing angle (see Fig. 5.4(b)):

1 Z2Beom
Opeak = 3 arcsin <CRLP> (5.11)
1 72 Beom
QBO = g — 5 arcsin (C_RLP> (512)

Here the outphasing angle 0,c.x corresponds to the peak power level, and 0o
corresponds to the back-off power level. Since back-off power level is usually given as
an input parameter for PA design procedure, it is convenient to express the angles

Opeax and Opo with back-off power, which follows from (5.3):

0o = arccos 10726 (5.13)

AP

Opeak = g — arccos 1020 (5.14)

where APgo is the back-off power level expressed in dB. Therefore, the shunt
susceptance that provides 100% combiner efficiency at the required back-off level
APgo can be determined from (5.12):

Ry, .
Beomp = Z—Cz sin 20po (5.15)
Since the compensating susceptance for two branches must have opposite sign, the
shunt reactance for the +6 branch is realized as a capacitance and for the —f# branch

as an inductance:

B
Coomp = ——P 5.16
p 27ch ( )
1

Leop = ——— 5.17
P 27chBcomp ( )

where f. is the carrier frequency of the transmitted signal. The input impedance of

the branches of Chireix combiner with compensating components can be found from
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Fig. 5.6 Instantaneous efficiency of combiners used in outphasing transmitters: an
outphasing Chireix combiner, optimized for -8.5 dB back-off power level (black
line); isolated Wilkinson combiner (grey line).

the expressions:

1 2Ry 2 (R, .
0 = 7 cos“f —j (Zg sin 26 — QWfCCcomp) (5.18)
1 20 -(RL . 1 )
- 0+ 7| 5820 — o 1
Zu®) 72 NG S (519

The dependence of instantaneous efficiency on the back-off power level with
compensating reactive elements optimized for -8.5 dB back-off power is shown in
Fig. 5.6. From this plot one can see, that although the 100% efficiency is provided
for two back-off power values, the combiner maintains high efficiency between these
two ideal power levels. Due to this property, it Chireix combiners can be used for
transmitters when signals with high PAPR are used.

From (5.18) and (5.19) it follows, that the power coming to the Chireix combiner
branches can be found as:

Ve 2WRy

o RL .
Rn1,2 = Zin1,2(0) - ZCQ COS2 7 + ]‘/02 (ZQ sin 20 — |BC0mp‘> (520)

C
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5.1 Outphasing power amplifier principles

From the energy conservation law it follows, that the real part in the expression

(5.20) is equal to the power dissipated in the output load:

2V2R
P,y = %2 L cos26 (5.21)

Consequently, taking into account (5.3), when a Chireix combiner is excited with
voltage sources with equal magnitudes, the combiner does not introduce any nonlinear
distortion into the transmitted signal.

It should be noted that the described combiner provides high efficiency assuming
that the two outphasing signals are generated from ideal voltage sources. However,
the behaviour of the most of the amplifiers resemble current sources rather than
voltage sources. Therefore, as it will be shown in the following chapters, some
additional circuit elements need to be added in order to provide high efficiency for

real PAs.

5.1.2 Isolated outphasing combiners

In this subsection the properties of isolated Wilkinson combiners are analyzed.
The simplest Wilkinson combiner is formed by adding a resistor in parallel to
the quarterwave combiner, as shown in Fig. 5.7(a). In order to derive analytical
expressions for the input impedance, it is convenient to rewrite the expressions (5.8)

and (5.9) for input admittance values:

Ry

Yin1(0) = 5(2 cos® ) — jsin 26) (5.22)
RL 2 ..
Yine(6) = ﬁ@ cos” 0 + j sin 20) (5.23)

C

An isolating resistance excited by two voltage sources is shown in Fig. 5.7(b). If
the magnitudes of the two exciting voltages are equal to V4, then the voltage drop

across the resistance will be Vig = Vy(e™? — e79%). Consequently, this voltage drop
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Z. 90°

R,

Voe"je: :Voe‘j9
Z. 90° — — R —

(a) (b)

Fig. 5.7 Isolated Wilkinson combiner: (a) - the general structure of a Wilkinson combiner;
(b) - isolating combiner.

will cause current flowing through the isolating resistor:

Vo(e™? —e™%)  25Vysinf
Ris B Ris

Lir(0) = (5.24)

Therefore, the voltage sources in Fig 5.7(b) will see the following admittance:

Iir 1 . .

Yigi(0) = Tt = B (2sin? 6 + jisin 20) (5.25)
Iir 1 . .

Yira(0) = Vet — i (2 sin®# — j sin 29) (5.26)

The input admittance of a Wilkinson combiner’s inputs in Fig. 5.7(a) can be therefore

expressed as:

1

Yae1(0) = R—I; (2 cos® ) — jsin 26) + 7 (2 sin® @ + j sin 29) (5.27)
1
Y2 (0) = ];I; (2cos® + jsin 26) + n (2sin?6 — jsin 20) (5.28)

From the expressions (5.27) and (5.28) it follows, that if the isolation resistance

_ Z
c2 — 2R.

is equal to R, = g—i, the input impedance of both branches is Zy¢ = Z,.
and does not depend on the outphasing angle. Therefore, such a combiner presents
a constant load impedance for both branch amplifiers, which makes it possible to
operate both amplifiers in high efficiency mode. However, since an isolated Wilkinson
combiner contains a lossy isolating resistor, its efficiency is defined as a ratio of

output power to the input power. If the input of the combiner is assumed to be

85



5.2 Design of a class-E outphasing PA

perfectly matched, the power coming to the combiner is defined using expression:

(5.29)

This power is partially dissipated in the isolating resistor, and the amount of dissipated
power can be defined as follows:

2‘/62 RL sin @

PR = 7

(5.30)

Therefore, the output power can be found as difference between the power coming to
the combiner’s inputs and the power dissipated in the resistor:

2V Ry, cos® 0

Pout:Rn_PIR: 72

=P, cos? 6 (5.31)

From the expression (5.31) it follows, that instantaneous efficiency of isolated Wilkin-
son combiner is 7, = cos? 6, as shown in Fig. 5.6. From these plots one can see,
that the bigger the level of the back-off power, the better efficiency a non-isolated

combiner can provide compared to an isolated one.

5.2 Design of a class-E outphasing PA

In this section a design procedure for a class-E outphasing PA is demonstrated.
Class-E PAs with shunt capacitance and shunt filter are used as branch amplifiers.
As it was shown in Chapter 3, this type of class-E PA can provide high drain efficiency
across a wide range of output power levels. In order to provide high efficiency for an
amplitude modulated signal, a non-isolated Chireix combiner is used for amplified
signal recombination. Both class-E PAs and the Chireix combiner are implemented
using microstrip transmission lines. A packaged GaN HEMT transistor CHG40010F
is used for both PAs. The operating frequency of the PA is 2.14 GHz, the peak
power P, ~ 30 W, PAPR =~ 8.5 dB.

The design procedure can be outlined as follows:
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5.2 Design of a class-E outphasing PA

. Calculation of load network parameters for a class-E PA for the peak and
back-off power levels. At this stage the class-E amplifiers are simulated with
ideal lumped components and the active device is represented as an ideal switch.
The optimum load network impedance for the peak and back-off power are

calculated using the procedure outlined in Chapter 3.

. Simulation of the class-E PA based on the packaged device model. The derived
load impedance values are tuned in order to provide high efficiency at the peak
and back-off power levels for the actual active device. The optimization is
performed in circuit simulation software using a model provided by the device

manufacturer.

. Design of a non-isolated Chireix combiner that provides the required load
impedance values for the given outphasing angles. The values of the outphasing

angles are defined from the required back-off power level according to expression

(5.13).

. The whole outphasing PA is simulated and optimized in the circuit simulator
in order to provide the required efficiency and the output power. Ideally, if
the optimization at the previous stages has been done properly, only minor

adjustment of circuit parameters is required at this step.

Using the algorithm presented in Chapter 3, the following circuit parameters

were derived: Ly = 1.625 nH, C}, = 1.3 pF. The load impedance for peak output
power (Poutpeak = 15 W) Z1, peak = 15 + j0.5 ohm, and for -8.5 dB back-off level
(Pout o = 2.12 W) Zp, go = 4.65 + j16.53 ohm. The ADS schematic for the ideal

single-ended class-E PA is shown in Fig. 5.8. It is worth noting, that for the same

output power, 100% drain efficiency can be achieved for many values of the parameter

q. Hence, the parameter ¢ is chosen in order to achieve C, ~ 1.3 pF, which allows

incorporation of the packaged device drain-source capacitance into the load network.

The same single-ended class-E PA optimized for GaN HEMT device CGH40010F

is presented in Fig. 5.9. In order to drive the PA in a switchmode, which is necessary
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Fig. 5.8 Ideal class-E PA with shunt capacitance and shunt filter simulated in Keysight
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Fig. 5.9 Simulated class-E PA with shunt capacitance and shunt filter based on GaN
HEMT transistor.

for the class-E operation, a single-tone power source is used, and the input matching
circuit provides the required impedance transformation. As well as in the previous
chapters the shunt resonator is realized as two sections of microstrip lines with
electrical length 45° degrees. The shunt capacitance C}, is implemented with the
drain-source output capacitance of the device. It should be pointed out, that the
output capacitance of a GaN HEMT device decreases with the raise of drain-source
voltage. If this dependence significantly affects the performance, a transistor model
that takes into account output capacitance variation can be used [119, 120]. However,
if the tracking of the optimum load impedance is provided, the drain-source voltage
variation is not significant for the peak and back-off power levels, as shown in Fig. 3.4
- 3.6. Therefore, in this work the output capacitance is assumed to be constant. The
optimized values for the peak and back-off load impedance are: Zj, peax = 14.1 4 50.2,
Zipo = 2.3 4+ j85 ohm. According to the simulated results, when these load

impedance values are presented to the PA output, the class-E PA demonstrates 86%
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Fig. 5.10 The optimized load network of class-E outphasing PA simulated in Keysight
ADS.

Fig. 5.11 Simulated impedance at two reference planes: (a) - at the output of the class-E
PAs; (b) - at the input of the Chierix combiner.

drain efficiency at the peak output power (P, = 14W) and 73% drain efficiency at
the back-off power level (P, = 2W).

A non-isolated quarterwave Chireix combiner is used in order to add the amplified
signals at the output. Since the required back-off power level is -8.5 dB, the
outphasing angle at the back-off calculated from (5.13) is fgo ~ 68°. If the load
impedance is 50 ohm and the transmission lines of the combiner have characteristic
impedance of 70.7 ohm, then according to (5.15), the compensating susceptance must

be Beomp ~ 6.97 mS. Along with the outphasing angle po, a combiner with this
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5.2 Design of a class-E outphasing PA

compensating susceptance will provide a purely resistive impedance at the outphasing
angle Opeax = ™ — 0o ~ 22°. The input impedance of the quarterwave combiner at
these outphasing angles will be Zc peax = 58.2 ohm and Zcn go = 354 ohm.

The compensating susceptance can be implemented using lumped capacitor and
inductor for the 46 branch and —6 branch respectively. For the frequency f. = 2.14
GHz the values for the components will be Coomp = 0.518 pF and Leomp = 10.68 nH.
At microwave frequencies these components are usually implemented using open and
short circuit sections of transmission line. If a line with pure T-wave is used (such
as symmetrical stripline) with 50 ohm characteristic impedance, the capacitance
can be realized as an open circuit section with 19.2° length, and the inductance can
be implemented as a short-circuited section with 70.8° length. The same results
can be used for the microstrip transmission lines with quasi-T waves with minor
modification.

In order to transform the values Zc peax and Zcu o to the previously found
required values Zp, peax and Zp, go, two T-shaped transformers have been added, as
shown in the left box in Fig. 5.10. The structure of the T-shaped lines was optimized
using the 2-goals optimization procedure. The first goal was minimization of the
reflection when the load impedance is equal to Zcp peak and the source impedance is

equal to Zf The second goal is the minimization of the reflection coefficient when

peak
the load impedance is equal to Zcn o and the source impedance is equal to Zf po.
During the optimization process, the electrical length of the open stub line should
remain approximately 30° at the central frequency, since it has to provide the third
harmonic termination, and therefore, overall efficiency improvement. The simulated
combiner impedance trajectories at the plane of compensating reactive elements
is shown in Fig. 5.11(b). It can be seen, that these trajectories are close to the
ideal ones shown in Fig. 5.4(b). The simulated impedance at the class-E amplifiers
outputs is shown in Fig. 5.11(a). As one can see, these impedance trajectories are
relatively close to the ideal ones shown in Fig. 3.3. However, since the T-shaped

lines transform complex conjugated impedance values, the two trajectories intersect

in two points only. These two points correspond to the peak and back-off power
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5.2 Design of a class-E outphasing PA

Fig. 5.12 Fabricated outphasing class-E PA prototype.
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Fig. 5.13 Simulated and measured drain efficiency of the outphasing PA.

levels. It should be pointed out that, based on the required impedance values, other
combiner synthesis techniques can be used, such as the ones proposed in [53, 57].
The calculated structure was optimized using Keysight ADS simulation software.
The transmission lines were modelled as microstrip lines on Rogers RO4350B substrate
with thickness 0.762 mm. The harmonic balance solver was used for PA parameters
simulation, which provides a good trade-off between accuracy and computational
complexity. The two inputs of the outphasing PA were excited separately with power
sources. The power sources generate two single-tone signals at the center frequency

fe = 2.14 GHz, and the power P, = 30 dBm. The phase difference between the
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Fig. 5.14 Simulated and measured PAE of the outphasing PA.
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Fig. 5.15 Measured frequency dependence of drain efficiency at peak output power and
back-off power levels.

excitation signals is defined as 260, where 6 is defined by (5.3). The simulated results

are presented in Fig. 5.13 and 5.14 along with measured results.

The optimized outphasing PA was implemented using GaN HEMT CGH40010F
transistors and Rogers RO4350B substrate. The input and output load circuits were
constructed on 0.762 mm thick Rogers RO4350B substrate with dielectric constant
3.48 and dissipation factor 0.0037 (see Fig. 5.12). The setup for output power and
efficiency measurement is shown in Fig. 5.16. It consists of a dual-path transmitter

board TSW30SH84EVM, linear driver amplifiers and a Rohde&Schwarz NRP output
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Fig. 5.16 Test bench for the efficiency measurement of outphasing PA.
Table 5.1 Comparison with state-of-the-art outphasing PAs.

Parameters | [53] | [44] | [56] | [121] | [58] | [122] | [123] [124] this work
fo, GHz 09| 1.8 | 2.3 24 [ 1851 392 | 24 2.6 /3.5 2.14
Pout. peaks W | 24 | 0.1 [ 706 | 0.89 | - 5 | 145 31,26 28.1
APgo, dB 7.5 | 12 - 6 - 7 6 6 8.5
DEcak, % 71 | 65.3 | 73 | 46.76 - 7 49.2 | 74.5 / 62 78
DEgo, % 40 | 37.2 - 21.16 - 50 33 |[63.8 /549 60
BW, % 33 | 5.6 | 44 - 70 - - - 4.7

power meter. Two single-tone signals were generated at the frequency 2.14 GHz
from the transmitter board. The phase difference between the transmitted signals
is defined by the back-off power level according to (5.3). The two signals were
preamplified by the linear amplifiers to +30 dBm in order to drive both branch PAs
in class-E mode. The power of the output signal was measured at the operating
frequency using the power meter.

The dependence of the PA drain efficiency and PAE on the output power level is
presented in Fig. 5.13 and Fig. 5.14 respectively. From these plots it can be seen that
the fabricated PA provides more than 60% drain efficiency for back-off power levels
of -8.5 dB. The frequency dependence of drain efficiency at peak and back-off power
levels is presented in Fig. 5.15. It can be seen that the back-off efficiency decreases
quickly with frequency offset. The reason for that is the significant difference between
the input impedance of the quarterwave combiner and the required back-off load
impedance for the class-E PA. The comparison of the demonstrated outphasing PA
with some of the state-of-the-art outphasing PAs is presented in Table 5.1.
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Ve Z. 90°

Fig. 5.17 Chireix combiner with improved bandwidth.

5.3 Broadband operation of outphasing PA

As one can see from Fig. 5.15, the outphasing PA provides high efficiency operation
across a relatively narrow frequency range. Indeed, the quarterwave combiner with
load resistance 50 ohm and characteristic impedance of the transmission lines 70.7
ohm provides input impedance 58.2 ohm for the peak power and 354 ohm for the back-
off power level (-8.5 dB). The T-shaped lines transform these impedance values to the
impedance required for the peak and back-off class-E operation: Zp, peax = 14.1+350.2,
Z1,Bo = 2.3+ j8.5 ohm. Therefore, the loaded Q-factor of the T-shaped transformer

at the peak power and the back-off power will be:

/58.2

Q1 peak ~ 1 1~ 1.77 (5.32)
/354

QLpo ~ 53 1~12.4 (5.33)

From (5.32) and (5.33) one can see that the impedance matching at the back-off
power level is a limiting factor for broadband operation of outphasing PA. In order
to reduce the loaded Q-factor and improve the bandwidth, a Chireix combiner shown
in Fig. 5.17 can be used. In this case, the output transmission line transforms
the standard 50 ohm line impedance to 100 ohm impedance at the output of the
combiner. The two quarterwave transmission lines have characteristic impedance
50 ohm. The compensation reactance is defined from the expression (5.15), where
71, = 100 ohm. The dependence of the input impedance upon the outphasing angle

for such a combiner is shown in Fig. 5.18. The purely resistive input impedance is
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1.0

Fig. 5.18 Input impedance of a Chireix combiner with improved bandwidth.

provided for the two outplasing angle values: O,cax = 22° and 0o = 68°, where the
impedance is: Zpeax = 14.56 ohm and Zpo = 88.5 ohm respectively.

The operation of a class-E outphasing PA with improved bandwidth performance
can be demonstrated using Keysight ADS circuit simulator. As well as in the previous
chapters, the class-E PAs with shunt capacitances and shunt filters are used, where
the active devices are simulated as ideal switches, the parallel capacitances and
the series inductances are represented with lossless lumped components, the shunt
filter and the combining network are implemented using ideal transmission lines
(see Fig. 5.19). The single-ended class-E amplifiers are optimized for the peak
power 12 W, carrier frequency 2.14 GHz and drain supply voltage 20.3 V. The load
circuit parameters are: C, = 1.31 pF, Ly = 1.65 nH. The required peak power can be
achieved if the load presented to a single-ended PA is Z, peax = 14.8 —70.35 ohm. The
-8.5 dB back-off power level (1.7 W) can be achieved if the load Zp, go = 4.65 + j15.6
ohm is presented to the PA output.

The output of the single-ended PAs are connected to the inputs of the Chireix
combiner through two sections of transmission lines with characteristic impedance
Zotiset = 14.8 ohm and electrical length 137.5° at the central frequency. These lines

transform the input impedance of the Chireix combiner at the back-off power level
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Fig. 5.19 An outphasing PA with improved bandwidth simulated in Keysight ADS.
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Fig. 5.20 Simulated drain efficiency for the peak and back-off power levels for the

narrowband outphasing PA (red line), and the wideband outphasing PA (blue
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Fig. 5.21 Block-diagram of the inverted Doherty PA.

to the required back-off load impedance without affecting the impedance at the peak
power level. The designed PA was simulated using a harmonic balance simulator
from ADS. The simulated drain efficiency for the peak and back-off power levels is
presented in Fig. 5.20. Since required load impedance for class-E PA almost coincides
with the input impedance of the Chireix combiner, the main limiting factor for the
peak power efficiency is quarterwave combiner lines. The loaded Q-factor of these
lines is relatively low, therefore both simulated outphasing PAs provide almost 100%
drain efficiency at the peak output power level. However, at the back-off output power
the difference between the Chireix combiner input impedance and the required load
impedance grows significantly, and the loaded Q-factor of the transformer becomes a
major factor limiting for wideband operation. For this reason, the PA with reduced
Q-factor demonstrates better drain efficiency across the frequency range. It should
be noted that other approaches for wideband Chireix combiner design can be applied

43, 105).

5.4 Doherty PA design

As it was outlined in Sec. 2.4, a Doherty PA consists of input divider, carrier PA,
peaking PA and an output combiner. In a traditional Doherty PA, when the level of
the input signal is low, the output of the carrier PA rises linearly, while the open
circuit condition is provided at the output of the peaking PA. However, in some
cases it is preferable to provide short circuit condition for the peaking PA output.

This can be realized using an inverted Doherty PA, whose block-diagram is shown
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Fig. 5.22 Load network of the inverted Doherty PA simulated in Keysight ADS.

in Fig. 5.21. As one can see, the impedance inverter is connected to the output
of the peaking PA, as opposite to conventional Doherty PA where it is connected
to the output of the carrier PA. Therefore, if the impedance of the load is 50 ohm,
then the output section of the transmission line transforms it to 25 ohm. When the
peaking PA is switched off (output power AP,,; < —6 dB), no power comes from
the peaking PA, and consequently, the carrier PA sees impedance of 25 ohm. When
the peaking PA is turned on and driven into saturation mode, two equal signals
come from the outputs of the PAs. Consequently, if the characteristic impedance
of the impedance inverter in the peaking PA circuit is 50 ohm, both PAs will see
the impedance 50 ohm at the peak output power. The key difference between the
conventional Doherty PA and the inverted Doherty PA is that in the latter case the
load impedance provided by the combiner is higher when the output power increases.
As it was shown in previous sections, this property is natural for class-E PAs, which
makes it easier to build wideband PAs.

A simulated load network of inverted Doherty PA is shown in Fig. 5.22. Both
peaking and carrier PA are implemented using Cree CGH40010F devices. The PA
is optimized for the carrier frequency 2.6 GHz and 20 W output power. The input
signal is split into two equal parts using a 90° hybrid divider. The gate of the peaking
PA is biased in a way that it starts generating the output signal only when the
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Fig. 5.23 Drain efficiency of the inverted Doherty PA simulated in Keysight ADS.

input power is backed-off approximately -6 dB related to the peak power. The input
circuits for both carrier and peaking PAs are designed in order to provide impedance
transformation from the gate-source impedance of the GaN transistor to the standard
50 ohm impedance. Both devices for the carrier and peak PAs are depletion mode
devices, and therefore they require negative gate-source voltage for operation. In
this case the gate-source voltages were set to -2.7 V for the carrier transistor and
-7.6 V for the peaking device.

As well as in the case of outphasing PA, the main goal of inverted Doherty PA
design is transforming the impedance provided by the combiner to the load impedance
required by the class-E PAs. According to the technique described in Chapter 3,
the load impedance for the peak power (P, peax = 11 W) i Z1, peakideat = 11.8 + j0.5
ohm and for -6 dB back-off output power (P, po = 2.75 W) the load impedance
should be Zi, o ideal = 3.4 + 76.6 ohm. These impedance values are corrected using
the simulation in Keysight ADS with a GaN HEMT transistor model, as shown
in Fig. 5.9. The corrected load impedance values are: Zr, peax = 12.6 + j0.4 and
Zi,po = 2.9 4+ j3.7. The structure of T-shaped microstrip transmission lines is
chosen in order to provide the proper impedance transformation at the peak power,
at the back-off power, and also to suppress the third harmonic. The entire load

network of Doherty PA structure was simulated in Keysight ADS circuit simulator
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and optimized in order to achieve high efficiency at the peak and back-off power

levels. The achieved drain efficiency for three frequencies is shown in Fig. 5.23.

5.5 Conclusion

In this chapter application of the technique proposed in Chapter 3 to high efficiency
power amplifiers design has been presented. The concept of outphasing PA with
different types of combiners has been described. It has been shown, that non-isolated
Chireix combiners with shunt reactive components provide higher efficiency for
amplitude modulated signals compared to isolated combiners. An outphasing PA
based on class-E PA with shunt capacitance and shunt filter has been designed and
manufactured. The proposed PA was tested with two constant envelope input signals.
The fabricated PA demonstated over 60% drain efficiency for back-off output power
-8.5 dB and over 30% power added eficiency. The concept of an outphasing PA
with improved bandwidth performance has been described. Ideal circuit simulations
demonstrate some efficiency improvement compared to the outphasing PA demon-
strated previously. A Doherty PA based on class-E PA with shunt capacitance and
shunt filters has been demonstrated. The simulated PA provides drain efficiency

higher than 50% for back-off power levels up to -7.5 dB.
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Chapter 6

Linearity of outphasing power

amplifiers

The load modulation architectures discussed in Chapter 2 and Chapter 5 provide
efficiency improvement for transmitters operating with amplitude modulated signals.
It has been shown, that all these techniques force active devices of RF PAs to operate
in saturation even at back-off power levels. However, modern wireless systems must
also provide very low level of nonlinear distortion. In order to maintain high level
of linearity of transmitted signals, various DPD techniques are used in modern
transmitters. The type of linearization technique used depends on many factors, such
as the architecture of the transmitter, signal bandwidth, acceptable computational
complexity, etc.

In this chapter the linear operation of outphasing PA based on class-E power
amplifiers with shunt capacitance and shunt filter is discussed. Firstly, the sources of
nonlinearity in an outphasing PA are discussed and an analytical technique predicting
the nonlinear behaviour of a Chireix outphasing combiner excited with signals with
different magnitudes is presented. Secondly, a simple analytical memoryless DPD
technique is proposed. It is shown, that this technique can be applied to different
types of class-E PAs, such as class-E with finite DC inductance and class-E with

shunt capacitance and shunt filter. Lastly, the application of memory polynomial
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6.1 Nonlinearity of Chireix power combiner under amplitude imbalance

technique to class-E outphasing PA is demonstrated. Highly linear operation of
the outphasing PA presented in Chapter 5 has been achieved on a fully automated
testbench.

6.1 Nonlinearity of Chireix power combiner under
amplitude imbalance

In Section 5.1 it has been shown, that a Chireix power combiner fed by two ideal
voltage sources with equal magnitudes does not introduce any nonlinear distortion
into output signal. However, outphasing PAs with non-isolated combiners show
significant nonlinear behaviour and phase distortion due to amplitude imbalance
between branches [125]. It has been shown that the primary source of this imbalance
is load modulation effects in the outphasing PA branches. In this section we present
analytical equations that explicitly attribute how amplitude imbalance between
combiner branches distorts the AMAM characteristic of an outphasing amplifier.
The proposed analytical equations have been compared to both ADS simulations

and experimental measurements.

6.1.1 Chireix combiner under amplitude imbalance

In order to analyse the nonlinear behaviour of a Chireix power combiner, first a basic
model of the Chireix combiner is developed as shown in Fig. 6.1. This model is a
generalization of the model presented in Fig. 5.5 for the case when the branches
of the combiner are fed by voltage sources with exciting voltages V; = Viet? and
Vg = Ve 7%, We denote ky = V4 /Vs and in the case of amplitude imbalance ky # 1.
Since the sources are connected to the junction point through quarter wavelength
transmission lines, the currents next to the load will be I, = ;6 and I, = L,e 9°

as shown in Fig. 6.2. Therefore, the voltage across the load can be expressed as:
VL = (Ilejg + [ge*je)RL (61)
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6.1 Nonlinearity of Chireix power combiner under amplitude imbalance

Vet Z. 90°

Z. 90° =

Fig. 6.1 Circuit model of a Chireix combiner excited with two voltage sources with
different magnitudes.

I I,

— =

Ile+je IZE-je
Il +Izl RL

Fig. 6.2 Currents at the junction

and each current source will see impedance:

1% I .
Z]1 9 = 7L = RL <1 + 2’16:':2]9> (62)
7 I I

Taking into account that transmission lines of the combiner have characteristic
impedance Z. and ky = Vi /Va = I /I, we can express the input impedance of the
Chireix combiner transmission lines:

1 Ry, ,
= (1 + (kye¥?)F! 6.3
7, = 7 (14 ()7 63)

)

If we assume that the compensating reactive elements C,. and L. provide the
same susceptance Beomp = wCe = 1/(wL,) then the input impedance of the Chireix

combiner branches will be:

1 Ry

Zch1,2 Zc2

(1+ (kve¥”)™' % j Beomp) (6.4)

It can be shown that in the particular case when ky = 1 (6.4) gives us the expressions

for input impedance of a Chireix combiner (5.18) and (5.19). Having found the
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6.1 Nonlinearity of Chireix power combiner under amplitude imbalance

input impedance for both branches one can determine the power coming into both

branches:
V12 o V12,2RL
27,5 272

Puio = (1 + (kVer‘)):Fl) (6.5)

and the power on the load can be found from the energy conservation law:

V2R, <1 1 2cos 29)

P = real{Poy + Paa} = 52° (14 77 + ===

(6.6)

Therefore, amplitude of voltage across the output load can be expressed as:

ViR T 2cos20
Vi = \2PLR, = 2 14 o 4 225 (6.7)

From (6.2) it follows that the phase of the output voltage will be distorted relative

to the input voltage by a phase shift, which can be expressed as:

AO = arctan (ZV

- tan 0) (6.8)

It should be noted that since the combiner is excited by voltage sources, the
compensating reactive components C, and L. do not affect the power coming to the
load and, therefore, are not presented in expressions (6.7) and (6.8). However, as it
was shown in 5.1, they significantly affect the input impedance of the combiner’s
branches.

In order to validate the nonlinear behaviour of the Chireix combiner excited by
two voltage sources we used ADS Ptolemy cosimulation software tool. To test the
combiner, a 16QAM OFDM modulated signal was used. The original signal had
10 MHz bandwidth and 160 Msps sample rate. This signal was generated using
MatLab, separated into two outphasing components and exported to ADS simulation
software. In ADS, a Ptolemy cosimulation is carried out by importing the two input
signals. They are upconverted in the simulation to a carrier frequency of 3.5 GHz

and combined using the Chireix combiner. The output impedance values of the 1Q
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6.1 Nonlinearity of Chireix power combiner under amplitude imbalance

modulators were set to 0.1 ohm. A power imbalance was simulated by additional

power added to the +6 branch, where AP = 20log(ky).

V output (normalized)

Fig. 6.3

A# degrees

Fig. 6.4
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AMAM characteristics of a Chireix combiner for different values of amplitude
imbalance: Simulated in ADS (grey dots); predicted by analytical technique
(black dashed line)
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Phase distortion of a Chireix combiner for different values of amplitude imbal-
ance: Simulated in ADS (grey dots); predicted by analytical technique (black
dashed line)

The output signal is then captured using a timed sink block. Having the original

signal and the signal received from the output of our testbench, one can plot the

AMAM

characteristic of the system for different values of ky. In Fig. 6.9 and

Fig. 6.4 we present AMAM curves and phase distortion. The curves simulated
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6.1 Nonlinearity of Chireix power combiner under amplitude imbalance

Table 6.1 MSE and NMSE for different values of amplitude imbalance (voltage source

excitation).
kv | MSE, dB | NMSE, dB
1.0 -42.9 -34.2
1.2 -42.1 -32.3
14 -40.7 -31.7
1.6 -39.4 -31.1

using the ADS-Ptolemy cosimulation tool are shown with grey dots and the curves
calculated using the proposed model are shown with black dashed lines. The curves
are plotted for amplitude imbalance ratios of ky = 1.0, 1.2, 1.4, 1.6. For presentation
purposes, all the values are normalised to the maximum output voltage in case of
linear response. The values of mean square error (MSE) and normalised mean square
error (NMSE) were calculated using expressions (2.36) and (2.37) respectively. The
calculated MSE and NMSE values are presented in Table 6.1 as figures of merit for
the goodness of fit of the proposed model.

From both the plots and figures of merit, one can see that the results obtained
by using the analytical model are in close agreement with the numerical simulations.
However, since the proposed model does not take into account memory effects, the

results do not match perfectly.

6.1.2 Chireix combiner fed by power sources

Since all real sources have finite impedance, the proposed technique should be adopted
to describe Chireix combiner fed by two power sources with output impedance r. In
this case each power source will see a parallel connection of transmission lines as
the input and compensating reactive element as shown in Fig. 6.5. The rC and rL
circuits in the combiner branches operate as voltage dividers. Therefore, voltages
Vll and ‘712 across inputs Zrr; and Zrro respectively will be different from exciting

voltages Vi and V3 in both phases and magnitudes. From ohm’s law and equation
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6.1 Nonlinearity of Chireix power combiner under amplitude imbalance
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Fig. 6.5 Branches of Chireix combiner excited by power sources: (a) +6 branch; (b) —6

branch

(6.3) these voltages can be expressed as:

. Ve-i-j@ZcZ
Vit = —5 - — (6.9)
Z2(jrwCe + 1) + rRy(1 + ¢ -e77%%)
. Vae ™ Z2jw L.
Vio = 2€ 7 ZeJY (6.10)

Z2(jwLe + 1) + jwLer Ry (1 + kyieti20n)

where w = 27 f,, f. is the centre frequency of transmitted signal, kyv; = Vi1/Vis is
the amplitude ratio at the input of the transmission lines, 26, is the phase difference
between voltages Vi, and Vip: 260, = phase(VH) — phase(\'/lg). As well as in the
case of voltage source excitation, the compensating reactive components L. and
C. provide parallel susceptance Bomp defined by (5.15) at the carrier frequency f..
Taking into consideration that V; = kyV, we divide both parts of the equations (6.9)

and (6.10) and obtain one equation:

kye2%  Z%(r + jwL.) + rRyjwLe(1 + kye7201)
jwLe — Z2(1+ jwrCe) + rRy(1 4 p-e921)

k1692 = (6.11)

Equation (6.11) can be split into two independent equations for real and imaginary
parts. One can exclude ky; from the system and solve the system for 26,. The final

result will be:

AyA; — A
20, = arctan (/M) +nm (6.12)

107



6.1 Nonlinearity of Chireix power combiner under amplitude imbalance

Combiner
under
test

Dual-path
DAC

Fig. 6.6 Experimental setup

where A;, Ay and Az are

Ay = KirRy, — Z? — Ry, (6.13a)

Ay = Z*r X — RirK, (6.13b)

A . XLT'RL — KlXL(Zg + TRL) — KQZET’
T 22X K, + XLRurKs — 221K,

(6.13c)

where we denoted X, = wC,, X1 = wL,., K1 = ky cos20y and Ky = ky sin 26,. It
should be noted that the outphasing angle defined by (6.12) should fall within the
range [0°...90°]. Once the outphasing angle at the input of the Chireix combiner is

found, one can find the value of magnitude imbalance at this point:

- XLZEKQ + XLRLTKQ - Zg’l“Kl

kv, = 6.14
v X1(Dy + D) (6:14)
where we denoted:
Dy = (X.Z’r — rRy Ky) cos(20,) (6.15a)
Dy = (Z2 + 1Ry, — RprK,)sin(26) (6.15b)

Once we have found amplitude and phase imbalance between the two combiner
branches we can find voltages across the inputs of the combiner transmission lines
using the expressions (6.9) and (6.10). Amplitude and phase of output voltage can
be found in turn from (6.7) and (6.8).
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6.2 Phase-only digital predistortion technique for class-E outphasing PAs

Table 6.2 MSE and NMSE for different values of amplitude imbalance (power source

excitation).
kv | MSE, dB | NMSE, dB
1.0 -37.19 -31.25
1.2 -35.2 -29.38
14 -33.67 -28.12
1.6 -32.16 -26.88

For an experimental validation of the proposed technique we used a measurement
setup consisting of a dual-path digital-to-analogue converter (DAC) board and a
high-speed analogue-to-digital converter (ADC) to capture the combined output
signal, as shown in Figure 6.6. An OFDM modulated signal with 10 MHz bandwidth
was split into two outphasing paths and generated from the DAC board. The two
outphasing parts of the signal are recombined with a microstrip Chireix combiner
fabricated on RO4350 substrate. The reactive elements of the combiner are optimized
for an outphasing angle of 73°. The recombined signal was captured with a high-speed
analogue-to-digital converter.

Since the outputs of the DAC board have output impedances of 50 ohm, the
results are compared with the theoretical results given by equations presented in
this subsection. It should be noted that unlike the ADS testbench simulation in
the experimental setup we reduced the power of the —6 branch. For this reason the
bigger the value of ky the less power that will come to the output load. The MSE
and NMSE values for the model compared to the experimentally measured complex
envelope responses are listed in Table 6.2. The AMAM distortion of the signal for

different values of magnitude imbalance kv is presented in Figure 6.7.

6.2 Phase-only digital predistortion technique for
class-E outphasing PAs

As it was mentioned in Section 6.1, amplitude and phase imbalance between two

branches are the two main sources of outphasing PA nonlinearity. In order to address
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6.2 Phase-only digital predistortion technique for

class-E outphasing PAs

Fig. 6.7
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Fig. 6.8 Block-diagram of a LINC transmitter.

these issues various predistortion techniques have been proposed in the literature. In
[126] a phase correction technique was applied for a single class-E PA. However, it
requires measurement of phase at the output of the PAs and therefore cannot be
directly applied to LINC transmitters. In [62] the authors use an iterative procedure
in order to estimate magnitude and phase compensation coefficients. The technique
presented in [127] is based on representation of branch amplifiers as power sources
with constant output impedance. However, since the behaviour of most power
amplifiers is closer to the current source rather than to the ideal voltage source,
it is difficult to apply this technique to real outphasing PAs. In [128] the authors
find phase predistortion coefficients for a class-D outphasing power amplifier solving
non-convex optimisation problem.

In this section we propose a phase-only predistortion technique which can be
applied to class-E outphasing amplifiers with a nonisolated Chireix combiner. Phase
predistortion coefficients are directly extracted from AMAM characteristic of the
output signal. The calculation of predistortion coefficients is based on an analytical
model of the Chireix combiner and therefore is more computationally efficient
compared to the techniques presented previously in the literature. The presented
method is proven using simulation of outphasing class-E PA with 16QAM OFDM
modulated signal in ADS software.

In order to construct a model describing the nonlinearity of class-E outphasing

PA we make the following assumptions:

1. Magnitudes of the gains of the branch amplifiers are identical, constant and

equal to G.
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6.2 Phase-only digital predistortion technique for class-E outphasing PAs

2. Phases of the gains of the branch amplifiers depend only on the load presented

to branch amplifiers.

Later in this section it will be shown, that these assumptions are valid for some types
of PAs, particularly, for some types of class-E PA. These assumptions mean that if

after the SCS both signals have the same magnitude V; and can be expressed as

S, = Viel?® (6.16a)
Sy = Vie 00 (6.16b)

then after amplification the signals will be:

S1, = GV, el 0O+20 (1) (6.17a)

Sy, = GV IO =202(t) (6.17b)

Two amplified signals are combined together with a nonisolated Chireix combiner
discussed in Section 5.1, as shown in Fig. 6.8. Therefore, the outphasing angle at

the inputs of the Chireix combiner 6, can be expressed as:
20, = 20 + Ay — Ay = 20 + Aby (6.18)

where A, = A, — A6, is the phase distortion introduced by branch amplifiers.
Since both A#f; and Afy depend on the load presented to the respective branch
amplifiers they depend on the outphasing angle 6,. Hence, Af;5 is also a function
of #,. This function can be found with load-pull simulation of the amplifier and
approximation of the analytical function Af;5(6,).
Once the values 6, have been found, magnitude of the voltage across the output

load can be directly derived from (5.21):

2GVi Ry,
= ——=c

%3 Z.

0s 0, (6.19)
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6.2 Phase-only digital predistortion technique for class-E outphasing PAs

where Ry, is the output load resistance (e.g. input impedance of transmitter antenna
or diplexer), Z. is the characteristic impedance of the Chireix combiner transformers.
From (6.19) it follows that if 6, # 6 then the input amplitude to output amplitude
(AMAM) response of outphasing PA will be nonlinear.

In order to linearize the PA, the initial signal should be predistorted based on
an AMAM curve. The output signal of the PA can be captured using an analogue-
to-digital converter. Having both input and output signals, the AMAM curve can
be plotted. For a narrowband signal it is assumed that the memory effect can be

neglected, and AMAM curve can be approximated by the polynomial:

VLZC N ;
T o) =S ap 6.20
GV = o) = L (6.20)

where v = Vi, /Viy max i the normalised input voltage. Having found the expression
for the AMAM curve one can find the outphasing angle at the input of the Chireix
combiner:

0, = arccos (a(v)) (6.21)

Having found the outphasing angle 6, for each value v € [0, 1], the outphasing angle

distortion A#;5 can be found using expressions (6.20) and (6.21):
Abyy = 20, — 20 (6.22)

It should be noted that, in order to find the predistortion coefficients, Af;5 should
be expressed as a function of 6,. For this reason, 615 can be numerically approximated
with a polynomial function.

In order to achieve the linear performance, the initial outphasing angle values
should be replaced with new values ¢ in a way that the angle at the input of the
combiner becomes the desired value 6, where 6 is defined by (5.3). From (6.22) it

follows that these new values can be found as:
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6.2 Phase-only digital predistortion technique for class-E outphasing PAs

The proposed predistortion technique can be outlined in the following steps:
1. Capture the output signal and plot the AMAM curve.
2. Approximate the curve with a suitable order polynomial.

3. For each value of output voltage find the distortion of the outphasing angle
according to (6.21) and (6.22).

4. Find predistorted outphasing angle values using (6.23).

Once the predistortion angle values that need to be applied are known, the modifica-
tion of outphasing angle can be carried out in the digital domain along with signal
component separation.

The proposed phase-only DPD technique is based on two main assumptions listed
in the beginning of this section. The first assumption, that the branch amplifiers
have constant gain, is referred to as load insensitivity [44]. This property can be
achieved for different types of class-E PAs depending on the structure of the PA and
used technology

6.2.1 Implementation of the phase-only DPD for outphasing
PA based on class-E PA with finite DC-inductance

As it has been described in Chapter 2, the class-E PA with finite DC inductance
can demonstrate high efficiency for wide range of output power levels [42]. Another
advantage of this type of class-E PA is the possibility to implement it with CMOS
technology due to the absence of bulky RF-choke [129, 130]. The load network of
such amplifier consists of DC-feed inductance Lg, parallel capacitance C,,, series
reactance X that can be both inductive and capacitive, and load R as shown in Fig.
2.11.

The input parameters for synthesis of such an amplifier are: output power level

Py, supply voltage V.., carrier frequency f. and mistuning factor of the LC resonator

_ 1
7= 2nfe/LC

It has been shown in [43] that if the mistuning factor is chosen as
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Fig. 6.9 AMAM plot of 20 MHz 16QAM OFDM modulated signal: grey dots - no
predistortion applied; black dots - phase predistortion applied.

q = 1.3 then efficiency of such a class-E PA will not depend on the output load. It
also should be noted that voltage across the output load will not depend on the
output load. Therefore,in this situation, the only source of nonlinearity is phase
distortion between outphasing amplifier branches.

In the general case, the parameters of the load network for this type of class-E
PA can be found from solving a second-order differential equation for the drain
voltage in the time domain [19]. However, for practical purposes it is convenient to
use approximated analytical expressions presented in [102]. The class-E PA load
network is optimized for 10 W output power and 3.5 GHz carrier frequency. In order
to achieve load insensitivity, the parameter ¢ was chosen ¢ = 1.3. The load network
was simulated using lumped components.

In order to prove the concept of the proposed phase-only predistortion technique,
a simulation using the ADS-Ptolemy co-simulation tool from Keysight was performed.
A 16QAM OFDM modulated signal with bandwidth 20 MHz and a sample rate of
320 Msps was generated and split into two outphasing phase modulated signals. Both
phase modulated signals were upconverted to carrier frequency 3.5 GHz and sent to
inputs of outphasing PA. The outphasing PA consisted of two identical class-E load-

independent amplifiers and a Chireix combiner with compensating reactive elements.
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Fig. 6.10 Constellation of a 16QAM OFDM modulated signal: (a) - before DPD (EVM
= 10.39%); (b) - after DPD (EVM = 2.43%).

The reactive elements were designed to provide zero susceptance for outphasing angle
73° since the probability density function of outphasing angle for OFDM modulated
signal reaches a maximum at this value. For the first simulation an input signal was
separated into two outphasing paths without any predistortion and amplified with
the outphasing class-E amplifier. As a result, due to the phase imbalance between
branches the signal experienced strong nonlinear distortion as shown in Fig. 6.9 and
6.10.

In order to perform the predistortion the AMAM characteristic shown in Fig. 6.9
(the grey curve) was approximated with a fourth-order polynomial function. Phase
correction coefficients were calculated according to the equations (6.21) - (6.23). The
correction was realised in the simulation set-up as an additional block in the signal
component separator. The AMAM plot of the compensated output signal and its
constellation are shown in Fig. 6.9 (black) and 6.10(b). From the presented plots
one can see that using the proposed technique we managed to reduce the error vector
magnitude (EVM) of the amplified signal from 10.39% to 2.43%. It should be noted
that since the proposed technique does not take into account memory effect, EVM

improvement would be less for signals with wider bandwidth.
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6.2.2 Phase-only DPD for outphasing PA based on class-E

PA with shunt capacitance and shunt filter

As it has been shown previously, the load insensitivity of a class-E PA with finite
DC-inductance can be achieved by adjusting the mistuning factor of LqC), resonator
q. However, when a PA is implemented using microstrip transmission lines and a
packaged active device, the parameter ¢ is usually chosen in order to incorporate the
device parasitic reactance into the load network. Therefore, a different approach to
achieving load insensitivity needs to be used.

In this example a class-E PA is optimized for operation at carrier frequency 3.5
GHz and peak power 10 W. The circuit parameters are chosen in order to achieve
purely resistive load at the output of the shunt resonator: ¢ = 1.607, Ly = 2.26
nH, C, = 0.353 pF, the optimum load for the peak power is Z;, = 33.6 ohm. The
outputs of the PAs are connected to the quaterwave Chireix combiner using T-
shaped transmission lines, as shown in Fig. 6.11. For the sake of simplicity, the shunt
capacitance and the series inductance are modelled by lumped components, the shunt
filter and the matching network are simulated using ideal transmission lines. The
active device is represented using an ideal switch with 4 ohm on-resistance and 10°
ohm off-resistance. It should be noted that in the ideal case the on-resistance should
be chosen as small as possible. However, when the PA is simulated using a harmonic
balance simulator, a big difference between on-resistance and off-resistance may cause
convergence issues of the simulator. The output Chireix combiner is modelled using
ideal transmission lines, and the compensating reactive components are implemented
using sections of open and short-circuited transmission lines (see Fig. 6.11).

The length of the output offset lines is chosen in order to eliminate amplitude
imbalance between the two branches of the outphasing PA, whereas the characteristic
impedance is chosen to be 50 ohm. With the given circuit parameters it has been
found, that the optimum length of the offset lines is 75°. As well as in the previous
subsection, the algorithm was tested using a 16QQAM OFDM modulated signal with

20 MHz bandwidth. The spectrum of the output signal before and after applying
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Fig. 6.11 ADS schematic of an outphasing PA based on class-E PAs with shunt capaci-
tances and shunt filters used for phase-only DPD algorithm.
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the DPD algorithm is shown in Fig. 6.12. The constellation of the output signal is
shown in Fig. 6.13. From these plots one can see, that the proposed linearization
algorithm improves the EVM from 12.6% to 1.95%. It should be pointed out, that
the length and the characteristic impedance of the offset lines should be adjusted
for a particular load network configuration. For example, if the parallel capacitance
is chosen to incorporate a packages device parasitics, the load impedance will have
reactive part, and therefore, the parameters of the T-shaped lines should be tuned

accordingly.

6.3 Linearization of class-E PA using memory
polynomials

The technique proposed in Section 6.2 provides a simple and computationally efficient
way of improving linearity of outphasing PAs. However, since this technique does not
take into account memory effect, the achievable level of linearity will be limited for

wideband signals. Memory effect is one of the major sources of distortion in modern
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Fig. 6.12 Spectrum of a 20 MHz 16QAM OFDM modulated signal: grey line - no
predistortion applied; black line - phase predistortion applied.
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Fig. 6.13 Constellation of a 16QAM OFDM modulated signal: (a) - before DPD (EVM
= 12.6%); (b) - after DPD (EVM = 1.95%).

GaN amplifiers [131, 132]. There is a number of models that take into account
memory effect, however, they are beyond the scope of this section.

In this section we demonstrate the application of the memory polynomial technique
in order to linearize the fabricated outphasing PA presented in Chapter 5. Compared
to other algorithms, the memory polynomial technique provides a good trade-off

between the precision of PA modelling and computational complexity [95, 133]. A
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Fig. 6.14 ADS schematic of an outphasing PA based on class-E PAs with shunt capaci-
tances and shunt filters used for phase-only DPD algorithm.

block-diagram of the fabricated outphasing PA is shown in Fig. 6.14. The input

amplitude and phase modulated signal can be written in the form:
S(t) = A(t)elettet) (6.24)

where A(t) is the modulated magnitude of the signal and ¢(¢) is modulated phase,
w = 27 f. is the carrier angular frequency. The SCS block is implemented in the
digital domain using Matlab. Omitting the term representing the carrier wave e/“t,

the signals S; and Sy after the SCS can be written in the form:

Sy (t) = AgelP+H0) (6.25a)

Sy(t) = Age?P=00) (6.25b)

After the amplification stage the signals reach the reference plane (see Fig. 6.14).
The reference plane is chosen right before the quarterwave combiner, however, in the
general case it can be chosen at any point of the output circuit where the angle can
be calculated from the output signal. The signal at the reference plane can can be

expressed as:
S1a(t) = Ag, e’ e +0a(0)) (6.26a)

Sga(t) = Agye?PaB)=ba(t)) (6.26h)
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6.3 Linearization of class-E PA using memory polynomials

Here we assume that, after the amplification, the signals have the same magnitude
that is provided by the structure of the output load circuit of the class-E amplifiers.
In expressions (6.26) 6, represents amplitude modulation distortion and ¢, conveys
the distorted phase of the original signal. As it was described in Chapter 2, the
relationship between the input and the output signals is modelled using (2.35). In
the case of outphasing it is convenient to represent the distorted phases separately

using memory polynomial representation:

Oa(n) = Z:l ZO Ampf(n —m)|0(n — m)|? (6.27)
pa(n) = Z:l ZO Brptp(n —m)lp(n —m)|* (6.28)

In (6.27) and (6.28) the continuous signals depending upon time ¢ are replaced with
sampled signals depending upon the sample number n. The outphasing angle at the

reference plane can be found from the output voltage according to (5.21):

Z,
6, = arccos <2‘%ng> (6.29)

It should be noted that expression (6.29) was derived for a nonisolated Chireix
combiner excited with two voltages of equal magnitude. Real outphasing PAs have
some amplitude imbalance between the branches due to the load modulation effects.
However, expression (6.29) provides a good approximation for the outphasing angle
even if a small imbalance between the branches exists. The normalized voltage
(Vout/ Vo) across the output load can be obtained from measured output signal. Once
the signal has been received, the predistorted outphasing angle fppp can be derived
using the LMS technique, as described in Chapter 2. Once the amplitude response of
the transmitter is linearized, the same technique can be applied in order to predistort

the phase ¢(t).
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Fig. 6.15 Measurement setup.

6.3.1 Testbench setup

In order to test the linear performance of the PA, a measurement setup was used,
as shown in Fig. 6.15. A signal with 64QAM OFDM modulation scheme, 20 MHz
bandwidth and 8.8 dB PAPR was separated into two phase modulated signals in the
digital domain. The two outphasing signals were generated from a TSW30SH84EVM
board at the carrier frequency 2.14 GHz and preamplified using two linear driver
amplifiers. The two outphasing signals were amplified using the tested outphasing
PA. The output signal was attenuated and captured using a Rohde&Schwarz FSW
signal analyzer. This signal analyzer allows for the capture of multiple passes of
the transmitted signal. Averaging over 16 captures of the output signal in turn
enables reduction of the noise of the received signal and therefore improves the
precision of the PA modelling. It should be noted that a band-pass filter needs
to be used at the input of the signal analyzer in order to eliminate aliasing. The
bandwidth of the signal, however, should be wide enough in order to fully characterize
nonlinear distortion of the signal. The postprocessing of the captured signal as well
as generation of predistorted signal was implemented using Matlab.

Power spectrum of the output signal before linearization is shown in Fig. 6.16
(gray line). From this plot one can see, that due to phase distortion, the outphasing
PA introduces significant spectrum regrowth. After application of the DPD technique,

as outlined in this section, the linearity of the output signal was significantly improved
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Fig. 6.16 Experimentally measured spectrum of the output signal before and after digital
predistortion.

(black line in Fig. 6.16). The measured ACLR of the output signal is -39.5 dB. It
should be pointed out, that the achieved ACLR was limited by the dynamic range
of the transmitter, and could be further improved by using better equipment. The
EVM of the linearized 64QAM OFDM modulated signal is 0.9%. The achieved drain
efficiency with modulated signals is 44.3% and PAE is 26%.

It should be pointed out, that presented phase predistortion technique provides
sufficient linearity improvement only if an outphasing PA is excited with two constant
envelope signals. However, signals with non-constant envelope can be used in order
to increase the gain at back-off power level, and therefore improve PAE of the PA
[66]. In this case, the linearization techniques that take into account amplitude
variation should be used [60]. Since the more advanced linearization methods require
additional computational resources, the choice of a particular DPD technique also

depends on the affordable complexity of the system.

6.4 Conclusion

In this chapter linear operation of class-E outphasing PAs has been discussed. An

analytical description of the behaviour of a Chireix combiner under amplitude
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Fig. 6.17 Constellation of the demodulated predistorted signal (EVM = 0.9%).

imbalance has been proposed. It has been shown with numerical simulation and
experimental measurement, that the proposed model predicts the AMAM curves
of a signal generated from ideal voltage sources or power sources with fixed output
impedance. A simple phase-only predistortion technique has been presented, that
can be used with a class-E outphasing PA. It has been shown, that this technique
can be applied to an outphasing PA based on the different types of class-E amplifiers,
such as class-E PA with finite DC-inductance and class-E PA with shunt capacitance
and shunt filter. Finally, the application of memory polynomial technique in order
to linearize an outphasing PA has been demonstrated. The performance of the
fabricated PA was experimentally validated using a 64QAM OFDM modulated signal
generated from a dual-path DAC board. After the linearization, ACLR of -39.5
dBc and EVM of 0.9% were achieved. The achieved ACLR is limited by the used
hardware, and could be further improved by using transmitter with higher dynamic

range.
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Chapter 7

Conclusions and future work

Power amplifiers are an essential part of most of wireless communication systems.
The PAs have a significant impact on transmitter parameters, such as linearity
and energy efficiency. Due to the ever increasing demand for wireless channel
capacity, signals with high PAPR are widely used in modern communication systems.
Therefore, power amplifiers must maintain high energy efficiency along with low level
of nonlinear distortion across wide dynamic range. In order to attain this goal, some
advanced transmitter architectures, such as Doherty PA, outphasing PA and envelope
tracking technique have lately attracted the attention of industry and academia.
These advanced PAs can be built based on different types of single-ended amplifiers.
However, using switchmode PAs, such as class-E or class-F, can potentially provide
higher efficiency, since the active device is driven into saturation.

In this thesis some issues related to design of load modulation transmitters based
on class-E PAs are addressed. Firstly, in Chapter 3 a theoretical analysis of the
class-E PA with shunt capacitance and shunt filter for peak and back-off output power
has been presented. It has been shown, that the class-E PA with shunt capacitance
and shunt filter can maintain high drain efficiency at back-off power level as well as
at the peak power. It has also been shown that a back-off power level with a high
drain efficiency can be achieved by adjusting the complex output load, which makes

this type of PA suitable for load modulation transmitters. An analytical technique
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for deriving load network parameters for peak and back-off power has been presented.
The proposed technique has been proved using the Keysight ADS simulation tool.

Secondly, in Chapter 4 a wideband class-E PA with shunt capacitance and shunt
filter has been proposed. It has been demonstrated, that using an L-shaped output
matching circuit one can compensate the variation of the input reactance of the
shunt LC-resonator. The proposed broadband class-E PA was optimized in Keysight
ADS design tool and implemented using GaN HEMT device from Cree CHG40010F.
The input and output circuits have been implemented using mictrostrip transmission
lines on Rogers RO4350B substrate. The manufactured PA demonstrated over 65%
drain efficiency across 1.7-2.8 GHz frequency band. The variation of the output
power across this frequency range is 2 dB.

Thirdly, in Chapter 5 the application of the technique presented in Chapter 3
to outphasing PA design has been demonstrated. Load modulation properties of
nonisolated Chireix combiner and isolated Wilkinson combiner have been analytically
investigated. Relationships between outphasing angle and the output power for both
types of combiners were derived. An outphasing PA based on two class-E amplifiers
with shunt capacitances and shunt filters was optimized and fabricated using two
GaN HEMT transistors CGH40010F. The performance of the fabricated PA was
tested using two single-tone signals. The fabricated PA demonstrated over 60% drain
efficiency and over 30% PAE at -8.5 dB back-off power level. It was also shown, that
using a non-isolating combiner with lower loaded Q-factor at the back-off power one
can improve the wideband performance of the outphasing PA. Simulated results for
a Doherty PA based on class-E PA with shunt capacitance and shunt filter have been
presented. The simulated PA provides minimum drain efficiency of 50% for back-off
output power -7.5 dB.

Finally, in Chapter 6 some issues related to the linear operation of outphasing
PAs based on class-E amplifiers have been discussed. An analytical model predicting
nonlinear behaviour of a non-isolated Chireix combiner under amplitude imbalance
has been proposed. The model was proven using both simulation in Keysight ADS

and measurement setup. A phase-only predistortion technique providing memoryless
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7.1 Future work

linearization of class-E outphasing PA has been proposed. It has been demonstrated,
that this technique can improve the linearity of outphasing PA based on different
types of class-E amplifiers, such as class-E PA with fininte DC inductance and class-E
PA with shunt capacitance and shunt filter. In order to linearize the fabricated
outphasing PA, a memory polynomial technique has been applied to an OFDM
64QAM modulated signal. The signal was generated from a dual-path DAC board,
and the output signal was measured with a signal analyzer. After the linearization

the output signal demonstrated ACLR of -39.5 dBc and EVM of 0.9%.

7.1 Future work

In this thesis some issues related to the using of class-E PAs in advanced transmitters
are discussed. However, there is a capacity for further research in order to improve
the prediction of analytical models, and to achieve better performance of designed
transmitters. These research areas are particularly important due to the growing
demand for throughput in future 5G and 6G systems, which will introduce more

challenges for PA designers.

e The model used for the class-E PA load network parameters estimation uses
an idealized representation of an active device as an ideal switch. Therefore,
a model that represents some properties of FET transistors, such as finite
on-resistance and dependence of drain-source capacitance upon drain voltage

may significantly reduce the time required for numerical optimization of PAs.

e In Chapter 5 it has been shown, that the wideband properties of the presented
outphasing PA can be improved if a non-isolated Chireix combiner with reduced
loaded Q-factor is used. However, the operation was demonstrated using ideal
model, when the active devices of outphasing PA are modelled as ideal switches.
Implementation of this PA using GaN HEMT transistor could provide a better
solution for 5G sub-6GHz frequency range. Besides, the broadband properties
of outphasing PA can be explored.
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7.1 Future work

e The outphasing PA presented in Chapter 5 was tested using two constant
envelope signals in order to drive both branch amplifiers into class-E mode.
However, using input signals with non-constant envelope can provide better
gain at the back-off power level, which in turn improves PAE of the transmitter.
This is particularly important for the transmitters operating with signals with

high PAPR.

e The DPD technique presented in Chapter 6 is based on memory polynomial
representation of the output signal, and operates with signal phase at the signal
component separator. However, using non-constant envelope signals entails an
additional source of nonlinearity due to the magnitude distortion. Therefore,
the presented linearization technique should be modified in order to account

for the signal magnitude nonlinear response.
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