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Abstract

In order to reach increasingly higher data rates and energy requirements in mobile networks,
energy efficiency and broadband operation in power amplifiers have been driving parameter in
the research of wireless transmitters. This thesis presents the theory for a broadband design of
a dynamic load modulated class-J power amplifier. Calculations show that a drain efficiency
higher than 70% down to an output power back off of 7.7 dB can be maintained for a fractional
bandwidth of 36% by tuning the transistor load reactance during the appropriate operating
conditions. The modulation of the transistor load reactance can, for example, be achieved with
varactors.

The concept is demonstrated in a gallium nitride high electron mobility transistor power
amplifier with silicon carbide varactors. The power amplifier achieved a power added efficiency
over 50% for 1.70 to 1.80 GHz down to 5dB output power back off, with the maximum output
power of 40.4 dBm for continuous wave measurements. For modulated signals, the power amplifier
showed excellent linearity and high efficiency. For a 3.84 MHz 6.6 dB peak to average power
ratio W-CDMA signal at 1.75 GHz, the power amplifier achieved an adjacent channel leakage
ratio of -48 dBc, an average power added efficiency of 44.9% and an average power of 33.1 dBm.
The correlation between theory, simulated results and measured results is discussed to show the
potential of the broadband, dynamic load modulated class-J power amplifier concept.

Keywords: Energy efficiency, Power amplifier, Dynamic load modulation, Class-J, Gallium
Nitride (GaN), HEMT, Silicon Carbide (SiC), Varactor
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Notations and abbreviations

Notations

Cys Drain-source capacitance.

K Rollet’s stability factor — part one (K-factor).
Ppc DC power.

P,u: Output power.

R,p: Optimum class-B load resistance.

Vps Drain-source DC voltage.

Vas Gate-source DC voltage.

Vknere Knee voltage.

A Rollet’s stability factor — part two (A-factor).
7 Drain efficiency.

f Frequency.

Abbreviations

ACLR Adjacent Channel Leakage Ratio.

AWG Arbitrary Waveform Generator.
CW Continuous Wave.

DAC Digital to Analog Converter.
DC Direct Current.

DLM Dynamic Load Modulation.
DPD Digital Pre-Distortion.

DSM Dynamic Supply Modulation.

DUT Device Under Test.

ET Envelope Tracking.
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NOTATIONS AND ABBREVIATIONS

GalN Gallium Nitride.

HEMT High Electron Mobility Transistor.

IQ In-phase and Quadrature.

LSNA Large Signal Network Analyser.
NMSE Normalized Mean Square Error.
OPBO Output Power Back-Off.

PA Power Amplifier.
PAE Power Added Efficiency.
PAPR Peak to Average Power Ratio.

PCB Printed Circuit Board.

RF Radio Frequency.
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Chapter 1

Introduction

1.1 Motivation

The usage of mobile communication is constantly increasing. Due to an increase of usage of
services like streaming music and videos, cloud storage and cloud computing, the demand of
high data rates is increasing very rapidly. By 2018, it is expected that the annual run rate of
mobile network data traffic will be 190 exabytes, which is equivalent to 190 times more than all
the traffic from Internet Protocol (IP), fixed line and mobile combined in 2000 [1].

In order to meet the increasing data rate demands, the network providers and operators are
starting to implement different advanced solutions. One solution is to use complex modulation
schemes for the signals. Increasing the order of the modulation scheme will increase the spectral
efficiency, but it will also increase the Peak to Average Power Ratio (PAPR), i.e. how far the
power level for the maximum value of the probability density function is from the maximum
power level. For a conventional Power Amplifier (PA), the efficiency is proportional to the
transistor drive level, which means that increasing the PAPR of a signal will decrease the average
efficiency of the PA severely.

The available frequency spectrum for wireless networks is divided into a lot of different bands,
e.g. the LTE standard utilizes 44 different bands [2]. If components with a low bandwidth is used
in wireless networks, one amplifier for each band may be required. If broadband components that
are able to handle more than one band is used, cost and size can be reduced. In order to reach
data rate requirements, more than one band may be used for a single user (carrier aggregation),
which also sets broadband demands. This is already utilized in today’s standards, e.g. LTE
advanced can utilize up to five 20 MHz carriers [3].

The PA consumes a lot of energy in radio base stations, e.g. in a macro radio base station,
the PA is the most power consuming component, studies have shown that it is consuming 57% of
all DC power at maximum load [4]. The power wasted in the PA introduces cost for the network
operator and sets a carbon dioxide footprint on the environment, therefore it is necessary that
the PA has a high efficiency performance. The European Union project METIS has set the
requirement that the next generation mobile network system (i.e. 5G) should ”fulfill the previous
requirements under a similar cost and energy dissipation per area as in today’s cellular systems’
[5]. In addition, a too low efficiency in the PA may degrade its durability and it may cause
problem with overheating.

In order to fulfill the requirements of the high data rates in the future, broadband PAs
with good efficiency performance are needed. There are several ways of enhancing the efficiency
performance of a PA. Due to its simplicity, the Doherty PA (with common input signal) is the most
popular efficiency enhancement design [6], [7]. However, the input split needed in this Doherty
PA introduces a gain loss equal to that split. For very high frequencies, the gain of the transistor
is often a limiting factor, which makes it interesting to evaluate other efficiency enhancement
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2 CHAPTER 1. INTRODUCTION

techniques that does not degrade the gain. Another efficiency enhancement technique is Envelope
Tracking (ET) Dynamic Supply Modulation (DSM) [7]. In this technique, the envelope of the
input signal controls the drain supply of the amplifier. The drain supply is controlled by an
operational amplifier dissipating energy, whose efficiency may degrade the total efficiency of the
whole circuit. This thesis explores a third technique: Dynamic Load Modulation (DLM). In this
thesis, a novel, broadband, varactor based DLM class-J PA is described and implemented. The
varactor voltage is modulated by the envelope of the input signal, amplified with an operational
amplifier dissipating very little energy. Varactor based DLM enables high efficiency and in the
future, such topology may be used to compensate antenna mismatch, which would improve the
overall efficiency of the complete transmitter even further.

1.2 Thesis contribution

Previously, varactor based DLM class-J PAs has been implemented in for example [8], [9] and
[10]. In [8], the PA achieves high efficiency performance when the transistor is backed off by
dynamically tuning the reactive part of the transistor load such that it follows an optimal
trajectory, found from a novel class-J performance theory derived in the same article. In this
thesis, that theory is expanded such that the transistor can be operated in a way that the
efficiency enhancement can be maintained over a wide bandwidth. In [9], a varactor based DLM
PA is implemented from a load pull based design method, without a thorough theory as in [8].
[10] is another load pull based varactor DLM PA, where high efficiency is achieved over a wide
band.

In this thesis, a power amplifier with efficiency enhancement has successfully been implemented.
The center frequency is shifted and the performance is decreased from the simulated results.
However, the performance at the measured center frequency is comparable to other published
results of varactor based DLM PAs [8], [9], [10]. The sensitivity of this design method has been
discussed in this thesis. To show the potential of the broadband class-J DLM concept, the
correlation between the theory, simulated results and measured results has been discussed.

1.3 Thesis outline

This theses is initialized with a brief review of PA theory, with a focus on the class-B PA in
chapter 2. Then, different efficiency enhancement techniques for the class-B PA is mentioned.
The fundamental theory of the class-J PA is then discussed, together with an explanation of
how a reactive tuning of the load can enhance the efficiency when the transistor is backed
off over a large bandwidth. The complete design of the circuit is presented in chapter 3. A
detailed description of the design of the input and output network is presented, together with
motivations and simulation results. In chapter 4, measurement setups and results are presented
for Continuous Wave (CW) measurements and modulated measurements. Finally, the thesis is
concluded with a discussion of the presented work and suggestions of future work in chapter 5.



Chapter 2

Theory

In this chapter, the theory behind the design method of the wideband varactor tuned, DLM
class-J PA will be presented. First, a brief explanation of PAs, with a focus on class-B PAs will
be presented. Then, different efficiency enhancement techniques will be discussed. Finally, the
class-J PA will be presented, starting with the fundamental theory and concluding with the
wideband dynamic load modulated operation.

2.1 Power amplifiers

Power amplifiers can be distinguished into two different types: transconductance amplifiers and
switch mode amplifiers. In a transconductance amplifier, the transistor operates as a voltage
controlled current source, i.e. the current at the output is proportional to the voltage over the
input. In a switch mode amplifier, the transistor is either fully turned on (maximum current) or
turned off, thus acting as a switch. A schematic of a transconductance amplifier can be seen in
figure 2.1a and a schematic of a switch mode amplifier can be seen in figure 2.2a.

Transconductance amplifiers are usually divided in four different classes: class-A,-AB,-C and
-D. The classes are distinguished by their conduction angle, i.e. the fraction of time during a full
wave cycle on the input the current source is conducting. The class-B amplifier will be discussed
in detail below. The class-J amplifier can be seen as variant of the class-B amplifier, but with
different waveforms at the output. The class-J PA has the same maximum output power and
drain efficiency as the class-B PA (n = 78.5%).

2.2 Class-B power amplifier

The class-B PA is a transconductance amplifier biased and terminated in a way that gives half
rectified sinusoidal current waveforms, i.e. the current source is conducting half of the time, and
gives full sinusoidal voltage waveforms at the output of the transistor, see figure 2.3. The half
rectified sinusoidal current waveform at the output of the transistor is achieved by selecting the

$ + +
Vs ips(Vbs,\Vas)  Vps Ves T ips(Vos,Ves)  Vbs
o o ')

o
(a) Transconductance amplifier. (a) Switch mode amplifier.

+0

Figure 2.2
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Figure 2.3: The voltage and current waveforms at the Figure 2.4: Output current as a function of input voltage

output of a class-B transistor, where Vpg is the bias of the transistor (blue), where Vs is the bias point. Note

point. how the RF-voltage (red) will turn the transistor on and
off.
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Figure 2.5: Output current as function of output voltage when DC is applied (blue lines) and when DC and RF is
applied (red line) for a Class-B amplifier.

gate source bias point at the threshold voltage (Vr), i.e. Vigg = Vp, which is the point where the
transistor is turned on, see figure 2.4. The full sinusoidal voltage waveform at the output of the
transistor is achieved by short circuiting all voltage harmonics higher than the fundamental.

In figure 2.5, the output current is plotted as a function of the output voltage. The blue lines
represents the output current function when only Direct Current (DC) is applied at the input.
The red line represents the output current function when both DC and Radio Frequency (RF) is
applied to the input (also called load line), when biased at the threshold voltage.

2.3 Efficiency enhancement techniques

The drain efficiency of an amplifier is defined as the ratio of the output power and DC power

P, R(I2Z1)/2
n = t_ (;ZL)/ (2.1)
Ppc Vbcelpc

where I; is the current flowing through an attached load at the output (for a certain frequency),
and Zj, is the impedance of that load. Since the DC voltage is constant and I; and Ip¢c are



2.4. CLASS-J POWER AMPLIFIER WITH DYNAMIC LOAD MODULATION )

Inaa

vas = Veoar Tnaz | /\ vas = Vsar

0 0
Q Dynamic Q
i increase i
of the load
Dynamic reduction
of Vpg
<
0 I = vas = Vas 0 I vas = Vas
VineE Vbs VinEE Vbs
Ups Ups

(a) (a)

Figure 2.7: A demonstration of the load line for dynamic load modulation (a) and dynamic supply modulation (b)
for a class-B PA. The direction of the arrow corresponds to backing off from maximum transistor drive level.

proportional to the transistor drive level, the drain efficiency is proportional to the drive level.
Thus, the maximum drain efficiency is achieved at the maximum drive level, i.e. at maximum
output current.

In order to achieve high efficiency when the transistor is backed off, an efficiency enhancement
technique can be applied. There are two different categories of these techniques: DLM and DSM.
In DLM, efficiency in back off is enhanced by dynamically increasing the load impedance as
the transistor drive level is backed off. In equation (2.1), it can be seen that the efficiency is
maintained at a high level as the transistor drive level is backed off if the load is increased at the
same rate as the load current is decreased. In DSM, the efficiency in back off is enhanced by
dynamically lowering the drain bias voltage as the transistor drive level is backed off. In equation
(2.1), it can be seen that the efficiency is maintained at a high level as the transistor drive level
is backed off if V¢ is decreased at the same rate as the load current is decreased. The load lines
for DLM and DSM for a class-B PA are demonstrated in figure 2.7.

For modulated signals (with a PAPR larger than zero dB), the envelope of the RF signal,
i.e. the baseband frequency, controls the modulation (of the load or supply), thus enhancing the
average efficiency.

A popular DLM method is the Doherty PA, where the load modulation is achieved by
introducing an additional current that changes the effective load the the transistor sees. This
method is sometimes called active load modulation. The additional current is introduced by
a second transistor, which can be controlled with a separate control signal or with the same
signal as main transistor. If the second transistor is controlled with the same signal as the main
transistor, the total amplifier system will be very simple (in comparison to the case with an
additional control signal); the Doherty PA will be controlled in the same way as an ordinary
PA. The simplicity of this Doherty PA is one of the reasons why it is so popular. There is one
disadvantage though: because the input signal is splitted into two branches (usually 3 dB), there
will be a gain loss (equal to the split ratio). For very high frequencies, low gain is usually a
problem, which makes it interesting to evaluate other efficiency enhancement techniques.

2.4 Class-J power amplifier with dynamic load modulation

The class-B short circuiting of the harmonics higher than the fundamental can be achieved with
the output capacitance of the transistor if it is large enough, meaning that the higher harmonics
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[ Rro+jx. ifn=1
Zi(neo) ‘{ o ifn=0234..

Figure 2.8: Class-J amplifier schematic.

are close to being short circuited, which gives close to ideal waveforms. In [7], it is described
that if the reactance of the output capacitance fulfills Xcps/R;, < 1 (where Ry, is the output
load), classical class-B output voltage waveforms, i.e. nearly sinusoidal, can be expected. This
ratio is dependent on the device technology and operating frequency. For Gallium Nitride (GaN)
High Electron Mobility Transistors (HEMTSs), operating at 2 GHz, this ratio can be as high
as 3 [7]. Even with a high reactance, high efficiency operation can still be achieved with the
correct harmonic termination. In the class-J PA, all harmonics higher than the fundamental
are open circuited after the transistor output capacitance. In the ideal case, the class-J PA can
be represented by a current source, the device output capacitance (drain-source capacitance,
Cys) and a termination that is open for harmonics higher than the fundamental and for DC. A
schematic of an ideal class-J PA is shown in figure 2.8.

The transistor is biased at pinch off, resulting in a half-rectified sinusoidal current given by

) Laesing if0< 8 <
ins(0) = {B T (2:2)

0 Hfr<6<2mr

where I, 18 the maximum current of the transistor, 3 is the drive level (0 < < 1) and 0 is
the phase of the input signal (6§ = wt). Since the harmonic components are open circuited, the
current at the load only has one frequency component (the fundamental component) and can be
written as

it = || sin(8 + ) (2.3)
were |[;] is the magnitude and ¢ is the phase shift. [; (phasor representation) can be found by
applying Kirchoff’s current law to the fundamental frequency of ipg
_ /BImax Zi,f

2 7

where Z; r is the load presented to the current source at the fundamental frequency, which can
be written as

! (2.4)

Zr,

= 2.5
ij’dSZL +1 ( )

Zif
The phase shift ¢ can be calculated by

o=/I (2.6)

The current through the device output capacitor can be found by solving Kirchoff’s current
law
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ic =Ipc —ips — i (2.7)

where the DC is given by

(2.8)

IDC _ BImaZ’ .
s

When the DC- and load currents are known, the output power, P,,;, DC power, Ppc,and
drain efficiency, n, can be calculated by

Py = 3%(|Il|2ZL)/2 (29)

Ppc = Vpelpe (2.10)
Pout

= . 2.11

Poc (2.11)

With these derivations, n and P,,; can be expressed as functions of R, X,, X¢,, and (.
However, not every combination of R,, X, X¢, and § will yield a physical solution. For a
physical solution, the output voltage, vp, must be equal or larger than zero for all values of 6.
The output voltage can be calculated by

1 o
vo(@) = WOy /0 1.d0 + Vorpr =

wCys

L (BImax [Q — 2] + || [cos ¢ — cos (6 + ¢)]) + Vorr itr <6 <2r

wClys

(2.12)

™

{ L (Blmam[%—i—(JOSH—l}—|—|Il\[cosgp—cos(9+cp)])+V0FF fo<O<m

where Vporr is selected such that the correct DC voltage is obtained, i.e. Vpg.

Finally, Rs, X, X¢,, and 3 can be swept and n and F,,; can be calculated for all physical
solutions, i.e. all combinations that fulfill vo(#) > 0 for all #. In order to generalize, Ry, X and
Xc,, are normalized with the optimum class-B load resistance, R,,:, which is defined as

o Vdsmar _ Vbs — VkNEE
opt — . -
Ydsmaz Imax/2

The results for different Xc,./R,,: ratios are plotted in contours in figure 2.12. In these plots,
P, has been normalized to the maximum class-B output power, Py,q., which is defined as

(2.13)

1 . Vbs — VkNEE)L
Praz = §Udsma,c2dsmm = ( 4 ) -, (2.14)

If X is varied while R is kept fixed, high drain efficiency can be obtained over a large dynamic
range of output powers. It is evident that a reactively load modulated class-J architecture is a
good candidate for a dynamically load modulated PA.

When w increases, the ratio Xc,./R,,; decreases. Figure 2.9a demonstrates 1 and Py, for a
frequency 36% higher compared to the contours in figure 2.11a. If the resistive part of the load
is kept fixed at Rs/R.,: =~ 0.5, high efficiency operation is possible over a wide bandwidth. The
wideband operation possibilities are demonstrated in figure 2.13a and 2.14a. In 2.13a, the resistive
part of the load is fixed Rs/R.,e = 0.5 and 7 and is plotted for different Xs/Ro,: and 1/(Xc,,/Ropt)
(which is proportional to frequency). High efficiency operation by tuning X is possible for
0.35 < V/(Xc,,/Ropt) < 0.95. A cross section for different values of 1/(x¢,,/r,,:) within this span is
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Figure 2.12: Contour plots for the drain efficiency and the normalized output power for different Xc¢,, /Rope. Later
in this chapter, it will be shown that these specific ratios enables good performance.
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Figure 2.14: The wideband operation possibilities. In (a), the resistive part of the load is fixed Bs/R,,, = 0.5 and
n and P,y contours are plotted for different Xs/r,,, and 1/(XcdS/Ropt) (which is proportional to frequency). In (b),
the cross section for different */(xc, /r,,.) is plotted versus OPBO.

_T_VDS
RF block
|
Ips bC
<
+ le I Cs

Vo —|—Cds

Figure 2.15: Class-J PA with a series inductor and varactor.

shown in figure 2.14a. In this figure, it can be seen that an Output Power Back-Off (OPBO) of
7.7dB with more than 70% drain efficiency can be maintained for 1/(x¢,, /r,,) from 0.45 to 0.65,
which corresponds to a fractional bandwidth of 36% (which is equivalent to Xcu,/Rop = 1.54 to
2.22).

One way of implementing the tuning of X is by using a series inductor together with a series
varactor, as in figure 2.15. The series inductor and varactor present a net reactance of

1

ok (2.15)

X =wlLs —

The output topology in figure 2.15 also acts as a low pass filter, presenting a close to open circuit
impedance for the harmonics higher than the fundamental, which enables the class-J operation.

The required varactor tuning range for achieving the wanted X, is dependent on the inductor
reactance Xy, = wLs. A large L, requires a small tuning range of the varactor and a small L
requires a large tuning range of the varactor. The varactor tuning range of a real varactor is
limited and therefore Lg cannot be too small. A small tuning range makes X more sensitive to
varactor voltage and the RF voltage over the varactor, which means that Lg cannot be too large
either.

In figure 2.13a, it can be seen that the required X; tuning range for high efficiency down to
7.7dB OPBO is 0.72 to 1.8 for 1/(Xc,,/r.p) = 0.45 and 0.56 to 1.6 for 1/(xc, /r,,) = 0.65. If L is
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Figure 2.16: Capacitive tuning requirements for a LC series network when X1 /Ropt = 3.42 (X1, calculated when
1/(Xcds/Ropt) = 065)
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Figure 2.17: The load lines for a class-J PA that is modulated in optimum way for 1/(xc,_/Rop) = 0.55.

selected such that X, /Ry = 3.42, the required capacitive tuning will be between 1 and 1.58 for
L(Xc, /Ropt) = 0.65 and between 2.5 and 7.24 for 1/(x¢, /r,,) = 0.45 (where the ratios have been
normalized with the same capacitance). This means that the varactor should have a capacitance
ratio between 1 and 7.24 in order to achieve the wanted X range for 1/(xc, /r,,) = 0.45 and
1/(Xc, /Ropr) = 0.65. A varactor with these tuning possibilities will also achieve the wanted X
ranges for frequencies with ratios between 1/(x¢, /r,,) = 0.45 and 1/(x¢,, /R,p) = 0.65. This is
demonstrated in a Xs/R.,: contour plot in figure 2.16, where it can been seen that the tuning
behaviour for the band edges almost coincide.

The load lines for a class-J PA that is modulated in optimum way for 1/(Xc, /r.,:) = 0.55 can
be seen in figure 2.17. It can be seen that the load lines (hence also the waveforms) are quite
different from the ideal class-B case above.

Since the harmonics higher than the fundamental are not completely short circuited in the
design from figure 2.15, the transistor will not behave exactly as an class-J PA, which suggest
that the results from the theory will not be accurate to 100%. It should also be remembered
that the transistor is very simplified; the model does not consider things such that an actual
transistor is bilateral and that an actual output capacitance is non-linear. However, since this
model works has successfully been used in [8], it is reasonable to believe that the simple model is
sufficiently accurate.



Chapter 3

Amplifier design

In this chapter, a detailed description of the design of the PA is presented. First, the specifications
of the PA is presented, followed by a description of the characteristics of the selected transistor
and varactors. Then, a detailed description of the design of the input and output network is
described. The chapter is concluded with the simulation results and discussion of the correlation
between the theory and the simulation results.

3.1 Specifications

For the amplifier, a 15 W GaN HEMT transistor by Cree (CGH60015D) was used (appendix
C). The PA was implemented on Rogers 4350 Printed Circuit Board (PCB) (appendix B). The
center frequency was chosen to f. = 2.14 GHz, which is at the downlink band 1 for LTE [2]. From
figure 2.14a, it was shown that for high drain efficiency operation for a large OPBO over a large
bandwidth, the ratio 1/(x¢, /r,,:) should vary from 0.45 to 0.65. This suggest that the center
frequency should correspond to 1/(xc,./Rop) = 0.55. From the theory, n should be higher than
70% down to 7.7dB OPBO for a fractional bandwidth of 36%, i.e. f from 1.75 GHz to 2.53 GHz.

From the figures 2.12 and 2.14, the output series resistance was chosen to Rs = 0.5R ;.
From figure 2.13a, it can be seen that Xs/R.,: should be tunable between 0.54 and 1.8 for high
efficiency operation for all frequencies in the band. Regarding the ratio between X, and X¢,, it
will be determined later by the available varactor sizes.

3.2 Transistor characteristics

The DC characteristics of the Cree transistor are shown in figure 3.1. The maximum drain
current at the knee is I = 2.6 A and the corresponding voltage at that point is VxnpE
= 5.2 V. When biased at the recommended Vpg = 28 V, the optimum class-B load resistance
will be R,y = 17.5€2, which sets the output series resistance to Ry = 8.75 ().

In the transistor data sheet, the output capacitance of the transistor is approximated to
Cys = 0.9pF (during the conditions Vpg = 28V, Vgg = —8V and f = 1 MHz). However, in
simulations later on, when the transistor was stabilized and terminated with the intended output
network, the total effective capacitance at the output of the transistor was approximated to
Cys = 2.4pF at the maximum drive level of the transistor, see figure 3.2. It was mentioned that
the center frequency should correspond to 1/(Xc, /roy) = 0.55, which for f. = 2.14 GHz means
that the total output capacitance of the transistor should be Cyzs = 2.37 pF. The total capacitance
is achieved with the transistor output capacitance and a shunt capacitor (if necessary).

11
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Figure 3.1: DC characteristics of the Cree transistor.
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Figure 3.2: The effective Cys at the output of the transistor (when stabilized and terminated with the intended
output network).

The non-constant behaviour of Cys implies that Xc,,/R.,: will not only change with frequency;
it will also change with the transistor drive level. For the maximum output power at f = 2.14 GHz,
we have that Xc,,/Rop,e = 1.77 (Cygs = 2.4pF), and at 5dB OPBO, the ratio is Xcy,/Rope = 2.5
(Cyqs = 1.7pF). This means, for one frequency, that the load modulation will not be a linear
curve going straight upwards in the contour plots in figure 2.12: as the output power is backed
off, the contours will change.

3.3 Varactor characterisitics

For this amplifier, an in-house Chalmers SiC-varactor with a tunable capacitance between 2.5 pF
—21.0 pF, when biased with 0 — 100 V, was used (a variant of [11]). In order to achieve the wanted
Xs/Rop ratios, the varactors were placed in anti-series. In addition, anti series varactors are
desirable since they have linearity benefits compared to a single varactor [12], [13], [14]. When in
anti-series, the capacitance range will be between 1.3 pF — 10.5 pF (a capacitive tuning ratio of 1
to 8.1), see figure 3.3.

When RF voltage is applied to the varactors, they will get an effective capacitance (since
the RF will swing across both sides of the bias point of the varactors, where the capacitance
differs). It will be shown later, in large signal simulations, that the RF-swing from the transistor
is largest at the highest varactor bias points, i.e. when the capacitance of the varactors changes
least abrupt. At the bias points where the capacitance of the varactors changes most abrupt, the
RF-swing from the transistor will be at its lowest. This means that the effective capacitance



3.4. INPUT NETWORK 13

o
N

=
o
I

o]
T
I

Varactor capacitance (pF)

0 . . . .
0 20 40 60 80 100

Varactor voltage (V)

Figure 3.3: The capacitance of two anti-series Chalmers SiC-varactors.
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Figure 3.4: The X, tuning possibilities for different Ls, when the varactor is tunable between 1.26 pF — 10.52 pF,
for f =1.75GHz and f = 2.53 GHz.

versus varactor voltage, when RF is applied, will behave very similar to the behaviour without
RF, i.e. like in figure 3.3.

When the effective capacitance of the varactors is known, the value of the output series
inductor, L, can be calculated. It was mentioned that Xs/R,,: should be tunable between 0.54
and 1.8 in order to reach high efficiency operation for 1/x¢, /r,,, = 0.45 to 0.65. X, is a function
of the series inductance and the capacitance of the anti-series varactors. The lower and upper
frequencies in the band will set the X tuning possibilities. In figure 3.4, the possible maximum
and minimum values of Xs/R,,; for f = 1.75GHz and f = 2.53 GHz are plotted as a function of
Ls. The limiting factors of the X tuning range will be the maximum X-value for f = 1.75 GHz
and the minimum X,-value for f = 2.53 GHz. If Xs/R,,: should be tunable between 0.54 and 1.8
for all frequencies in the band, then L must be between 3.65 nH and 3.7nH. The chosen varactor
configuration together with a series inductor of 3.7 nH corresponds to the tuning possibilities in
figure 2.16.

3.4 Input network

3.4.1 Stability

First, the transistor was stabilized with one series and one shunt resistor, see figure 3.5. The
stability of the transistor was examined for all possible bias points and Xs/R.,: combinations
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Figure 3.6: The stability factors K and |A|.

in order to ensure stability for large signal operation. The resistors prevents low resistive and
high conductive impedances ever being presented to the transistor for any frequency. The higher
series resistance, the higher resistive impedances will be blocked, but it will also dissipate more
power. For the shunt resistor, it is the other way around. Dissipating power is what is stabilizing
the transistor, therefore it is desirable. However, the power dissipation also leads to lower gain of
the transistor, which means that if the transistor is stabilized more than necessary, the gain will
be lower than it has to be. This applies for in band frequencies. Outside the band, the transistor
can be stable well beyond the limit between stability and instability without affecting the in
band performance.

The stability factors K and |A| for f = 0 to 10 GHz, when biased with the worst case bias, i.e.
Vys = —3.2V and Vs = 15V, together with the complete input network (with actual components
and transmission lines) are plotted in figure 3.6. The transistor is unconditionally stable for
0 — 0.37GHz, 2.23 — 3.89 GHz and for frequencies higher than 5.21 GHz. The transistor is
conditionally stable for 0.37 — 2.23 GHz and 3.89 — 5.21 GHz, which means that if no impedances
inside the unstable area of the stability circles is presented to the transistor, the transistor will
be stable.

The source and load stability circles for f = 0 to 10 GHz, when biased with the worst case
bias, together with the complete input network (with actual components and transmission lines)
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Figure 3.8: Stability circles for f =0 to 10 GHz, when biased with Vys = —3.2V and Vg5 = 15 V.

is plotted in figure 3.8. The center in both figures presents stable impedances, i.e. S11 and
S99 smaller than unity, which means that the transistor will be stable as long as the reflection
coefficient doesn’t cross any of the stability circles (when starting from the a stable area),
when changing frequency. The source stability circles are normalized with 50 2 and the source
impedance will be Zg = 502 for all frequencies. The load stability circles are normalized with
8.75 €, which is the wanted resistive part of the output load (Rs). This means that, in band,
with reactive tuning, the load presented to the output of the transistor will move along the upper
half of the Z/z, = 1 reactance line in figure 3.8a. Thus, the transistor will be completely stable if
the output network doesn’t present any load that will make the reflection coefficient cross any
stability circles out of the band. It should be remembered that each stability circle represents
one frequency, which means that each frequency has its own unstable area of impedances (all
conditionally stable frequencies). The actual output network will be somewhat lossy and will
improve stability a bit.

The shunt resistor in the stability network is a good branch to use as gate bias feed. Since,
only a very small current will flow through the gate of the transistor, a resistor is good for
blocking RF without introducing a voltage drop (if the resistance is not too large). After the
bias resistor, a capacitor to ground and a series inductor was added. The capacitor presents
low impedance for RF and inductor presents high impedance for RF, which makes the circuit
independent of whatever impedance the DC feed (the power supply unit) will present.

3.4.2 Input matching

Source pull simulations were performed with the desired output network, i.e. the one in figure
2.15. Since the output load varies with both power and frequency, the source pull simulations
were performed with the ”average” load at the output, i.e. when R, = 8.85Q, Cys = 5.5pF
and Ls = 3.7nH. First, the the optimum fundamental source load was found, when all higher
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Figure 3.10: The wanted and simulated source reflections, together with PAE contours. The wanted reflections
almost coincide for the band frequencies, therefore only the wanted reflection for the center frequency is plotted.
The simulated reflection is plotted from 1.7 GHz to 5 GHz.

harmonics were short circuited. Then, the optimum second harmonic source load was found,
with the optimum fundamental source load and short circuited higher harmonics. Then, a new
optimum fundamental source load was found, with the optimum second harmonic source load
and all higher harmonics short circuited. This procedure was repeated until the first and second
harmonic impedances had converged.

In figure 3.10, Power Added Efficiency (PAE) contours for the optimum first and second
harmonic source loads are presented. The P,,; contours were very similar to the PAE contours
and were therefore excluded from the plots.

When studying the efficiency enhancement in OPBO in large signal simulations, the impor-
tance of the termination of the second input harmonic was discovered. When designing the input
matching network, it appeared that it is more important to have a suitable termination for the
second harmonic load than it is to have a good match for the fundamental load in order to have
high efficiency when the transistor is backed off. The importance of the second harmonic source
termination is discussed in [15] and [16], where it is noted that the correct second harmonic
source termination gives beneficial waveforms at the output.

The actual source termination was achieved with a transmission line impedance transformer
and a shunt capacitance, see figure 3.5. The reflection from the complete input network (stability
network, harmonic termination and impedance transformer) can be seen in figure 3.10.

3.4.3 Input layout

The layout of the complete input network can be seen in figure 3.11. The transistor is placed on a
ridge at the right side of the input network. The input network is connected to the transistor by
gold bond wires. All components from the schematic of the input is connected with transmission
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Figure 3.11: The layout of the input network of the transistor.

lines. The bond wires and transmission lines introduce unwanted impedance shifts that made
the input matching more difficult, especially for the second harmonic that should be close to
short circuited. The large circles represent holes for screw connections (to connect the PCB to a
fixture). The other circles are via holes to ground.

3.5 Output network

3.5.1 Output matching

A schematic of the output network is presented in figure 3.12. The transistor is biased through
an inductor, a shunt capacitor and another series inductor. This branch works in the same way
as the DC feed discussed in section 3.4, except that a resistor cannot be used since there will
be a large current flowing through the drain of the transistor. The varactors are biased with a
separate DC feed. In order to introduce the same voltage over the two anti-series varactors, a DC
feed with the same voltage as the drain of the transistor is placed next to the second varactor.
The resistive matching is achieved with a transmission line impedance transformer.

The simulated load modulation (power sweep with the optimum varactor voltage for the
complete circuit) for the center frequency and band limits can be seen in figure 3.13. From
theory (figure 2.14a), the PA should have good performance for a fractional bandwidth of 36%,
i.e. f from 1.75GHz to 2.53 GHz. The final simulated circuit has efficiency enhancement for a
fractional bandwidth of 21%, i.e. f from 1.92 GHz to 2.36 GHz. Thus, from here on, the band
limits will be defined as 1.92 GHz and 2.36 GHz. The simulated load modulation shows that the
resistive part of the output load is also modulated, and that the resistive part of the load does
not start at Rs = 0.5R,p;. Even though the load modulation isn’t purely reactive, the complete
circuit still has high efficiency when the transistor is backed off, which will be discussed in more
detail later in this chapter. The resistive part of the modulation is due to all the parasitics in all
components in the output network. All components together with all the parasitics will introduce
a complex load that resonates at several frequencies. The simulated load modulation and its
correlation to the theory will be discussed in detail later on in this chapter.

Since the load modulation consists of both reactive and resistive tuning, it becomes harder to
provide an output network that enables good performance over a large band. The farther away
from the center frequency, the farther away from the optimum trajectory of the load modulation
in the PAE and P,,; contours the load modulation will be, which degrades the bandwidth
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Figure 3.12: A schematic of the output network of the transistor, including biasing- and matching networks.

performance a lot.

The simulated load modulation (for the complete circuit) for the second harmonics are plotted
in figure 3.13. It can be seen that higher frequencies are further away from open circuit, which
also may limit the bandwidth performance.

3.5.2 Output layout

The layout of the complete output network can be seen in figure 3.14. The transistor is placed
on a ridge at the left side of the output network, where the transistor is connected with gold
bond wires. The varactors are also placed on ridges and are connected with gold bond wires.

3.6 Circuit simulations

A schematic of the complete circuit can be seen in figure 3.15; a detailed schematic including
values can be found in appendix A.

CW simulations were made by sweeping the input power for different varactor voltages. The
PAE for f = 2.14 GHz can be seen in figure 3.16. A scatter plot of all combinations is plotted in
grey and the outline, i.e. the combinations that gives the best results, is plotted in blue. The
PAE outlines for f = 1.92 GHz, 2.14 GHz and 2.36 GHz can be seen in figure 3.17. The PAE is
higher than 50% down to 5dB OPBO over a 21% fractional bandwidth.

The corresponding varactor voltages during the best performance are plotted as a function of
the output power in figure 3.18. The varactor voltage is tuned from 6 to 66 V over the band.
The lowest value of the voltage over the varactors is 6 V in order to avoid forward bias of the
varactors due to high RF swing.

The corresponding gain during the best performance is plotted in figure 3.19. The small
signal gain is 14.7dB for f = 1.92 GHz, 13.4dB for f = 2.14 GHz and 12.1dB for f = 2.36 GHz.
Since the PA needs an additional control signal for the varactor voltage, Digital Pre-Distortion
(DPD) that takes care of the non linear gain must be included.
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3.7 Load modulation

The correlation between the theory and the simulated results is demonstrated by comparing
the simulated load modulation with the efficiency and output power contours. The simulated
load modulation for f = 2.14 GHz is plotted on the theoretical PAE and P,,; contours in figure
3.23. The load modulation is plotted for the simulated P,,; = 41.5, 40.5, 38.5 and 36.5dBm,
where each power level corresponds to different Xc,./R,,: ratio (since the Cyg is nonlinear), thus
different contours. The contours suggest that the maximum simulated P,,; is 2dB lower than
the maximum theoretical P,,;. This is not accurate since the maximum output power of the
transistor is 15 W, i.e. 41.8dBm (from the transistor data sheet) and the maximum output
power from the simulation is 41.7 dBm. The drain efficiency from the contour plots and the drain
efficiency from the simulations are plotted in figure 3.24. The plots have a strong correlation,
except at maximum drive level, where the transistor is compressed and presents strong non linear
behaviour.

In conclusion, this design method gives enhanced efficiency performance when the transistor
is backed off. The result differs somewhat from the theory: in theory, the drain efficiency is
higher than 70% down to 8 dB OPBO over a fractional bandwidth of 36%, in the simulations,
the PAE is higher than 50% down to 5dB OPBO over a bandwidth of 21%. However, there is a
strong correlation between the theory and the simulated results, which means that this theory
and design method could be very useful.
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Chapter 4

Measurements

A picture of the fabricated and assembled PA can be seen in figure 4.1. Measurements on the
amplifier were done in two parts. First CW measurements were done, where the input power
was swept for different varactor biases at different frequencies. From the CW measurements,
the varactor bias control for optimum efficiency performance was extracted and then used in
modulated measurements. Each measurement part, together with the obtained results, are
presented in detail in this chapter.

4.1 Continuous wave measurements

The CW measurements were performed with a Large Signal Network Analyser (LSNA) (Maury
Microwave Corporation MT4463), where the forward and backwards voltage waves at the input
and output from the Device Under Test (DUT) were decoupled and then measured by the LSNA.
In order to reach the desired input power to the DUT, a preamplfifer was added after the signal
source. Before the measurements, the setup was calibrated with the SOLT (Short Open Line
Through) method. A schematic of the measurement setup can be seen in figure 4.2.

The input power to the DUT was swept for a number of different varactor voltages, a scatter
plot of the PAE for these sweeps can be seen in figure 4.3 for f = 1.75 GHz. It can be seen
that for 8 dB OPBO, the PAE has been improved from 23% to 37% for the optimum varactor
voltages. Sweep measurements were done for different frequencies, the outlines of these, i.e.
the best efficiency performances, for the PAE and gain are plotted in figure 4.4 and 4.5. The
corresponding voltages over the varactors that enables this performance are plotted in figure 4.6.
To avoid forward biasing of the varactors due to high RF swing, the voltage over the varactors
was never set below 7V (too high forward bias may break the varactors).

The center frequency for the simulated circuit is 2.14 GHz and the measured center frequency
is 1.75 GHz, a frequency shift of about 0.4 GHz, i.e. an offset of about 18%. The bandwidth in
the simulations is 21%, in the measurements, it has decreased to 6%. During the simulations, it
was seen that the design is very sensitive to small variations. From the performance contour plots
in figure 2.12, it can be seen that a slight offset the load trajectory can cause a very different
performance behaviour. In figure 3.13, it was demonstrated that the load modulation differed
a bit for the different design frequencies and it was discussed that it was difficult to map load
trajectories that gave good performance over a wide bandwidth. It is reasonable to believe that
there is an offset of the load trajectories, which is decreasing the wideband performance and the
maximum output power.

23
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Figure 4.1: Picture of the power amplifier.
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Figure 4.2: Measurement setup for CW measurements.

Furthermore, it was discussed that the second input harmonic termination was crucial for
good performance. Since the second harmonics are at double the frequencies compared to the
fundamentals, they are twice as sensitive to any kind of offset. An offset of the second input
harmonic termination may also contribute to the difference between the simulated and measured
results.

Despite the frequency offset, the PAE is over 50% for 1.70 to 1.80 GHz, a fractional bandwidth
of about 6%, down to 5dB OPBO, with the maximum output power of 40.4dB. The small
signal gain is about 13.5dB and at maximum power it is about 10.5dB, which is similar to the
simulated gain for 2.14 GHz (the center frequency of the simulated results). The behaviour of the
measured gain versus output power is also very similar to the simulated gain. The voltage over
the varactors is tuned from 7 to 47V, i.e. a total tuning of 40 V, which is close to the simulated
voltage tuning range at each frequency separately. In the simulations, the lowest varactor voltage
for the different frequencies varies. In the measurements, the lowest value is the same for all
frequencies, which might suggest that even lower varactor voltage could be beneficial, which is
equivalent to a higher effective capacitance from the varactors.
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Figure 4.6: Varactor voltage as a function of output power for CW measurements.
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4.2 Modulated measurements

At the input of the PA, a static splitter function splits the the input signal into two branches: a
linearized RF signal for the RF input and a varactor control signal. The amplitude of the RF
input signal is linearized by a multiplication with the inverse of the PA’s output amplitude as a
function of its input amplitude. The phase of the RF input remains unchanged.

From the CW measurements, the optimum varactor voltage control as a function of the
output power is extracted. That relation together with the PA’s output amplitude as a function
of its input amplitude enables the static splitter to extract the varactor control signal from the
input. A schematic of the functionality of the static spitter function can be seen in figure 4.7.

Since the linearization in the static splitter function does not compensate nonlinear phase,
and due to small delay errors between the RF input to the DUT and the varactor control signal
being able to cause severe nonlinearities [17], DPD is needed. With the static splitter function
included as a part of the DUT, the circuit can be seen as a normal two port amplifier, which
enables conventional DPD. A schematic of the setup with DPD can be seen in figure 4.8.

A schematic of the implementation of the complete measurement setup for modulated
measurements can be seen in figure 4.9. The DPD and the static splitting function is implemented
in MATLAB, i.e. in the digital domain. The modulated signal is generated by the pattern
generator module TSW3100 by Texas Instruments, which contains Digital to Analog Converters
(DACs) and In-phase and Quadrature (IQ) modulators. These modulators are driven by a
external local oscillator and the TSW3100 module is clocked by an external clock. The varactor
bias control is generated by an Arbitrary Waveform Generator (AWG) (Tabor Electronics
WW2572A), clocked with the same external clock. The varactor control signal is amplified to the
right levels with an operational (OP) amplifier. The varactor control signal and the input and
output power of the DUT are monitored with an oscilloscope (Rohde Schwarz RT01044). Before
the measurements, the power level for the input and output of the DUT and the oscilloscope were
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Figure 4.9: Measurement setup for modulated measurements.

calibrated with a power meter, and the RF signal and varactor control signal were synchronized
by delaying one of the channels. The synchronization was measured with the oscilloscope. The
DPD algorithm utilizes a vector switched generalized memory polynomial (VS-GMP) behaviour
model with a nonlinear order of 3, a memory depth of 4, a lagging term of 2, for 16 regions [18].

Modulated measurements were done with a 3.84 MHz 6.6 dB PAPR W-CDMA signal at
1.75 GHz. The normalized power spectral density of the output signal of the DUT with and
without DPD (i.e. with the PA and static splitter function) can be seen in figure 4.10. The
DUT presents excellent linearity: an Adjacent Channel Leakage Ratio (ACLR) of -48dB and
a Normalized Mean Square Error (NMSE) of -38.3dB for the output signal after DPD. The
AM-AM and AM-PM responses of the DUT with and without DPD are shown in figure 4.12.
The DUT provides an average output power of 33.1 dBm, which is a bit lower than the maximum
possible in order to achieve the optimum DPD results. The DUT has an average PAE of 44.9%
and an average gain of 12.7dB, which agrees well with the CW measurements.

The results from the CW and modulated measurements are summarized in table 4.1. In
the table, the results are compared with the measurement results from other published varactor
based DLM PAs [8], [9], [10]. In [8], a GaN HEMT PA utlizing the a single frequency version
of the theory in this work, operating at 2.08 GHz, CW measurements are presented. In [9], a
varactor based DLM PA using the same transistor, operating at 2.65 GHz, CW measurements
and modulated measurements for a 3.84 MHz 7dB PAPR W-CDMA signal are presented. In
[10], a varactor based DLM PA using a GaN HEMT transistor, operating at 1.0 to 1.9 GHz, CW
measurements are presented.

The PA in this work achieves a bit higher PAE at 5dB OPBO than the PA in [8]. The PA in
[9] achieves a bit higher PAE at 5dB OPBO and a bit higher average PAE, but it achieves 2.7 dB
lower average output power. However, the PA in [9] utilizes a load-pull based design, while the
design of this work is based on a thorough theory. The PA in [10] achieves higher efficiency over
a wideband for CW measurements, this PA is also based on a load-pull based design method.
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TABLE 4.1: SUMMARY OF THE RESULTS FROM THE CW AND MODULATED MEASUREMENTS AND A COMPARISON
WITH OTHER PUBLISHED VARACTOR BASED DLM PAs.

8] [9] [10] This work
f (GHz) 2.08 265  1.0-1.9 1.7-1.8
Peak power (dBm) 38 39 39.6-40.2%  40.4-40.5
PAE @ 5dB OPBO (%)  47.5% 53.4%  4560°  50.2-51.4
PAEgvg (%), PAPR? (dB) N/A 49,7 N/A 44.9¢, 6.6

Pl avg (ABm) N/A 304 N/A 33.1¢

ACLR? (dBc) N/A  -45 N/A -48.0¢
NMSE' (dB) N/A  -35 N/A -38.3¢

@ Read from graph.

b For a 3.84 MHz W-CDMA
signal after DPD.

¢ For 1.75 GHz.
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Chapter 5

Conclusions and future work

5.1 Conclusions

In this thesis, a theory for wideband, high efficiency class-J PAs has been presented. A demon-
strator, with good simulation results that have high correlation to the theory have been presented
and discussed. Furthermore, this demonstrator has been implemented in a hybrid design. The
measured results are shifted in frequency and the performance is reduced compared to the
simulated results.

Since the simulations agrees well with theory, it seems that this design method is useful.
However, with the chosen topology for the demonstrator, it proved to be hard to achieve the
theoretical optimum performance. With this topology, the simulated bandwidth is degraded
from the theoretical 36% to 21%. Since the measured results differs from the simulated results, it
seems like a slight offset of the load trajectories can degrade the performance a lot. The chosen
topology appears to be very sensitive to small variations in the impedances of the input and
output networks.

Despite the difference between simulation and measurements, the demonstrator achieved
a PAE over 50% for 1.70 to 1.80 GHz (a fractional bandwidth of 6%) down to 5dB OPBO
with the maximum output power of 40.4 dBm for CW measurements. For modulated signals,
the demonstrator showed excellent linearity and high efficiency. For a 3.84 MHz 6.6 dB PAPR
W-CDMA signal at 1.75 GHz, the demonstrator achieved an ACLR of -48 dB, an average PAE of
44.9% and an average power of 33.1 dBm.

Even though the demonstrator did not achieve the best performance compared to other
published varactor based DLM PAs, this work is the only design that is based on a thorough
theory that predicts high efficiency over a wide band. Theoretically, this method should be able
to achieve better performance than other published varactor based DLM PAs.

5.2 Future work

It would be interesting to review the topology of the demonstrator. Perhaps there is a less
sensitive topology that is able to utilize the full performance from the theory. If the optimum
load trajectories is achieved during the load modulation, a very high efficiency operation would
be maintained over a wide band.

The varactors in a DLM PA may also be used to compensate antenna mismatch, making it
interesting to investigate this method and other varactor based DLM methods further in the
future. A varactor that both enhances efficiency and compensates antenna mismatch may enable
very good overall performance for a complete transmitter.
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