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ABSTRACT

The microwave devices and circuits need to be characterized prior to
being employed in the design of systems and components. Unfortunately the
measurement systems required to characterize the microwave devices and
circuits have not kept pace with the emerging telecommunication
technologies demands. This has resulted into a situation where either the
circuits being employed in the components are unoptimized or the yield and
turn-around of optimized circuits are slow. One of the contributing factors of
such situations is the limitations of the existing measurement systems to
scale up in performance to fulfil the necessary requirements. This thesis
presents an enhanced multi-tone, time domain waveform measurement and
engineering system. The presented system allows for a more considered,
and scientific process to be adopted in the characterisation and
measurement of microwave power devices for modern day communications
systems. The main contributions to the field of research come in two areas;
firstly developments that allow for accurate time domain measurement of
complex modulated signals using commercially available equipment; and
secondly in the area of active impedance control, where significant
developments were made allowing active control of impedance across a
modulated bandwidth.

The first research area addressed is the fundamental difficulty in sampling
multi-tone waveforms, where the main achievements have been the
realisation of a high quality trigger clock for the sampling oscilloscope and a
“Time Domain Partitioning” approach to measure and average multi-tone
waveforms on-board. This approach allows the efficient collection of high
quality vectoral information for all significant distortion terms, for all bands of
interest.

The second area of research investigated suitable impedance control
architectures to comprehensively investigate out-of-band impedance effects
on the linearity performance of a device. The ultimate aim was to
simultaneously present independent, baseband impedances to all the
significant baseband (IF) frequency components and to 2™ harmonic that
result from a multi-tone excitation. The main achievement in this area was
the ability of the enhanced measurement system to present the broadband
impedance. At baseband this has been achieved in the time domain using a
single arbitrary waveform generator (AWG) to synthesise the necessary
waveforms to allow a specific IF impedance environment to be maintained
across a wide IF bandwidth. To engineer the RF out-of-band load
terminations at RF frequencies and to emulate specific power amplifier
modes, a Tektronix AWG7000 Arbitrary Waveform Generator was used to
deliver the desired impedances, practically fulfilling the wideband application
requirements for reliable device characterisation under complex modulated
excitations.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Research Motivation

The advent of fourth generation (4G) wireless systems, namely Long
Term Evolution (LTE) and mobile WIMAX, has significantly increased the
demand on Power Amplifier (PA) designers for multi-carrier capability;
broadband for high data rate; high linearity to meet the adjacent channel
power ratio (ACPR) requirements; multi-band; and multi-standards, so that the
mobile systems can be used everywhere. The third generation (3G) comes
under the umbrella of the International Mobile Telecommunications
programme (IMT-2000) which employs wideband code division multiple
access (W-CDMA), achieving a transmission rate of 2 Mbit/s with a 5-MHz
frequency bandwidth. The third generation of mobile communication systems
is designed for applications such as Internet services, e-mail, database
retrieval, video telephony, interactive video and sound. Despite the enhanced
features of 3G systems, they are still severely constrained by the bandwidth
particularly when handling full-motion videos [1].
With the growing demand for higher data rates and ever increasing users on
the 3G network linearity specifications have become acute in accomplishing
the needed bandwidth. In this regard, the basestation power amplifier must be
able to accommodate large peaks, which means that the power amplifier is

usually operating well below its peak efficiency point. For instance, the
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Universal Mobile Telecommunication System (UMTS) power amplifier
requirements according to 3G partnership project (3GPP) specifications are to
have frequency band (FDD, downlink) from 2.11GHz to 2.17GHz, with ACPR
of -45dBc at £5MHz and -50dBc at +10MHz carrier offset [1], [2]. Moreover,
since the UMTS basestation power amplifiers are subjected to wideband code
division multiple access (W-CDMA) signals, a peak-to-average ratio (PAR)
ranging from 3dB upto 12dB must be sustained. The proposed 3G UMTS
interface would employ orthogonal frequency division multiplexing (OFDM) for
downlink with scalable bandwidths ranging from 1.25MHz to 20MHz [3]. This
continuing developments in 3G radio interface towards broadband 4"
generation capabilities targeting up to 100Mb/s and 1 Gbit/s speeds is forcing
rapid system enhancements.

The linear operation in conventional power amplifiers is achieved by reducing
the RF input to a level sufficiently low to avoid saturation of the active devices
[4]. When a high degree of linearity is required, back-off mode of operation
inevitably degrades overall efficiency and output power. Consequently, as
indicated in Figure 1.1, in modern RF power amplifier applications, fulfilling
linearity for preserving fidelity of the signal together with power amplifier

efficiency, impose two conflicting design requirements.
Efficiency

enhancement .
Linear and
efficient PA

Conventional
PA

Linearity

Linearization

>
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Figure 1.1: Linearity-efficiency trade-off in power amplifier design [5,6]

PA efficiency enhancement attempts to improve the efficiency of a linear but
inefficient PA. Linearization takes a different approach by attempting to
improve the linearity of a nonlinear but efficient PA. By resorting to highly
efficient power amplifier architectures, however, memory effects can cause a

bottleneck when implementing conventional linearization techniques. Memory
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effects manifest as an asymmetric behaviour between lower and upper
intermodulation distortion (IMD) sidebands, which vary with the signal
bandwidth. Such problematic effects can lead to significant difficulty in
achieving PA performance that meets the required linearity specifications.
Indeed, if the intermodulation distortion becomes strongly asymmetrical, then
this can necessitate the need to employ different digital pre-distortion
compensation requirements for lower and upper IMD sideband signals, which
itself can be problematic. As a result, some common linearization techniques
can be rendered ineffective because their success rely upon constant and
equal intermodulation levels over the signal bandwidth [5]. Thus, it is of prime
importance to understand the sources of this asymmetry. This thesis focuses
on the role of baseband impedance variations with the aim being to improve

the power amplifier linearity for future wireless communication systems.

1.2 Power Amplifiers in Modern Wireless Applications

In typical wireless transceivers, the PA is the last active building block
in the transmitter chain. The foremost function of a PA is to amplify the signal
to a level high enough that it can travel through the air to the intended
receiver. Often, the PA dominates the power consumption of the entire
transceiver; therefore, improving the PA’s power efficiency, defined as the
ratio of the output power to the DC power consumption, usually translates to
longer battery life in the wireless device. In some wireless standards such as
GSM, where the modulated signal has constant envelope, a nonlinear PA can
be used. A nonlinear PA generally has higher efficiency than a linear PA,
despite their higher efficiency; the data rates that these transceivers can
transmit within a given bandwidth are low. In order to increase the data rate
without increasing the bandwidth, a more spectrally efficient modulation
scheme must be used. This makes the modulated signal’s envelope non-
constant and therefore requires a linear PA to faithfully amplify the signal.
Specifically this means that the design of a linear amplifier may not be
achieved without compromising the efficiency. These requirements are inter-
related which makes the design difficult to deal with independently. On the
other hand the highest average efficiency is critical to maintain the low DC
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power consumption within the signal dynamic range accounting for PAR
characteristics of the signal to be amplified. Hence, design solutions are under
intensive investigation to improve the average efficiency as well as the
linearity of the amplifier involved in the transmitter unit [7].

1.3 Challenges in Power Amplifier Design

To meet the requirements of the future generation of wireless
communication systems, power amplifiers with high output power, high
linearity, and broad bandwidth with high average efficiency are required. The
basestation in the UMTS standard requires WCDMA modulation with 5MHz
bandwidth and adjacent power ratio of -45dBc at the offset frequency of 5SMHz
with a signal of PAR 7dB to 10dB [8]. The basestation PA needs to satisfy
these stringent requirements as higher PAR values are expected for future
standards like LTE and 4G [9].

The primary requirement in the basestation PA is to fulfil the linearity
specifications. To satisfy the linearity requirements PA are typically operated
at large back-off from the peak output power due to the high PAR of the
signal, which leads to device operation at low average power and efficiency.
The linearity of the amplifier can be improved through additional linearization
but for the linearization method to be effective, the amplifier is also expected
to have bandwidth independent linearity, for instance, minimum memory
effects [9]. Consequently, the modern basestation PA should be designed to
have high linearity, high output power, high average efficiency and a broad
bandwidth. These multiple design challenges can be met with the following

proposed solutions:
+ Basestation amplifiers with high output power (>100W) can be realized
using new wide bandgap device technologies such as GaN HEMTs.

The GaN HEMT devices provide architectural benefits and unique

features to produce high output power [10], [11].

+ The linearity at device level can be improved through the optimization

of the baseband impedance environment. In this regard, the use of a

two-tone test signal to analyze the device properties in terms of
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minimizing the intermodulation distortion is the pertinent possibility [12],
[13].

+ High peak efficiency can be achieved using single stage design
architecture such as class B, harmonic tuning and switched mode
amplifiers [14]. These power amplifiers typically have either low
average efficiency, if operated at large back-off level, or high non-
linearity. The efficiency of these power amplifiers can be enhanced at
back-off using enhancement techniques such as envelope elimination
and restoration (EER), and envelope tracking (ET) which are still under
intensive investigations [15].

The design of power amplifiers for future wireless communication systems
should consider all these aspects to meet the requirements. A part of the
problem will be embarked upon in this thesis whilst considering the high
power device operating under the realistic modulation excitations to
characterize the memory effects as well as the effects of envelope injection on
the overall linearity of the device.

1.4 Research Objectives

The main objective of this research is to develop a modulated
waveform measurement system that it is capable of measuring and
engineering both the low frequency and RF signal components, hence is
suitable for the characterisation and performance evaluation of high power
microwave devices and power amplifier modes under multi-tone excitations.
This research work can be divided into two significant parts. The first focuses
on further refinement to a state-of-art active IF and RF load-pull measurement
system to allow the precise independent control of all significant baseband
components generated as a result of the multi-tone excitation used.

The previously developed Cardiff modulated waveform measurement system
that incorporated an IF measurement capability was unfortunately only able to
present the impedance to the two most significant baseband components (IF1
and |IF2) generated as a result of 2-tone excitation and had no RF load-pull
capability. The IF active load-pull was achieved by combining two, phase

coherent arbitrary waveform generators (AWGSs) whilst the device was driven
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at a relatively backed-off level, at 1dB below the 1dB compression point.
However, when the device is driven more deeply into compression,
significantly more mixing terms are generated, and in order to achieve a
sufficiently broadband IF termination, significant modification of the baseband
load-pull measurement system was required in order to accurately account for
higher baseband harmonics. The RF architecture of the measurement system
was modified to allow synthesise of RF loads for the robust characterisation of
microwave devices in specific impedance environments. This was achieved in
the time domain through dual channel Tektronix AWG7000 Arbitrary
Waveform Generator to synthesize the excitation and constant, frequency
independent RF loads around the fundamental and 2™ harmonic tones.

The second part focuses on improving the triggering of Tektronix CSA8000,
so that it could capture and average the more complex modulated waveforms
directly. Through extensive testing it was found that the most robust solution
to this problem was achieved by using a high quality trigger signal. This was
provided through 120 MHz Agilent arbitrary waveform generator (AWG). The
measurement system was then demonstrated to capture consistent,
repeatable, multi-tone waveforms without phase jitter, regardless of device

behaviour.

1.5 Primary Contributions

The research work documented in this thesis is the result of the need
to improve the linearity of RF power amplifiers in wireless communication
systems, in order to increase power efficiency and reduce undesired
emissions at the same time. This research makes available the following
primary contributions, not found in the literature, to the field of modulated
measurement capability, memory effect characterization and envelope

injection linearization in power amplifiers.

+ To achieve a sufficiently broad baseband termination, significant
modification of the baseband load-pull measurement system was
required in order to accurately control the higher baseband
components. The baseband active load-pull measurement system was
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thus modified to synthesise the necessary waveforms to allow a
constant and specific baseband impedance environment to be
maintained across a wide bandwidth. This was achieved in the time
domain, using a single 80 MHz arbitrary waveform generator (AWG).

+ The role played by higher baseband impedances in determining
baseband electrical memory effects observed in power transistors
under two-carrier excitation was rigorously quantified. These effects
typically appear not only as asymmetrical distortion terms in the
frequency domain, but also more reliably as a recognizable hysteresis
in the dynamic transfer characteristics extracted from measured input
voltage and output current envelopes of a power device. The
investigations were carried out thoroughly to identify the relationship
between the IMD asymmetries caused by the baseband impedance
variations and the hysteresis that appears in the dynamic transfer
characteristics.

4+ An additional feature of the modulated measurement system was
identified and deemed usable in conjunction to improve the efficiency
and linearity. In an envelope tracking (ET) architecture, the power
amplifier supply voltage is dynamically adjusted to the most efficient
level for the instantaneous output power level. This allows the power
amplifier to operate near the maximum efficiency. The envelope
tracking (ET) focused measurements with non-optimal load (50Q)
showed that efficiency as well as linearity can be improved at reduced
drain supply voltages: for V4=20V, the average drain efficiency was
improved by approximately 5% together with an improvement of 10dBc
in IM3 when compared to the static V4., where short circuit impedance

was maintained for all four baseband components.

+ One noteworthy issue when employing the sampling-oscilloscope to
average the multi-tone signals was an inability to ‘freeze’ the display of
the sampling-oscilloscope. Consequently, software post-processing

was mandatory to accurately time align the collected waveforms in
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order to allow averaging that is necessary to improve the overall quality
of the measurements to an acceptable level. This slowed down the
process of measurement due to the post measurement averaging and
this technique was only applicable for two tone and three tone
modulated measurements, as it was very difficult to align the vectoral
information for more tones. Therefore, it was necessary to engineer an
external clock to trigger measurements on the CSA 8000. The high
quality trigger clock was successfully engineered thus allowing for on-

board averaging of the oscilloscope.

+ New modulated waveform measurement software was developed in
conjunction to improve the measurement speed as well as allowing the
multi-tone measurements. The successive time windows were used to
capture all of the relevant information and stitched together as the
oscilloscope coherently sampled across the selected time window,
when the end of the time window was reached the data was stored,
processed and displayed. The number of time windows was computed
based on the number of points which the oscilloscope can sample in
one time window which means that consecutive time windows were
required to capture one complete modulation cycle of waveforms in
conjunction with the lower modulation frequencies (£1MHz).
Subsequently, this “Time Domain Partitioning” approach allowed
measuring the broad bandwidth modulated signals very close to the
noise floor with greater accuracy and enhanced the measurement
speed in connection with the CW measurement in an example case
when modulation frequencies are chosen such that total number of

points to sample fit in one time window.

+ The RF architecture of the modulated waveform measurement system
was modified to synthesize the RF loads. The Tektronix AWG7000
Arbitrary Waveform Generator was used as an RF synthesizer, and is
used to synthesize both fundamental excitation and harmonic load-pull
signals simultaneously, in the time domain. Using two independent yet

coherent channels, this waveform measurement system is capable of
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maintaining independent and constant impedance control for each
individual tone across the RF impedance environment, and over a
wider modulation bandwidth. This modified architecture was then used
to demonstrate the emulation of a modulated class-J power amplifier,

through the application of modulated RF active load-pull.

The work described in this thesis has the potential to be used to characterise
and reduce bandwidth dependent non-linear distortion in microwave devices
under realistic stimulus relevant for future wireless communication systems.
This is possible because it can now quantify, comprehensively, the out-of-
band impedance on the performance of microwave devices and to emulate

the specific PA modes under modulated excitations.

1.6 Thesis Synopsis

To accommodate the various aspects of enhanced modulated
waveform system and its application to the device characterisation and
measurements the thesis is sectioned into six chapters. Each chapter starts
with the introduction and discusses the motivation and purpose of that
particular chapter.

Chapter 2 gives an overview of the modulated domain measurement
solutions used for device characterisation at microwave frequencies in order
to address the contemporary problems in power amplifier design, most
importantly memory effects. Most of the commonly known measurement
solutions are discussed, with their pros and cons. The modulated
measurement system developed at Cardiff University is then discussed in two
sections; the first highlights the limitations of the previous measurement
system in its load-pull capability and then introduces a refinement to state-of-
art active IF and RF load-pull measurement system that allows the precise
independent control of all significant baseband and RF components
generated as a result of the multi-tone excitation used. The second section
addresses the limitations of the previous measurement technique
implemented for the device characterisation under modulated excitations and
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demonstrates the new measurement algorithms required to allow the capture
of multi-tone information using a standard sampling oscilloscope. The final
section of this chapter demonstrates the measurement system capabilities
through the practical device measurements.

Chapter 3 explains an investigation into the relationship between the
intermodulation distortion (IMD) asymmetries caused by the baseband
impedance variations and the hysteresis or looping that sometimes appear in
the dynamic transfer characteristics of microwave power devices when
subjected to the modulated excitation using the enhanced modulated
waveform measurement system. The role played by higher baseband
impedances in determining baseband electrical memory effects observed in
power transistors under two-carrier excitation is rigorously quantified through
the application of an active IF load-pull to present specific baseband
impedance environments, allowing the sensitivity of IMD symmetry to
baseband impedance variations to be investigated. The baseband
impedances are controlled over a significant bandwidth; in this case at least
eight times the modulating frequency.

Chapter 4 reports an additional feature of the modulated waveform
measurement system, which is emulating appropriate negative impedances
lying outside of the Smith chart. When this feature is considered alongside the
Envelope Tracking (ET) power amplifier (PA) architecture, this raises the
interesting possibility of significantly improving PA linearity using the very
mechanisms that are employed to improve PA efficiency. The architecture
and detailed operation of linearity and efficiency enhancement are discussed.
An investigation into the effect of variable supply voltage at the drain of the
device under test (DUT) and the baseband impedance on the RF output
performance, including output power, efficiency and linearity, is performed
revealing an improvement in power efficiency and linearity when compared
with using a fixed voltage power supply. Finally this chapter includes a
comprehensive discussion on the evaluation and effectiveness of the

envelope injection technique highlighting the advantages and short comings
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of this in applications, when applied to the realistic power amplifier
architecture and modes.

Chapter 5 along with the fundamentals focuses on the multi-tone
characterisation and linearization for the elimination of adjacent channel
distortion products when the power device is subjected to multi-tone
excitation. It describes the multi-tone characterization of baseband electrical
memory effects and their reduction. It emphasizes on the envelope injection
technique to reduce the non-linear distortion generated by the power device.
The measurements performed evaluating the envelope injection technique,
which is a promising candidate to achieve high linearity from the power
device, realized through an external envelope signal that is simply generated
by an arbitrary waveform generator (AWG), are discussed. The envelope
signal contains all of the baseband frequency components generated by the
power device and is then properly injected at the output of the power device
where it actively modifies the impedance environment seen by the power
device. The results highlight that this linearizing and efficiency enhancing

technique could be extended to more complex multi-tone excitations.

Chapter 6 offers conclusions and the potential future directions for the
developments of the modulated waveform measurement system and its
application to further power device investigations.

11
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Chapter 2

Modulated Domain Measurement Systems

2.1 Introduction

For wideband and higher power applications the dynamic behaviour of
microwave devices, like memory effects can no longer be ignored. The first
step to overcome this problem is to characterise the nonlinear microwave
devices dynamically. Traditionally, high-frequency measurement systems
employed continuous wave (CW) signals for the investigations of device
characteristics. However, device characterisation at CW frequencies does not
allow for the measurement and investigation of important device behaviour
such as memory effects [1]. Therefore, a more dynamic measurement system
capable of characterising a power device or a power amplifier is needed to
fulfil the requirements of the 3G Universal Mobile Telecommunication System
(UMTS) and 4G Long Term Evolution (LTE) spectral mask. The measurement
system should also support multi-tone modulated signals in order to study the
memory effects behaviour of the device under test (DUT) as nonlinear
behaviour depends on the properties of the input signal. The introduction of
two tone test signal revolutionized the perception of nonlinearity, setting up
stringent rules on the measurement system requirements. A basic two tone
test setup uses two discrete tones of equal power that fall within the passband
of the DUT, which are applied as an excitation signal. The resulting baseband

information and IMD components are then measured and cancelled [2]. This
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characterisation of power device is required to optimize the technology of the
active device to eliminate or reduce the memory effects. It's a prerequisite in
order to design a quasi memoryless broadband power amplifier, based on the
robust characterisation of microwave device. Different design strategies for
bias networks and matching networks can be taken into account in an
accurate power amplifier design for future wireless communication systems.

This chapter reviews extensively the measurement techniques employed
earlier to measure and quantify the memory effects with their disadvantages,
advantages and limitations. This, then, makes a strong case for the
development of high speed and robust modulated measurement system for
memory effect analysis as well as envelope linearization of active power
device and power amplifier. In this chapter the main focus will be on the newly
developed oscilloscope based dynamic modulated waveform measurement
system for active power device and power amplifier characterisation under

modulated excitation.

2.2 Memory Effects in Power Amplifiers

Memory effects are recognised as a major obstacle in the design of
highly linear power amplifiers for current and future wireless communication
systems [1]. 'Memory' in this context is evident from variation in the magnitude
and symmetry of intermodulation distortion (IMD) levels, as a function of
signal bandwidth. These problematic effects can and do lead to significant
difficulties and complexities in meeting the required power amplifier (PA)
linearity requirements with standard linearization techniques often proving to
be inadequate [1,2]. There are mainly two types of memory effects: electrical
and thermal.

Electrical memory effects are generally caused by varying impedance across
baseband (often significantly) as well as RF modulation bandwidths. In
classical PA design, the dependency of IMD on the envelope frequency is
minimized by engineering baseband impedances to be as small as possible,
for example less than 1Q over a baseband frequency range significantly larger
than the operational bandwidth [3]. In reality, this is difficult to achieve over

increasingly large baseband impedance ranges, and the result can be drain
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bias modulation effects that contribute significantly to the PAs overall spectral
distortion with increased magnitude and asymmetry in measured IMD [4].
Nevertheless, smooth memory effects are not usually harmful to the linearity
of the PA itself, a phase rotation of 10° to 20° or an amplitude change of less
than 0.5 dB, as a function of modulation frequency, has no dramatic effect on

the linearity of the device [1,2].

A

Thermal Electrical

‘ Power Device with memory effects|

Ideal Power Device

Phase(deg)

Tone Spacing (w,;-w+)

Figure 2.1: A representation of memory effects as a function of tone spacing.

Thermal memory effects are generated by the junction temperature, which is
modulated by the applied signal. Thermal effects will be much more prominent

in a slow sweep, or a stepped continuous wave test.

2.2.1 ldentification of Memory Effects
A power device would be said to exhibit magnitude memory effect, if a

tone spacing frequency sweep results in changes to the amplitude level of the
inter-modulation distortion (IMD) as shown in Figure 2.2 [4]-[6]. These effects
appear as a asymmetry between the signals at the lower and upper frequency
components in the output spectrum. Generally these effects manifest
themselves in the following observations;

e The upper and lower IMDs are a function of baseband frequency

e Lower and upper IMDs behave asymmetrically

e Lower and upper IMDs versus tone spacing vary in opposite direction

with respect to the memory less case
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e Occurrence of some resonance effects in the lower and upper IMD
Another way of describing memory effects is a time lag, defined as an
existence of a hysteresis, between AM-AM and AM-PM response which

creates uncertainty within the predictive model.

Fundamental
w1l w2
A A
IM3L IM3H
—
A
A T > }
AW

Figure 2.2: Memory effects definition and identification.

In other words, for a nonlinear device with memory, the output signal of the
device is not going to be only a function of its present input, but also a
function of previous inputs. Nevertheless, AM-AM and AM-PM are seldom
used as precise characterisation technique for modelling devices with memory
effect due to their inability to give comprehensive information on the device

nonlinearity, such as in monitoring asymmetry in the IMD [6].

2.2.2 Sources of Memory Effects

Memory has a number of different origins, so are difficult to anticipate.
The main sources of electrical memory effects are given by the bias network
impedance variations. The self heating in the active device is the main source
of thermal memory effects. Practically, there are many other additional
sources, which contribute to the memory effect problem such as dispersion
and trapping effects in a power device. All these effects are intensively
analyzed in the literature for the different transistor technologies, indicating
that at low frequency from 10 KHz to several MHz the device internal
components show dispersion and thermal effects which are low frequency

17
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dependent phenomena [6]-[9]. The most common sources of memory effect
can be summarised as;

¢ Device reactive components

e RF Input and output matching network

e Biasing network

e Coupling and de-coupling capacitor

e Thermal and trapping memory effect
Figure 2.3 depicts the typical sources of memory in power device. The
existence of all these effects result in the power device output signal to not
only depends on the instantaneous input signal but also on previous output

signal.

Thermal and
trapping effects

Figure 2.3: The location of memory effect in power amplifier [6].

2.2.3 Types of Memory Effects

All power amplifiers and power devices contain capacitive and
inductive networks. The proportion of memory effects in the power amplifier
are dependent on several dynamics, for instance power channelling
capability, used transistor technology, stimulus signal statistics, envelope
frequency bandwidth, design quality of bias networks and matching networks.
Memory effects based on these dynamics are subdivided into two groups;

e Short Term Memory Effects

e Long Term Memory Effects

18
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2.2.3.1 Short Term Memory Effects

Short term memory effects are the easiest to deal with as they affect
the RF signal. Short-term memory effects are those signals which have a
higher frequency (shorter time scale) than the information signal in a range
close to the carrier signal. This kind of electrical memory effect is mainly
caused by both the reactive components of the device in addition to input and
output matching networks [10],[11]. It is caused by the variation of either or
both the fundamental and the harmonics impedances at different frequencies.
However, designing a matching network with approximately constant
impedance for the RF fundamental signal, in addition to its harmonic
frequencies may not be considered a difficult task; therefore, by adjusting the
matching network they can be minimized. Power amplifiers that have short-
term memory effects will usually have a static response for the information
signal and may sometimes be treated as memory-less devices, since short-
term memory effect have a time constant much shorter than the time constant

scale of the information signal [11].

2.2.3.2 Long Term Memory Effects

Long term memory effects, also called envelope memory, are the most
disconcerting sources for the linearizer systems and are typically due to the
biasing network. They appear as a long time delay in the impulse response of
the system. A bias network needs to be constant and ideally of zero
impedance over the envelope frequency range. Otherwise, AC voltages may
be generated and added to the power supply voltage, causing amplitude
and/or phase modulation, and resulting in asymmetry in the IMD [12]. It is
almost impossible to achieve a constant bias network impedance for many
frequency decades. This highlights the shortcomings of the simple bias
network and the complexity of bias network design [6].
Long term memory effects are responsible of various system impairments
which increase the bit error rate (BER). The envelope memory effects can be
categorized in two groups:

e Thermal and Trapping Memory Effects

e Electrical Memory Effects

19



Chapter 2 Modulated Domain Measurement Systems

2.2.3.2.1 Thermal and Trapping Memory Effects

Thermal effects and trapping are inherent to the active device itself.
They are caused by electrothermal couplings due to self heating, and these
affect low modulation frequencies up to hundreds of KHz, usually up to TMHz
[13]. In fact, any temperature variations caused by the dissipated power in the
device are determined by thermal impedance which describes the heat flow
from the device.
Due to the finite mass of the active device, thermal impedance is not purely
resistive; instead it forms a distributed low-pass filter with a wide range of time
constants. This means that the temperature variation caused by the
dissipated power do not occur instantaneously, rather baseband frequency-
dependent phase shifts always exists. If any of the electrical parameters of
the transistor are affected by temperature, thermal memory effects are
unavoidable. Let us consider the dissipated power in a field effect transistor
(FET) is given by the equation (2.1) [14].

Poiss =Vps ® Ips (2.1)

Where Vps and Ips are the drain-source voltage and drain-source current
respectively. The heat flow from the chip, packaging and the heat sink to the

surrounding environment is depicted in figure 2.4.

J|
Chip —
— Cr
Package —
PD/SS A |_| . RTH
Heat sink F—
Tamb

Figure 2.4: Electrical circuit model of the heat flow from power device

For a FET on silicon substrate, the silicon surface reacts to the dissipated
power quickly. This results in chip temperature fluctuation up to several
degrees over an input signal bandwidth of several hundreds of kHz.
Therefore, the chip temperature is low frequency dependent and it can be
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expressed by equation (2.2). Where Tanp is ambient temperature, Rry is
thermal resistance resulting in the average temperature rise caused by self
heating and Zty is thermal impedance of the chip at envelope frequency. The
Zty is the main cause of the thermal memory effects in the active devices.
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Some of the transistor parameters, such as drain-source current, output
conductance and capacitance are temperature dependent; these dynamics of
self-heating cause the distortions [14]. Theoretically all the power transistors
exhibit thermal memory effects. Although, the dissipated power at high
frequencies (>1MHz) is too fast to influence the instantaneous temperature of
the silicon chip and the packaging, the thermal memory effects can be
neglected in low power amplifiers [14,15]. But this is not the case for the

power amplifiers that are used in the base stations for mobile communications.

2.2.3.2.2 Electrical Memory Effects

The bias networks are required to provide the supply voltage and
current to an active device and keep them constant whilst isolating the RF
signal from the bias supply and avoiding active device instability [16]. In
traditional bias network design, the bias circuit is usually designed to provide
relatively high impedance at RF frequencies compared to the impedances of
the input and output of the device and the matching circuits.
In the case of the input signal with non-constant envelope, the envelope
frequency variations cause variation in the impedance of the bias network
which causes memory effects as a function of envelope frequency [17].
The work presented in [18] demonstrated that the electrical memory effects can
be changed by varying the values of the energy storing elements such
as capacitances and inductances in the biasing networks of a power amplifier.
This results in an improved quasi-memoryless power amplifier where the
envelope frequency dependence of distortion has been reduced. The
locations of these elements in a typical bias network used for bipolar and FET
amplifiers are shown in figure 2.5. In an ideal case, to avoid envelope
frequency dependent bias network, the impedance should be a short circuit
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at envelope frequencies and an open circuit at RF frequencies to isolate the
RF signal from the bias supply [6],[15],[19]. Practically, it is difficult to
realize such an impedance, which has two requirements that are

conflicting with each other [19],[20].
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Figure 2.5: Memory effects in the bias networks of bipolar and FET power

amplifiers [18].

Therefore, it is very difficult to realize short circuit impedance at broad
baseband frequency bandwidth such as that required in broadband

applications for multi-carrier operation.

2.3 Modulated Domain Measurements Systems

Electrical, thermal and trapping effects in the active power devices are
of great concern in current and future wireless communication systems
especially in wideband applications with advanced digital modulation formats.
All of these effects are memory specific phenomena, which mean that, the
output signal of the active device is not only a function of the instantaneous
input signal but also a function of the previous input values.

In the last few years, these effects were intensively analysed in the literature
and were called memory effects [21]-[24]. The baseband memory effects
depend on baseband frequency ranging from 10 KHz to several MHz and can

be observed as amplitude variations up to 1dB in the output signal at the
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fundamental frequency [14]. Generally, to measure and analyze memory
effects in active devices as well as power amplifiers, the modulated
measurement system should have the following capabilities [1],[18],[25],[26]:
e Envelope and radio frequency (RF) measurements to measure the
signal in both frequency bands.
e Vector measurements to measure both amplitude and phase of these
signals.
e High dynamic range to measure the higher order intermodulation
products.
e Wide dynamic bandwidth to measure the broadband signals at the
fundamental and at intermodulation frequencies.
e High power and frequency measurement accuracy to measure small
amplitude variations (<0.5dB).
A pioneering measurement setup to measure memory effects of power
amplifiers is shown in Figure 2.6[18]. In this measurement setup, two signal
generators are used to generate a two tone signal, which is synchronized by
an external reference oscillator. The two tone input signal is swept for different

power level and frequency spacings.
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Figure 2.6: Measurement set-up for two tone dynamic power sweep

measurements [18].
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The complex input and output signals of the PA are measured using two
separate network analyzers, which certainly increased the cost. Also a phase
synchronized broadband two tone signal was difficult to generate due to the
synchronization issues of two CW signal generators. The measurement setup
presented in [26] was more suitable for the memory effects analysis in the
power amplifiers. In this measurement setup, shown in Figure 2.7, the output
signal of the power amplifier is demodulated to an intermediate frequency (IF)
and the reference phase between the output signal and reference signal is

measured.
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Figure 2.7: Measurement set-up for two tone transfer characteristics
measurement [26].

The reference signal used as a nonlinearity reference is obtained through an
external amplifier. In order to surmount the memory effects in the nonlinear
reference component, it should be operated at low power and low frequency.
The measurement setup requires many measurement instruments and long
measurement time due to the time consumed by manually operating the
amplitude and phase shifters during the sweeps. Another measurement setup
was proposed in [1] to measure the memory effects. The key feature of this
measurement setup is that the signal at the third order intermodulation
distortion products (IMD) is applied together with a two tone input signal in
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order to cancel the third order IMD in the output spectrum of the power
amplifier. The memory effects were measured by sweeping the input power
and modulation frequency of two tone signal. This measurement does have
many disadvantages such as it does not measure the IMD components at the
output spectrum of the power amplifier and requires two signal generators as
well as two spectrum analyzers. It also requires four signal generators to
measure the memory effects at lower and upper third order intermodulation
distortion products simultaneously.

m Spectrum Analyser

Spectrum Analyser

2(.01-

Figure 2.8: System for measuring memory effects proposed in [1], under two
tone excitation using cancelling technique.

To measure the memory effects in the envelope time domain another method
is detailed in [16] which is similar to the earlier discussed setup. In this
measurement setup the power amplifier input and output signals after
coupling are applied to the digital scope through amplitude and phase
detectors, which enabled it to measure the complex data. All measurement
setups discussed so far do not measure the output signal at baseband and
RF harmonic frequencies.

The measurement system depicted in Figure 2.9 allows the characterization
of memory effects in 50Q environment. The RF signal from the multi-tone
generator is first pre-amplified, using a linear power amplifier, and then
passed through an isolator, bandpass filter and coupler to the input of the
device under test (DUT). The isolator and bandpass filter are necessary to
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isolate the DUT from the signal generator to avoid impedance mismatching
between the DUT and pre-amplifier. The RF input and output signals of the
DUT after coupling and attenuation are measured using the vector signal
analyzer (VSA). This system does not allow the engineering of out-of-band
impedances but only allows the measurement of memory effects by passively
terminating the baseband components to short circuit and RF impedances to
50Q.
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Figure 2.9: Schematic of the dynamic measurement setup for the analysis of

memory effects [25].

The measurement system demonstrated in [27] allows the on wafer out-of-
band device linearity optimization. It facilitates the independent control of the
baseband, fundamental, and second-harmonic impedances at the device
terminals, through a multiplexer board. This board decouples the frequency
components of interest through the use of a multistub network, which employs
M4 lines at fundamental and 2™ harmonic to obtain high isolation between the
fundamental and second-harmonic signal path (>30 dB). It is important to

mention that this network also presents low-reflection coefficients at the DUT
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for the frequency spectrum outside the controlled frequency bands at
baseband, fundamental and second-harmonic impedances. The multiplexer
board also facilitates the use of an external electronically controlled load or a
modulated baseband signal. The baseband signals are sensed over the
reference resistor. The value of this resistor can be set to 1, 5, and 50Q to
maximize the measurement accuracy of the baseband impedance. When the
lowest baseband impedance is required, this reference resistor can also be
short-circuited by a switch. Since the baseband impedance is controlled via
the resistive switch bank, the resulting baseband impedances seen by the
higher baseband components will be different. This makes it less effective for
higher modulation frequencies (>1MHz) due to the dispersion in the baseband
impedance presented to the baseband components. The precise control of
baseband components, to quantify the baseband electrical memory effects,
for at least a bandwidth of eight times that of the modulation frequency is
required. This measurement system does not allow the characterization of
high power microwave devices mounted on a fixture [27].

The modulated waveform measurement system reported in [20] is depicted in
Figure 2.10 which combines two systems, a high frequency RF system and a
low frequency baseband (IF) system. The high frequency measurement
system is based on the HP-MTA (Microwave Transition Analyser), a two
channel sampling scope, and the low frequency system which is identical in
architecture and operation to the high frequency system, and is required to
measure the IF1 (w2-w¢) component and its harmonics. A low frequency
oscilloscope is used in this case to measure the incident and reflected voltage
waves between 200 kHz and 100 MHz. Unfortunately, this developed
measurement system can only handle power levels of around 2W thus
making it unsuitable for characterising high power devices.

The waveform measurement systems based around real time digital
oscilloscope that samples at 2Ms/s was presented in [28]. An Arbitrary
Waveform Generator (AWG) is used to generate modulated base-band
signals, which are then fed into an I-Q modulator to produce the stimulus.
Mixers are employed before the samplers to down-convert the complex time
varying envelope of the fundamental carriers, both incident and reflected, at
the input and output of the device. Significantly, the harmonics are filtered and
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are not taken into account, so the system does not capture all of the relevant
information. The base-band information is also neglected, limiting the
usefulness of the captured data in characterization of baseband memory

effects in a power device as well as in power amplifier.
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Figure 2.10: Two-tone waveform measurement system based around MTA
[20].

2.3.1 Industrial Measurement Solutions

The industrially available high-frequency measurement solutions
employ CW signals for the investigations of device characteristics. However,
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device characterisation at CW frequencies does not allow for the important
measurement and investigation of devices under modulated excitation [1].
Unlike low frequency measurement it is rather difficult to measure power
using voltage and current directly by using conventional voltmeter or ammeter
at RF frequencies [6], [29], because they will interact and influence the
accuracy of power measurements at RF and microwave frequencies. At low
frequency the voltage can be directly measured using a high impedance
probe and the current (through a node) measured using a series low
impedance probe. This allows the admittance and impedance parameters to
be computed. In terms of high frequency measurements, high and low
impedances can only be maintained across a narrow bandwidth and could
result in conditionally stable circuits becoming unstable within a test
environment. Therefore, it emphasises the fact that the power, unlike current
or voltage, is one of the few fundamental quantities that can be directly
measured [30].

Due to the revolution in the wireless communications industry, microwave and
RF frequencies usage is expanding; thus, developers of RF test equipments
and measurement systems are driven to improve the performance of their

measurement systems.

2.3.1.1 The Spectrum Analyzer

Spectrum analyzers are primarily a frequency domain measurement
tool. They are considered to be a very powerful instrument for measuring
signals with frequencies ranging from approximately100 KHz to approximately
110 GHz. The Spectrum Analyzer is a scalar instrument which measures a
broad frequency spectrum in real time, whilst achieving very high dynamic
range.
This allows the measurement of the magnitudes of the fundamental, harmonic
and the intermodulation components in cases where modulated signals are
used. However, the main limitation of such instruments is the inability to
measure the phase information, thus limiting their suitability for use in device
modelling applications. Despite this, the real time broadband behaviour of the

instrument provides the capability for detecting and measuring spurious
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signals, which result from device instabilities and oscillations. This can be
achieved without calibration or prior knowledge of the circuit behaviour or
operation, making it an ideal instrument for evaluating the circuit and device

performance.

2.3.1.2 The Vector Network Analyzer

Vector network analyzers are designed to measure both the magnitude
and phase ratio of the voltage travelling waves. Their basic capability is to
measure the s-parameters of an RF or microwave device and convert them to
impedance and admittance using conversion matrices. Despite the valuable
information gained from the s-parameter data, the measurement technique
can only be applied when the superposition principle holds true [31]. This
principle prevents energy being transferred from the stimulus frequency to
other harmonic frequencies. This produces limitations when dealing with non-
linear networks containing active devices operating at high power levels,
where the superposition principle cannot be applied. Non-linear behaviour
produces additional harmonic frequency and intermodulation components.
Thus, it would also be impossible to measure the non-linear behaviour of the

microwave device.

2.3.1.3 The Vector Signal Analyzer

The vector signal analyzers employ digital signal processor to provide
additional measurement capabilities and allow presenting the measured data
in different forms compared to other comparable measurement systems. The
vector signal analyzers can perform the same measurements as the spectrum
analyzer while also providing the phase information of the signal. Their
bandwidth is 40MHz which is not sufficient for full non-linear characterization
of microwave power device under modulated excitation [32].
For instance, a device under two tone modulated excitation with a tone-
spacing of 10 MHz will generate in-band and out-of-band distortion products.
In order to study the performance of the in-band distortion up to only 5" order
will require a minimum bandwidth of 100MHz, thus, making its application

severely limited to power device characterization under modulated excitations.
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Although an extremely valuable instrument, it does not completely describe
the full operating state of the device as it does not capture the out-of-band
information that exists at both the base-band (IF) and around the harmonics of
the carrier frequency (RF).

2.3.1.4 Large Signal Network Analyzers

Large signal network analyzers are similar to vector network analyzer.
They have a wide bandwidth. For example, Maury Microwave's MT4463A
Large-Signal Network Analyzer operates from 600 MHz to 20 GHz with
maximum power into test ports of 40 dBm [33].
Further, they are capable of measuring the absolute values of the incident and
the reflected travelling waves, which can be easily transformed to voltages
and currents in the time-domain using an inverse Fourier transform. Even
though they have large bandwidth their lower frequency is 600MHz, which is
relatively high. Therefore, they will not be suitable, for instance, to investigate

low frequency memory effect of non-linear RF devices.

2.4 Previous Cardiff Modulated Measurement System

To bridge the gap between all of these commercially available
solutions, the high power modulated measurement system developed at
Cardiff University has been focused towards building a novel, fully functional
modulated waveform time-domain measurement system. The basic RF
architecture is an extension of the measurement system demonstrated in [34]
and this measurement system is sometimes referred as Non-Linear Vector
Network Analyzer (NLVNA), consisting of two directional couplers used to
measure the incident and reflected waveforms with a bandwidth of 1GHz-
12GHz and two bias tees of the same bandwidth and a maximum current and
voltage handling of 10A and 100V respectively. The RF couplers and bias
tees are capable of handling up to 100W of CW RF power. The two triplexers
are used to separate the fundamental, second, and third harmonic
components to three ports, so that each frequency can be independently load-
pulled using three ESGs to generate the desired terminating impedances
(referred to as waveform engineering). The CW high power measurement
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system was further developed to measure the low frequency (IF) components
and therefore study the effect of both IF and RF signals on device behaviour
such as base-band memory effects. The RF test-set components have not
been modified but specialised low frequency IF test-set components have

been sourced to develop a complete modulated waveform measurement

system.
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Figure 2.11: Modulated waveform measurement system based around

oscilloscope [6].

The RF and IF signal components being combined using a diplexer prior to
measurement is a key feature, and ensures phase coherence between
measured IF and RF components. The four channel Tektronix sampling

oscilloscope is used to measure the incident waveforms and the reflected
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waveform at the device input and output ports, which are vector error
corrected before being converted to voltages and currents using the following

fundamental equations.

V,=\Z,(a,+b,) (2.3)
/ _4& — b, (2.4)

Tz

Where a,, b, are the travelling waves and Z; is the characteristic impedance
of the system. The principle of operation and architecture of the IF test-set is
an exact replica of RF test-set. The key feature of this modulated waveform
measurement system is its ability to investigate the device performance in the
time domain. This provides the full insight into the non-linear behaviour of the
device under modulated two tone excitation. The resulting measurement
system has the capability to handle RF power of more than 100W and IF
power of more than 50W along with current and voltage of more than 10A and
100V respectively. This measurement system can characterise devices for a
bandwidth ranging from approximately 50 kHz to approximately 12 GHz and is
depicted in Figure 2.11. This measurement system is, therefore, suitable for
investigating high and low frequency memory effects [6].

2.4.1 Previous Modulated Measurement System Limitations

The previous modulated waveform measurement system is capable of
characterising the high power devices in 50Q RF environment under two-tone
modulated excitation due to post averaging of successive modulated
measurements. The “on scope” averaging was not possible due to the inability
of the oscilloscope to freeze the time window for compressed sampled
signals. Thus making the measurement system inapt for high power device
characterisation under realistic communication signals and was considered to
be a major obstacle in meeting the demands of the most modern
communication systems, such as the base-station power amplifier market.
Likewise, the existing low power |F test-set architecture is suitable for
baseband (IF) load-pull over the bandwidth of four times the modulation
frequency with two coherently synchronized arbitrary waveform generators
(AWGs). The problem is further compounded due to the fact that more AWGs
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are required, in order to achieve a truly broadband baseband termination to
load-pull all the baseband components when the device is driven into deep

compression.

2.4.1.1 Triggering for Modulated Measurements

The oscilloscopes provide considerably more than simple views of
waveforms. To capture the true waveforms the oscilloscope’s trigger circuitry
plays the very important role of telling the scope’s other circuitry when to start
drawing the trace. Since the scope display provides a graph of amplitude
versus time, it is very important the scope starts drawing at the same point on
the waveform each time it sweeps across the display. If the oscilloscope could
not precisely trigger, it would be impossible to measure anything related to
time. The sweep would start at a different point each time and therefore, the
waveform would be moving to a different position on the display each time.
When an external clock is used to trigger measurements on the CSA 8000 the
user has the ability to select the hold off time of the trigger circuitry.
It is important to note that the hold off period occurs immediately after the
completion of each sweep. This is the period during which the next sweep is
inhibited. The length of the hold off period is controlled by the length of the
next input clock pulse. This value is limited however by a minimum re-arm
time of the trigger circuitry of the instrument due to an inherent variation or
jitter in this re-arm time; therefore, it can lead to an unexpected trigger event.
This variation however causes major issues when employing the frequency
compressed sampling method described in [35] as a constant sampling
frequency is required throughout the measurement. Formerly, the high
frequency clock signal of 5 MHz was used to trigger the measurements for all
the modulation frequencies.
Though, it was possible to reduce the noise present in the measured signal
and this also ensured that the sampling frequency remains constant
throughout the measurement, the problem to capture the complex modulated
signals persisted due to the lack of high quality trigger signal for complex

modulated signals. The alternative solution to this problem is to use a
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modulation frequency adaptive higher quality clock source to trigger the multi-

sine scope measurements.

2.4.1.2 Post Measurement Averaging

When the frequency compressed sampling technique was employed to
sample the modulated multi-tone waveforms, it was found to be difficult to
‘freeze’ the display of the sampling-oscilloscope. The collection of each new
multi-tone waveform is, in itself a valid measurement and captures all of the
relevant information; however, due to triggering issues the consecutive
measurements do not occur with a coherent time reference. This transpires
because although the oscilloscope coherently samples across the selected
time window, when the end of the time window is reached the data must be
processed and displayed. This leads to an unknown and unpredictable
number of clock edges being ignored, thus each new waveform collection
begins at a different time-point in the repetitive waveform. This means that the
on-board averaging of the oscilloscope cannot be employed. Therefore,
software post-processing was required to accurately time align the collected
waveforms in order to allow averaging that is necessary to improve the overall
quality of the measurements to an acceptable level [35].
The required software processing is relatively trivial for a sampled continuous
wave signal as each consecutive captured waveform is simply a time shifted
version of its predecessor. In this case, averaging can be achieved by simply
using the first waveform as a reference with all other waveforms time shifted
to align. This approach allows for simple yet effective time-domain on board
averaging. However, for modulated excitations, a simple time shift is no longer
sufficient as the RF and Modulation naturally have different down-conversion
ratios, which means that consecutive waveform collections are no longer just
time shifted versions of each other. The envelope changes and RF changes
occur on totally different time scales. Thus all subsequent waveform captures
were aligned using the following sequence, first the modulation envelopes,
then the RF cycles within the envelope. This post averaging technique
decreased the measurement speed due to the download of data on the

general purpose interface bus (GPIB) for each measurement.
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2.4.1.3 Active IF Load-pull Architecture

The active IF load pull measurements were successfully undertaken at
different IF reflection coefficient, to determine the effects of the low frequency
IF load impedances on the linear behaviour of the DUT, such as its effect on
the distortion components when the device is driven into its non-linear region
of operation. The active IF load pull was then later used to find the optimum IF
load which might minimise the inter-modulation distortion terms.
Due to some limitations of the previous active load-pull implementation, the
baseband impedance termination was limited to four times the modulation
frequency. Therefore, this decreased the measurement system capability of
load-pulling the IF components including the higher baseband components
(IF3 which is three times of the modulation frequency and IF4 which is eight
times of the modulation frequency).

2.4.1.4 Active RF Load-pull Architecture

Many design applications require the device to operate in a multicarrier
environment, containing signals with multiple, closely spaced frequency
components. Under these conditions the device will generate intermodulation
distortion products about the carrier influenced by other design parameters,
which cannot be accounted for using a single tone stimulus signal. In order to
produce improved designs, the factors affecting these intermodulation
products are required and are often used to provide an efficiency and linearity
trade-off in the design.
Traditionally, the factors affecting linearity are obtained using a two-tone
amplitude modulated (AM) measurement, where the figure of linearity is
obtained from the in-band intermodulation (IM) distortion products. The
measurement system has been demonstrated to fully characterise the device
response, in a 50Q environment, resulting from a two-tone modulated signal,
and does not offer active source pull and load pull of harmonic and
intermodulation components. This necessitates the development of the
existing modulated waveform measurement system to characterize the device
for future wireless communication system in non 50Q RF impedance

environments.
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2.5 Enhanced Modulated Measurement System

The enhancement of the measurement system has been performed at
both baseband (IF) and RF impedance levels. The enhanced measurement
system for characterization of memory effects can be used for measuring and
analysing active power device as well as power amplifiers in a user defined
specific RF impedance environment. This measurement set-up also allows
investigation of broadband baseband load and source impedance effects on
the linearity performance of a power device. Instead of 50Q RF impedance
environment, the RF architecture was modified to synthesize the specific RF
loads for modulated excitation using the Tektronix AWG7000 at the

fundamental and second harmonic.
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Figure 2.12: Enhanced modulated high power waveform measurement

system based around an oscilloscope.

The enhanced architecture of the high power modulated waveform

measurement system is depicted in Figure 2.12. In this measurement set-up
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the RF input multi-tone signal is generated from the arbitrary waveform
generator channel-1 first pre amplified, using the linear driver power amplifier
and then passed through an isolator, band pass filter and coupler to the input
of the device under test (DUT). The isolator and band pass filter are
necessary to isolate the DUT from the signal generator to avoid impedance
mismatching between the DUT and the driver power amplifier. The modulated
input and output signals of the DUT after coupling and attenuation are
measured using the broadband receiver, Tektronix DSA8000. In order to
synchronize, the 10 MHz reference of the Signal Generator is used to adjust
the clocks of all the measurement systems jointly.

The waveform measurement system is now capable of maintaining the
independent and constant impedance control of each individual tone at
baseband (IF) and RF. This requirement becomes very important to evaluate
high power harmonic modulated active RF load pull characterisation of power
devices when emulating of specific RF power amplifier modes. In the following
sections the enhanced modulated waveform measurement system is

described in more details.

2.5.1 Necessary Measurement System Enhancements

The modulated waveform measurement system needs to be made
suitable for simultaneous RF and IF load-pull characterisations and
measurements. It should, however, be remembered that what is said here is
true for measurements and characterisation of RF active devices and power
amplifiers on the whole. The emphasis has been to enhance the previously
reported modulated waveform measurement system in order to decrease the
time penalty for modulated measurements [6]. Here, the enhancements are
classified into three sub-groups depending on the targeted performance
parameters, multi-tone on-board averaging and measurements, broadband
baseband load-pull, and modulated RF load-pull.

2.5.1.1 Multi-tone Measurement Averaging
Triggering from the input signal becomes impractical when we move

away from CW stimulus and wish to sample multi-tone signals. The problem is
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further compounded for modulated signals, since each cycle of RF is no
longer identical, thus the stimulus signal can no longer be used to trigger the
measurement as the pattern no longer repeats on each rising edge. One
imperative aspect of the enhanced modulated measurement system is that it
allows the on-board averaging by engineering an appropriate trigger clock.
Averaging is needed to improve the overall quality of the measurements to an
acceptable level since it is most desirable due to high demand of high power
devices characterisation under multi-tone and realistic communications

signals.

Square Waveform Pattern
Generator Generator

120 MHz Arbitrary Waveform Generator
(AWG)

Figure 2.13: Agilent arbitrary waveform generator used for fine clock

generation to trigger Tektronix oscilloscope for multi-tone measurements.

The triggering of the oscilloscope was achieved by using an Agilent 120MHz
arbitrary waveform generator (AWG) which generates high quality repetitive
square waveforms at the modulation frequency of interest. The trigger was set
on square waveforms defined by amplitude, qualified by time (pulse width,
slew rate, setup-and-hold, and time-out), and delineated by pattern. These
resulting waveforms then triggered the oscilloscope for precise capture of
signal across the time window. Actually, the oscilloscope’s trigger function
synchronizes the sampled horizontal sweep at the correct point of the signal,
essential for clear signal characterization. Trigger control allows the stabilizing
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of repetitive waveforms and the capture of single-shot waveforms. The trigger
made the repetitive waveforms appear static on the oscilloscope display by
repeatedly displaying the same portion of the sampled signal. The
oscilloscope’s sample rate and record length was optimized to isolate a
specific part of the sampled signal of interest on the horizontal trigger position.
Thus, varying the horizontal trigger position, allows for the capture of the
complete modulation cycle as it is depicted in Figure 2.14 for lower

modulation frequencies (£1MHz).

Amplitude[V]

Time[ns]

Figure 2.14: Four time widows stitched for one complete modulation cycle of
on oscilloscope averaged 25- Tones modulated signal at carrier frequency of
2GHz with 500KHz modulation frequency [38].

2.5.1.2 Multi-tone Measurement Software

The function of the developed measurement software is to provide
complex measurements automatically. For accurate measurements of device
nonlinearities and memory effects, the device under test (DUT) measurement
should be done for different power levels at both RF and IF bands which
mean the number of measured sweep points increase and this could
consume a significant amount of time. For full automatic control of the

measurement set-up and acquisition of the measured data, new programmes
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have been developed using IGOR-pro software. Here are some details about
the developed software;

+ Performance Signal generator (PSG) is connected to the computer
through a GBIP bus and has been automatically controlled using SCPI
commands (standards commands for programming instructions).
These commands have been used for remote control of the signal
generator for setting the signal type (two-tone or multi-tone), power
level, carrier frequency and modulation frequency.

+ To set up the measurement and collect the data, a broadband
Tektronix oscilloscope (DSA8000) was used as a receiver and
connected to the computer through GPIB. In order to capture the multi-
tone signal using a standard sampling approach, a trigger was
provided at the repetition rate of the modulated sequence. The
DSA8000 has only 4000 measurement points available, allowed for
collection of one complete modulation cycle making it impractical to
capture all the relevant information at lower modulation frequencies
with 4000 measurements points.

Therefore, a new technique was introduced that allows capture of one
complete modulation cycle in a spectrally efficient way for lower
modulation frequencies, referred to as “Time Domain Partitioning”. The
Tektronix DSA8000 swept across the display window for 4000
measurement points successively and data was downloaded to the
computer, stored sequentially in the programme array for one complete
modulation cycle. The formulation given in the following equations was
used to capture the one complete modulation cycle for multi-tone

signals.
feamping =2 ® (Harmonics +1)f;..,... (2.5)
TPoints :(f Sampling / f Modu/ation) (26)

Number of Points= (T,

Points

/4000) 2.7)

Where fsampiing i the oscilloscope sampling frequency, fearier IS carrier
frequency, Tpoints is total number of points.
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This technique has decreased modulated measurement time, for
instance it now takes less than 1 minute to completely capture a
device’s non-linear response (including baseband and five harmonics)
to a 1 MHz modulated 2GHz carrier and it thereby allows capture of
multi-sine signals effectively. Thus, the developed programme for the
DSA8000 was used to automatically control the measurements and
save the input and output signals of the DUT as a complex values such
as;

v" Dynamic transfer characteristics, dynamic AM/AM and AM/PM
characteristics at fundamental frequencies as a function of input
power and input modulation frequency.

v Distortion products IMD lower and upper in the case of two
excitation, and ACPR upper and lower in case of multi-sine
excitation as a function of input drive power and input signal
modulation frequency.

+ The switch driver controls the coaxial switch which is used for
automatic selection of the input and output signals for the DUT. This
switch driver is connected to the computer through GPIB bus and is
automatically controlled.

+ IGOR-pro software is used to save the measurement data, process it

and display it in real time.

In brief, this measurement software development makes it possible to study
the overall behaviour of the DUT in terms of its inherent nonlinearity and
factors affecting its performance under multi-tone signals and realistic
communication signals. Until now, it was only possible to study the DUT
behaviour under two-tone signal due to the on-board averaging problem [39].

2.5.1.3 Broadband Baseband Load-pull

When the device is driven more deeply into compression, significantly
more mixing terms are generated at baseband frequencies, and in order to
achieve a sufficiently broadband IF termination, significant modification of the

baseband load-pull measurement system was required in order to accurately
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account for higher baseband harmonics. This is now achieved in the time
domain using a single arbitrary waveform generator (AWG) to synthesise the
necessary waveforms to allow a constant and specific IF impedance
environment to be maintained across a wide IF bandwidth.

The arbitrary waveform generates the baseband components which are the
multiples of the baseband fundamental frequency. How the instruments are
arranged to generate the arbitrary waveform is shown in Figure 2.15 and
elaborates a little with respect to the triggering, what the trigger connects to,
and where the 10MHz is used. A separate triggering AWG is used which is
necessary because without external trigger, the ARB generator looses phase
coherence between the modulation and the baseband when it is re-initiated to
generate the arbitrary waveform. This then allows the ARB AWG to generate

the precise waveform with the required amplitudes and phases.

P A——

Triggering AWG D

=

GPIB Bus = —

—

PC Controller J

Figure 2.15: Arbitrary waveform generator arrangements to generate the
baseband load-pull signal.

The mathematical equation (2.8) was used to generate the resultant arbitrary

waveform containing all the frequency components at baseband frequencies.

V(t)=Anp ZCOS(anC nt+ne)
n=1

(2.8)

Where A is the amplitude in volts, t is time in seconds (the horizontal axis), V
is the vertical axis in Volts, and f is the frequency of cosine wave in HZ, ¢ is
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the phase of the cosine wave (in the Figure 2.16, the waveform is shown with
a phase of 180°). The arbitrary waveform generator used, uses a scale of -1
to 1; defining a waveform with values between 0 and 1 would only give half
the amplitude resolution. Thus in order to create an arbitrary waveform it was
ideal to use the entire vertical resolution for defining amplitude. The
combined spectrum of the arbitrary waveform is shown in Figure 2.17 which
was downloaded to the volatile memory of the AWG through the GPIB bus.
After downloading the arbitrary waveform into the AWG, the AWG will always
replicate the finite-length time record to produce a periodic version of the data
in the waveform memory and play it continuously.

However, as a matter of fact, it is possible that the shape and phase of a
signal may be such that a discontinuity may be introduced at the end of one
cycle due to the inaccuracy of the AWG in replaying the waveform
continuously. When the wave shape is repeated for all time, this end-point
discontinuity will introduce leakage errors in the frequency domain because
many spectral terms are required to describe the discontinuity. It is important
to create arbitrary waveforms as a single period or as multiple periods and

avoid a discontinuity.

Amplitude[V]

0.0 0.2 0.4 0.6 0.8 1.0
Time[s]

Figure 2.16: The sinusoidal representation of different waveforms for first four

baseband components at amplitude of +1.
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The output frequency is typically limited by the bandwidth of the arbitrary
waveform generator. The AWG outputs the entire arbitrary waveform at the
specified rate. When an arbitrary waveform is defined as multiple cycles, the
actual output frequency may be higher than the specified rate. For instance, if
a waveform is defined as 10 cycles of a sine wave and is output at 1MHz, the
actual frequency will be 10 MHz. An anti-aliasing filter is placed at the output
to smooth the voltage steps to create the final waveform. When using multiple
cycles in an arbitrary waveform, especially at high frequencies, the final result
may be attenuated. It could also be under-sampled. Therefore, to avoid this

problem the final arbitrary waveform was scaled for one cycle.

Amplitude[V]
N
|

I I I I I
0.0 0.2 0.4 0.6 0.8 1.0
Time[s]
Figure 2.17: The combined spectrum of signal for the first four baseband

components, for one cycle.

The advantage of using the IGOR programme to generate the waveform is
that it is straightforward to modify the waveform and download it to the ARB
generator. Combined with the baseband power amplifier that would allow an
increase in the signal's amplitude in order to load-pull the baseband
components when the device is driven into deep compression. This is done in
order to quantify the affect of broadband baseband termination on the

memory effects and device’s overall linearity.
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2.5.1.4 Why AWG for Modulated RF Load-pull?

Active load pull of harmonic and intermodulation components was
attempted but could not be achieved using the two PSG sources. To load pull
the two fundamentals wy and w, and IM components when using a two-tone
signal with a frequency separation of 1MHz, the signal was generated using a
PSG. The measurement software was used to determine the magnitude and
phase of the signal generated by the PSG to achieve the desired load
impedance. Once both the magnitude and phase for each tone of interest are
altered, then the measurement software automatically updates the PSG
waveform table and activated the waveform. However, the process of
activating the table causes the ESG phase reference to relock to a new
reference on the external coherent carrier signal. The problem is further
compounded when the baseband generator fails to relock itself to an external
pattern clock generator. This makes the newly activated phases obsolete and
prevents the software from converging on the required load. A solution to this
problem was investigated using the Tecktronix AWG 7000, dual channel
synthesizer.

2.5.1.5 Broadband Modulated RF Load-pull

Today’s digital wireless signals present an array of new challenges in
synthesizing test signals. As the industry has shifted to digital wireless
technology, it has brought a vast increase in modulation waveform complexity.
Fortunately the steadily rising AWG performance now enables flexible,
efficient generation of very complex test stimulus. The concept behind the
arbitrary waveform generator is using a variable frequency clock to step
through a pre-stored digital representation of an arbitrary waveform, which is
then converted into an analogue signal.
Generating baseband 1Q signals with the AWG offers some advantages
beyond just having two outputs to drive a modulator. The wide AWG
bandwidth relative to most modulation bandwidths usually allows a significant
level of over-sampling hence lowers the noise floor. Furthermore, the DAC
output of the arbitrary waveform generator produces some level of
quantization noise but arbitrary waveform generators like the Tektronix
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AWG7000 that uses 14 bits to represent each signal sample at baseband,
sufficiently to prevent the noise floor from becoming a problem. The
AWG7000 offer up to 10 bits of linear digitization with 12 GS/s sample rate
has also provided high DAC linearity which is essential to maximize the
Dynamic Range. Therefore, the traditional limitations of AWG in dynamic
range, bandwidth and frequency are now minimised with this AWG 7000. The
AWG 7000, thus, was used to uncover large-signal RF performance, focused
around modulated characterisation; it is therefore not surprising that in the
impedance control architecture documented in this thesis that it has been
applied to modulated signals for RF impedance emulation. In addition, the use
of modulation during the characterisation process introduces a new band of
components generated at base-band frequencies, also around the carrier and
harmonics. The control of the impedances presented to these components
forms an integral part of the PA optimisation process as well as emulation of
different PA modes. To accomplish RF impedance control, two simultaneous
stimulus channels of the AWG7000 were used, which guarantee signal RF
phase coherence, to create continuous signals by repeating the available time
window over and over. With the use of the AWG7000, the use of many signal

generators and signal synchronization problems are avoided.
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Figure 2.18: The 2-tone modulated detailed RF time domain waveform
generated by using the channel-1 of the AWG to excite the device.

Figure 2.18 depicts the two-tone signal with 2MHz frequency spacing, for the
required power level, and phase distribution, generated by using channel-1 of
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the AWG7000. The program for AWG control, integration and signal
generation was written in C# and it allows the phase distribution of the tones
to be either random, uniform, or fixed by the user which can be accessed
using GPIB command. A variation in the magnitude and phase of each tone is
achieved relative to the RF output power and carrier phase of the fundamental
tones. Time domain representation of waveform containing the fundamental
and 2" harmonic components, generated by the channel-2 of the AWG7000
is shown in Figure 2.19, with absolute amplitude and phase relationship

between frequencies.
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Figure 2.19: The combined time domain waveform for fundamental and 2"

harmonic.

2.5.2 Capabilities of Enhanced Measurement System

The enhanced measurement system is used to measure the multi-sine
signals in a wide bandwidth and to evaluate resulting output signals from the
device under test (DUT) very close to the noise floor. For instance, in
evaluating a power amplifier and power device this measurement system was
used to identify the spurs, harmonics, and intermodulation distortion products
and evaluate them with very narrow resolution bandwidths. It was also used to
quantify, analyse and measure the relevant information with magnitude,
phase and time domain capabilities and change between the frequency
domain and time domain representation. For vector measurements, the

developed measurement software uses the fast Fourier transform (FFT) to
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convert the signal from time domain to frequency domain and provides the
following measurement capabilities.
e The spectral components at IF and RF
e Baseband frequency dependent modulated AM/AM and AM/PM
measurements under multi-tone excitations
e Influence of drain bias on the output signals at fundamental and IMD
frequency components
Furthermore, due to the ability of this measurement system to analyse the
signal in different domains, different characterisation techniques can be
deployed, starting from very traditional two-tone to multi-sine signals and
digital modulated signals.

Modulated
RF Load-pull

Enhanced
Modulated Multi-tone
Measurement Stimulus
System

Broadband
Frequency
Sweep

Broadband
IF load-pull

Figure 2.20: Measurement Capabilities of the enhanced modulated high

power waveform measurement system.

2.5.2.1 Extended Dynamic Range

Distortion products generally have lower power levels than the
fundamentals in power transistors and power amplifiers. This is especially the
case for power amplifiers operating in a weakly nonlinear region. Therefore, it

is important to ensure that any characterisation or measurement systems has
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enough dynamic range to be able to measure low distortion levels when there
are high fundamental levels present. Factors that reduce dynamic range are
thermal noise, quantisation noise, and nonlinearity in the characterisation
system and excitation sources. Investigations documented in this thesis
propose a rule of thumb, that the measurement dynamic range of the
measurement system should be at least 50 dB to measure the third-order IMD
levels below the fundamentals. The dynamic range of the measurement
system will need to be sufficient to see the smallest components that are to be
measured. The experience of developing this thesis has shown that a
dynamic range of around 60 dB is sufficient to accurately characterize third-
order nonlinearity.

To demonstrate the improved dynamic range of the enhanced measurement
system, a thru measurement was conducted using a 9-tone stimulus with a
notch created by progressively suppressing the central tone. For this case,
and as can be seen from Figure 2.21, the measurement system can measure
this tone to approximately 50 dBc. To be meaningful here, the system
measured the actual response of the signal generator, as what is measured is
the leakage from the modulator. From the same plot, the out-of-band dynamic
range is closer to 60 dB, and this is perfectly sufficient to be able to measure
the relatively low distortion levels of interest here.

0 —
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-30 —
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Frequency[Hz]

Output Power[dBm]

Figure 2.21: Measured output spectrum for thru standard using 64 averages

with the lowest spectral information [39].
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A closer analysis of measurement system dynamic range for modulations
using different numbers of tones, and using 64 averages is shown in Table-
2.1. Increasing averaging beyond this has little effect on the in-band dynamic
range as this is eventually limited by the leakage distortion properties of the
modulated source. One important observation to note is that when the phases
of the tones used in the excitation are randomised, the dynamic range of
measurement system is slightly reduced. For all measurements, the tone
amplitudes were adjusted to ensure a constant peak envelope power. The
effect of averaging on the dynamic range of the enhanced measurement
system has been quantified using 25-tone stimulus.

TABLE 2.1: Dynamic range of enhanced modulated measurement system for
different multi-tone excitations [39].

Fixed Amplitude 2-Tone 5-Tone 9-Tone 25-Tone

[dB]

[dB]

[dB]

[dB]

Fixed Phase

64

62

60

45

Random Phase

61

59

56

39
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Figure 2.22: The effects of averaging on a typical thru measured modulated
signal.

The raw performance of the measurement system with no averaging is

depicted in Figure 2.22 along with the averaging. The averaging has reduced
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the noise floor without affecting the fundamental tones. With averaging,
effective dynamic range is increased by some 8dB by using 64 averages and
10dB using 128 averages. Further increased averages did not improve the
dynamic range due to limitation imposed by the distortion in the signal

sources.

2.5.2.2 Extension of Measurement Bandwidth

The bandwidth of wireless communication systems has increased over
the last decade and it has been of great interest to jointly amplify signals from
different systems and bands in one PA. Thus, if efficiently and cheaply done,
there is basically no limit to the bandwidth requirements of the PA. In addition,
and maybe more important from a measurement system view, the output
signal of a nonlinear PA, due to the nonlinearities, has a considerably larger
bandwidth than the input signal. A typical example could be that the input
signal has a bandwidth of 20 MHz, while the bandwidth of the output signal
will increase to 100 MHz considering up to IM5. The bandwidth is here
somewhat loosely defined but is essentially the frequency range for which the
distortion raises above the noise floor. The enhanced measurement system
allows capturing of all the relevant spectral information at baseband, around
the carrier and harmonics which are sufficient to understand and study the
nonlinear behaviour of the device across these bands. It is, therefore, desired
to measure the nonlinear behaviour of power device over a frequency range
over which the electrical memory effects are significant. It would be useful if
the measurement system could excite and measure down to at least 1MHz.
This frequency limit is selected as an approximate goal for a number of
reasons:

+ Firstly, it is difficult to make bandwidth dependent IMD measurements
with a spectrum analyser at tone spacings greater than 1MHz and less
than 20MHz.

+ Typical measurement systems do not have significant capability to
load-pull the baseband frequencies of several MHz.

+ The 1MHz is the corner frequency of baseband electrical memory

effects in most devices. Memory characteristics of any power device
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with strong inherent nonlinear effects typically vary above that

frequency anyway.
Of course, some devices will exhibit frequency dependent dynamic behaviour
at lower frequencies than this, but this limit will be sufficient for the devices
used in this thesis. Such a low frequency limit also includes the possibility of
using the AWG to load-pull all the baseband components and the bandwidth
of baseband load-pull is limited by the bandwidth of AWG which is currently
80MHz.

2.5.2.3 Possible Measurement Options
Many kinds of multitude measurements can be performed with the

presented system. This flexibility is obtained by varying some independent
parameters of the system. The parameters that can be varied are:

v Input power

v" Number of tones

v Carriers phase distribution

v' Load impedance

v Biasing conditions
The measurement system measures the in-band and out-of-band distortion
products resulting from the DUT under multi-tone excitations.

v" IMR measurements (in-band/out-band)

v" ACPR measurements(in-band/out-band)

Number of
Tones(N)

Multi-Tone
Load-puli
System

In-band/
Out-band

Carrier Phase
Distribution

Figure 2.23: Parameter variation options in the measurement system.
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All the possible variation options of these parameters are shown in Figure
2.23. Therefore, performing measurements by varying these independent
parameters will generate a complete database which would be useful in the
development of different plots for a given transistor with given nonlinear

characteristics.

2.5.2.4 Stitching Problem Occurrence

The stitching of measured data from multiple measurements is
required, to obtain the amplitude and phase of the various tones of the multi-
harmonic wide-band periodically modulated signal. The frequency of the tones
used to generate the modulation need to be considered carefully however to
avoid waveform 'stitching' problems and subsequent spectral re-growth. The
correct stitching, then, enables one to step through the modulated waveform,
and accurately capture one complete modulation cycle in sufficient detail and

accuracy for meaningful analysis.
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Figure 2.24: Zoomed in RF waveform to demonstrate the stitching problem.

Figure 2.24 identifies the stitching problem which is due to the fact that the
prime number division results in infinite fractional points for modulation
frequency of BMHz. As frequency is related to time by:
Time=1/Frequency (2.9)

The fractional points thus make it impractical to employ time partitioning
approach without fine tuning of the modulation frequencies. It can be seen
from the table 2.2 that the number of windows is effectively defined by the
total number of sampling points, so the modulation frequency can be altered

for most investigations. The stitching problem at certain modulation
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frequencies has been overcome through the precise rounding off at a
particular modulation frequency, to offer the measurement flexibility.

Table 2.2: Number of windows required to capture different modulation

frequencies with stitching issues.

Carrier frequency 2GHz, Harmonics 3, Multi-tone Stimulus

Modulation Sampling Sampling Number of Stitching
Frequency[MHz] | Frequency[GHZz] Points Windows Problem

1 16 16000 8 No

2 16 8000 4 No

3 16 5333.33 1.333 Yes

4 16 4000 1 No

5 16 3200 0.8 No

6 16 2666.67 0.667 Yes

7 16 2285.71 0.571 Yes

8 16 2000 0.5 No

9 16 1777.78 0.444 Yes

10 16 1600 0.4 No

2.6 System Calibration

To de-embed the measured raw data taken though the Tektronix DSA
to the reference measurement planes of the transistor, the TRM (thru-reflect-
match) technique was used. For power corrections, the measuring ports have
been calibrated with an independent power meter. Other -calibration
techniques (e.g., thru-reflect line (TRL)) can be used to improve the system
flexibility and precision, and to extend the system to perform on-fixture
measurements. A calibration procedure is of paramount importance to
account for any errors introduced due to losses, mismatches and imperfect
directivities in the system. This allows for the measurement of the complete
multi-tone voltage and current waveforms that exist at the DUT plane. The
calibration employed uses the well-established calibration procedure
presented in detail in [37], [38]. This calibration procedure has been
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successfully implemented and utilised on various previous iterations of
measurement systems developed at Cardiff University and further additions
and alterations made to allow calibrations on a multi-tone grid were presented
in [35]. In order to calibrate for a multi-tone measurement, it is necessary to
apply the calibration procedure outlined in [37], [38] both at base-band and at
RF frequencies covering fundamental and significant harmonic bands. The
baseband and RF calibration results can then be combined to create a single
calibration file containing all necessary error coefficients for application to raw
waveform modulated measurements. Using the standard sampling technique
of the DSA8000 and capturing one complete window for modulated
measurements, all expected frequency components are known. Thus a
calibration grid was defined that covers all of the frequency components in the
spectrum, ensuring that only relevant components are calibrated. The ability
to vary the modulation frequency during a measurement is a common
requirement when performing multi-tone measurements. For example, it is
desirable in order to quantify the effect of the different modulation rates on
transistor performance in order to investigate various memory phenomena. If
the calibration grid is defined in the same way as the measurement grid then
a new calibration must be completed for each change in modulation
frequency, which makes measurements rather time consuming. To surmount
this potential problem an interpolated calibration procedure has been utilised.
An interpolation process is only viable if the error coefficients are reasonably
well behaved across the entire measurement bandwidth. This is shown to be
the case in Appendix-A, where the error coefficients are plotted and the
measurements indicate that the error coefficients are well behaved in each of
the measured bands and as such can be easily interpolated. The error
coefficients for each band are then combined to form a calibration file for use

in the waveform measurement software.

2.6.1 IF Calibration Verification

The commercially available microwave power devices utilized for
baseband impedance variation investigation purposes in this thesis are
mounted in a custom microstrip 50Q fixture and therefore the need of IF
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calibration arises so that the measurement reference plane can be shifted
from sampler to the device package plane. This calibration will account for the
systematic errors occurring due to imperfections in the analyzer, test set,
couplers, switches etc. This calibration will not correct for the random errors
introduced due to repeatability problems in the instrument and the drift errors
which are dependent on environmental factors such as variation in
temperature. Therefore to achieve accurate measurements of the device,
error coefficients must be determined which is of prime importance to
minimize any error which a system can possibly introduce. The calibration
procedure used for the small signal CAL was TRM (Thru — Reflect - Match)
and for the large signal Cal, extend two ports indirectly via the source-pull port
was used. The IF test set was connected with the RF test set as shown in
Figure 2.25 and the arbitrary waveform generator (AWG) was used as the IF
source and was connected to IF Cal Switch.

Directional Couplers

IF and RF 30dB
Diplexing

Figure 2.25: Integration of IF test-set into the RF test-set for calibration.

The complete IF and RF calibration test set-up is shown in Figure 2.25. In this

complete configuration, there is a need to diplex the RF and IF travelling wave
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components before measurement and it is achieved by blue Krytar back-to-
back couplers. The calibration (small signal and large signal) was done by
using a 3.5 mm standard cal kit at the end of piece of the co-axial cable. The
comprehensive calibration verification is listed in Appendix-B for different
standards. However, for simplicity only the validation of the IF Calibration is
presented through the measurement of small piece of cable. A cable of
4.94nsec delay (delay was measured through the 8753 VNA for a frequency
range of 1-20MHz) was used to perform an off-set IF calibration verification.
The measured S21 for the cable is listed in Table 2.3 and the delay is
calculated by using 2.10 and compared with the obtained result through the
8753 VNA.
Phase Delay= ®/360*Frequency (2.10)

Measured delay through the enhanced measurement system was 5ns for all
frequency ranges and measured delay on 8753 VNA was 4.94ns which shows
an excellent match between both measured delays.

Table 2.3: Measured S21 for cable

Measured S21
Frequency(MHz) | Magnitude Phase(Degrees)

1 0.999089 1.827038
2 0.998033 3.633365
3 0.997932 5.456631

4 0.997736 7.264744
5 0.997135 9.06323

6 0.996747 10.846911
7 0.996808 12.655551
8 0.996419 14.441444
9 0.996441 16.236152
10 0.999089 18.031014

Finally, the calibration was loaded into the measurement software and thru
measurements performed. A 0dBm signal was injected at 1MHz and simple
50Q line was used to calculate the power at the DUT plane (centre of the line
was used as a reference). Also, an oscilloscope was used to measure the
voltage for all the frequency spacings and then converted to the power using
the formula giving in equation 2.11.

Power= (Vpp/2)%/2*R (2.11)
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The voltage measured at the centre of the line with the oscilloscope was
571mV and then converted to average power.

Power= (573*10°%/2)/2*50=0.82mW (2.12)
This power was then converted to dBm which is -0.84dBm, as can be seen

from the below panel the input is -0.82dBm which is close enough to the
calculated power at the device reference plane. Since a 50Q line was
measured, the power at the input was transferred to the output. The
calibration reference plan for RF and IF was established at device package
plan for accurate power device measurements. The IF calibration verification
signifies that the baseband memory effects and linearity measurements and
investigations documented in this thesis in the subsequent chapters are true,

accurate and legitimate due to the accurate IF calibration of the IF test-set.

Enhanced Measurement System Measured Input Parameters

InpLt Reflected Load Refl. Coef Irmpedance
[ IF -26.1404 00542446 -T8.6937 a1.3617 ]
[ Lower Tone | 4.33758 -17.3737 0.0766361  |-160.193 433377 ]
[ Fundamental -42.4071 -H5.8863 0.2118457 -101.402 a0.3143 ]
[ Upper Tone 481422 -17.2663 00726995 -162.228 43.0821 ]

Figure 2.26: Measured Input parameters under two tone modulated excitation
at TMHz modulation frequency using the enhanced measurement system.

2.6.2 Measurement Accuracy Enhancement

During large signal power device characterization, it is desirable to
obtain a reliable data. The following aspects have been observed and hence
implemented to enhance the time domain measurement accuracy. The DSA
8000 has a limited dynamic range, if overdriven there is a risk that the DSA
8000 provides invalid measurements. In order to ensure the linear and safe
operation of DSA 8000 the attenuators placed before the sampling heads of
channel are set corresponding to the amount of signal power measured. Note
the attenuators values must be set high enough such that the desired
distortion products to be measured are driven below the noise floor. By setting
the relevant and appropriate trigger events corresponding to the type of test

signal being characterized, it is possible to measure signal components
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having a stable amplitude and phase at a predefined frequency point. When
considering dynamic range improvement when measuring intermodulation
distortion products in case of multi-tone excitation, it is very important to use
distortion free RF signal source to avoid any unwanted noise at the output. It
is highly recommended to operate the RF signal source in its linear region of
power generation and then driver amplifier can be used to maintain an
adjustable power level at the DUT. This will keep the IMD generated by the
RF source at the lowest power level which will then consequently increase the
quality of IMD and memory effects characterization of the measurement
setup. By time averaging, which is simply a process of integration; a
significant improvement in the dynamic range can be achieved for precise
measurement of spectral components close to the receiver’s detectable noise
level. Averaging increases the measurement quality to the acceptable level
whilst using the PSG as an RF signal source ensures sufficient dynamic
range. However, challenges exist at the instrument level in improving the
dynamic range if it is replaced with the Tektronix AWG 7000 as a signal
source. However, after certain time averages it is not possible to sufficiently
increase the measured output signal quality. A further refinement can be
achieved by decreasing the resolution bandwidth which, however, increases

in sweep time during the measurements.

2.7 Demonstration of Multi-tone Measurement Capability

In order to demonstrate the multi-tone measurement capability of the
enhanced measurement system, the multi-tone measurement was conducted
on the novel continuous class-F power amplifier. The Continuous Class-F
mode [40] is a new PA mode which allows the design and realisation of
broadband power amplifiers [41]. This new theory has demonstrated that by
presenting a new formulation on the voltage waveform, a new family of
voltage waveforms is yielded whilst maintaining the constant half-wave
rectified sinusoidal current waveform. The new, different waveforms
compared with the standard class-F case will reveal the same constant output
power and drain efficiency compared with the conventional class-F case. This

is very important when designing broadband power amplifiers, as now by
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presenting simultaneously the appropriate fundamental and second harmonic
impedances in accordance with the continuous class-F theory (while
maintaining an open-circuit third harmonic load) constant output performance
is achieved for a wide design space [40]. The enhanced measurement system
was calibrated over a relatively wide baseband bandwidth 50 MHz, and over
100 MHz RF bandwidths centred around fundamental, second and third
harmonics to characterise and investigate the linearity performance of this
newly designed continuous class-F power amplifier under multi-tone signal.
The continuous class-F power amplifier was excited using a 9-tone stimulus
signal with peak-to-average ratio of 9.54dB depicted in Figure 2.27 at the

presumed optimum bias point.
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Figure 2.27: The Input 9-tone stimulus to continuous class-F power amplifier.

Figure 2.28 shows the peak envelope output power and adjacent channel
power (ACPR_ and ACPRy) behaviour. It can be seen from this measurement
that the class-F amplifier has about -33dBc linearity in ACPR at 8.5dB
back-off. It maintains, however, low asymmetry in the upper and lower
ACPRs (< 2 dB) with -34.5 dBc of ACPR at 8.5 dB back-off as shown in
Figure 2.29. It can be seen that the continuous class-F amplifier provides
a slightly improved performance in peak envelope efficiency(PEE) by 2.1%
at Pias for two-tone excitation as compared with nine-tone excitation with

fixed phases at 8dB back- off. On the other hand, the continuous class-F

involves complicated circuitry and vast effort in matching network design
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procedure. Summary of the performance of the designed continuous class-F

amplifiers is given in table 2.4.
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Figure 2.28: Measured peak envelope output power, upper and lower ACPs

under nine-tone excitation for 10W continuous class-F amplifier at bias point:

Vds =28V, Vgs =-4.6V,fy =1GHz.
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Figure 2.29: Lower and upper ACPs measured up to the 8dB back-offs at

bias point: Vds = 28V, Vgs = -4.6V,f; =1GHz

Table 2.4: Summary of the performance of the 10W GaN HEMT continuous

class-F power amplifiers.

Novel Continuous Class-F Power Amplifier

Two-Tone Stimulus

Gain

11 dB

Output power at P1dB

32.6 dBm
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Maximum IMD3 asymmetry 7.5dB

PEE n (at 8.5dB back-off) 19.1 %
Nine-Tone Stimulus

Gain 13 dB

PEP (at 8.5dB back-off) 26 dBm

PEE n (at 8.5dB back-off) 15 %

ACPR (at 8.5dB back-off) -33 dBc

2.7.1 Output Power Spectrum Comparison

For a high power amplifier, such as the continuous class-F power
amplifier used in this measurement excited with two-tone, the IF components
generated are large. This is especially true of IF1 (twice the modulation
frequency) and IF2 (four times the modulation frequency), the most dominant
base-band components and higher baseband components IF3 (six times the
modulation frequency and IF4 (eight times the modulation frequency). The
magnitude of the output power of IF1 was approximately comparable to the
magnitude of wy and wy, this signal (IF1) could not be load pulled directly
using only an arbitrary waveform generator (AWG). A high power baseband
ENI 240L 20 kHz to 10 MHz, 50W linear power amplifier was used to amplify
the signal from the arbitrary wave generators (AWG), in order to actively load-

pull significant baseband components e.g. IF1 and IF2.
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Figure 2.30: Measured simplified two-tone spectrum with enhanced

measurement system for a continuous class-F power amplifier at carrier
frequency of 1GHz with 500KHz modulation frequency when biased at
Vds =28V, Vgs = -4.6V.
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Figure 2.30 shows the output spectrum of the continuous class-F power
amplifier, measured when driven 1dB into compression whilst presenting short
circuit impedance to all the significant baseband components. The results
indicate that the asymmetries in IMD products have greatly been minimized
and a reduction of 8dBc is achieved in IMD3 products. The decisive
comparison of the measurement system performance is the measurement of
output power spectrum of the DUT. To validate the measured performance of
the power amplifier the output spectrum of power amplifier was measured
using a spectrum analyzer to measure output power precisely at the
fundamental frequency in the frequency domain whilst keeping the

measurement conditions strictly the same.

5 Agilent 15:33:50 Juno1, 2011 R T

#Htten 44 dBE +E:=-=:t FG

Figure 2.31: Measured simplified two-tone spectrum of continuous class-F
power amplifier with Agilent spectrum analyzer for carrier frequency of 1GHz
at 500 KHz modulation frequency when biased at Vds = 28V, Vgs = -4.6V.

The Agilent spectrum analyzer was connected to the load side of the
enhanced measurement system to measure the distortion products of the
continuous class-F amplifier accurately, in order to perform the comparison
with the measured output power spectrum by modulated measurement
software. It can be seen from Figure 2.30 and Figure 2.31 that the
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measured output power performance of the continuous class-F power
amplifier is almost identical. There exists an excellent agreement
between both measured output spectrums with a slight variation of
<1dB in intermodulation products.

2.8 Impedance Control Solution

Tuning the impedance environment around a device can in turn result
in improved device performance. For example gain, power, efficiency and
linearity are all reliant on the design of the correct impedance matching
network. In order to analyse the effect of impedance matching, it is necessary
therefore to vary the impedance either at the input (source-pull) or at the
output (load-pull) of the device, and to measure the resulting performance.
For full optimisation, it is necessary to simultaneously control the impedance
at the baseband, fundamental and significant harmonics, both at the input and
at the output. Such systems are termed harmonic source and load-pull. The
load reflection coefficient ( ') can be described in terms of incident and
reflected travelling waves. Analysis is often considered in a similar way to s-
parameters, using the analogous names ai, b4, a. and b, for the forward and
reverse travelling waves, where a; is the incident travelling wave, by is the
travelling wave reflected at the device input, b, is the output of the device and
ay is the travelling wave reflected off the load. From this, it is clear that the
load and source reflection coefficients are given by the ratios shown in
equation 2.13 and 2.14 respectively.

b,

ML Ta, (2.13)
b

g =—1

57 a, (2.14)

Using this fundamental theorem, measurement systems have evolved to
emulate the impedance seen by the device by changing the reflected power
injected into the device output port. This can be achieved either passively or
actively. The intensive literature review of existing load-pull capabilities is
documented in [42] which emphasize that there is need for a new concept to
allow control and engineering of frequency components generated when a
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device or circuit is driven with a multi-tone stimulus. The impedance control
required for multi-tone measurements can be broken down into two distinct
sections: frequency components generated at RF frequencies and frequency
components generated at baseband frequencies. The test set architecture
was designed in such a way that baseband and RF components were
separate, with the base-band and RF signal components recombined for
measurement by the sampling oscilloscope. This architecture also ensures
that there are separate load networks for base-band and RF frequencies,
allowing different approaches to be adopted for each. The following sections
will detail the capability of measurement system to maintain constant and
frequency impedance broadband loads at IF and RF frequencies.

2.8.1 Demonstration of Baseband Load-pull Capability

The base-band impedance control architecture employed builds upon
an active open-loop baseband load-pull architecture presented in [6]. This
architecture takes little effort to control generated higher baseband
components IF3 (six times the modulation frequency) and IF4 (eight times the
modulation frequency). The effectiveness of IF active load-pull in maintaining
constant and frequency independent impedance for the significant baseband
components IF1 (twice the modulation frequency) and IF2 (four times the
modulation frequency), and higher baseband components (IF3 and IF4) is
demonstrated for 10W GaN HEMT, with deep class AB bias. The fundamental
frequency for the modulated two-tone measurement was 2GHz with
separation frequency of 2MHz.The fundamentals and harmonic impedances
were nominally terminated into a 50 Q environment. Figure 2.32 illustrates a
measurement where the phase of the significant baseband components (IF1
and IF2) and higher baseband components (IF3 and IF4) were varied
simultaneously, in steps of 18° around the perimeter of the Smith chart, whilst
keeping the magnitude of IF reflection co-efficient at unity. The RF output
voltage and output current envelopes are shown in Figure 2.33 for the
baseband reflection coefficient I'r=1.2180°. The computation of magnitude of

the voltage and current envelope components at the fundamental frequency
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provides the possibility of directly observing the linearity performance of the
device [43].
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Figure 2.32: Measured IF impedances at 2MHz tone spacing with active IF
load-pull.
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Figure 2.33: Measured input voltage and output current envelopes for
baseband reflection coefficient (Ir=1.2180°)

Figure 2.34 shows the dynamic IF and RF load lines. In the case of baseband
short circuit termination (Ir =1£180°), the IF load-line (achieved by plotting
baseband current vs baseband voltage) remains completely vertical with no

looping observed The analysis of measured results with respect to the
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dynamic load lines shows that the baseband impedance influences the RF
dynamic load lines interaction with the knee region. This is due to the output
voltage generated by the IF component which causes the measured output
current and voltage dynamic load lines to interact with the knee region. In the
case when a short circuit baseband impedance is presented to the device, it
minimizes the knee interaction with transistor’s |-V characteristic, producing a

symmetrical knee interaction.
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Figure 2.34: The measured dynamic RF and IF load-lines for baseband

reflection coefficients (Mr=1.2180°)

Additionally, it is sometimes possible in the design process to use bias
modulation to actually improve device performance. For example, a growing
number of companies and universities are investigating the development of
Envelope Tracking power amplifiers. These architectures use a variable
voltage power supply, sometimes called a DC-DC converter or Modulator,
which is dynamically adjusted to track the envelope of the applied modulation.
In this way a designer can ensure that the amplifier always operates close to
compression, even when operating at reduced output power level, therefore
greatly improving the average efficiency. The presented enhanced system
with the improved IF load-pull would allow a clear measurement of device

performance under such a mode of operation and is therefore seen as a key
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tool in any such investigations, allowing a direct measurement and
manipulation of the entire base-band spectrum, combined with the ability to
view and analyze the resulting effect on RF performance. Active IF load-pull
however has an important advantage in that it is able to seamlessly
synthesise both positive impedances within the Smith chart, as well as
negative impedances outside the Smith chart. This offers an alternate
linearization approach which allows exploring further the optimum baseband
impedances for best linearity conditions, the broadband IF impedance was
swept over a measurement grid, including the short circuit condition, and
extending some way outside the Smith chart.

| IF, ,IF,,IF;and IF,Load Co-ordinates

’r/ .
= ¢ S
.\ H

Best IM, Linearity

Figure 2.35: Measured IM3 linearity contours as a function of IF1, IF2, IF3 and
IF4 loads.

Analysis of the measured results with respect to the dynamic load lines
depicted in Figure 2.36 shows that the load IF impedance influences the
linearity once the dynamic load lines interact with the knee region. In this case
an optimum IM3, IF load impedance minimises the interaction with the
transistor’s |-V characteristic in the knee region, producing a condition with the
most linear performance. In contrast to this, the response to varying the
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baseband impedance is quite evident from the contour plots. When the
dynamic load lines interact with the knee region, significant improvements can
be achieved by presenting the real negative baseband impedance, while
significant variations in the distortion are achieved with reactive baseband
impedance.
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Figure 2.36: Dynamic RF and IF load-lines with static DCIV inset for best IM3
linearity.
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Figure 2.37: Measured input voltage and output current RF envelopes for best
IM3 linearity.
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The improved linearity can be better explained by considering the output
current and input voltage envelopes. The linearity performance of the device
is quite evident from the magnitude of the voltage and current envelope
components at the fundamental frequency. It can be seen from Figure 2.37
that the measured output current envelope from the non-linear behaviour of
the transistor is quite symmetrical due to the termination of baseband
components for optimum IM3 linearity.

The results presented here will be revisited in chapter 3 and chapter 4 of the
thesis where applications of the enhanced measurement system will be
discussed in greater details.

2.8.2 Demonstration of RF Load-pull Capability

Synthesis of active RF loads has been achieved through an open loop
configuration. The main advantage is the high speed with which the load
can be changed and the possibility to reach a reflection coefficient >1 and
hence compensate for losses in the system making full matching
possible at the DUT interface. The main drawback is the need for high
power amplifier to increase load-pull power. An open loop system is shown in
Figure 2.38.

Arbitrary

Waveform
Generator (AWG)

| Amplifier Variable
Attenuator

Figure 2.38: Two-tone spectrum up to third-order component polynomial
transfer characteristic.
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In the open-loop active load-pull architecture of the modulated waveform
measurement system, the channel-1 of the AWG was used as an excitation
signal and channle-2 was used to load-pull the RF output components around
the fundamental and 2" harmonic of the device under test, DUT. By changing
the phase and magnitude of the load-pull signal the impedance seen by the
DUT was changed manually. Active load-pull has been used for both for RF
impedance tuning and IF impedance tuning at baseband frequencies. The
power handling capability is limited mainly by the amplifier but is normally in
the range of a few watts. Repeatability and speed can be questioned due to
manual control but is not a major problem since active loads are used with in-
situ impedance measurements (not pre- calibrated). The ability to control RF
impedances is vital in the full large signal characterisation of a device or
circuit. As soon as we move away from linear measurements, it is no longer
possible to predict the performance of a device or circuit purely from
measurements conducted in a 50 Q environment. Load-pull, therefore, is an
integral component in any measurement system designed to characterise and

investigate non-linear performance.
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Figure 2.39: Emulation of class-B impedance environment for tone spacing
ranging from 1MHz to 5MHz for 10W GaN HEMTs, under two-tone excitation.
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Figure 2.39 shows the measured fundamental and 2" harmonic load
impedances, independent of the drive level, when the device was driven into
compression under two-tone excitation. The RF impedance plot suggests that
different impedances can be synthesized other than 50 Q, which is an
essential case for emulation of different power amplifier modes. It can be seen
that the dispersion in RF loads is minimal and RF fundamental load-pull closer
to the optimum impedance was maintained as the tone spacing was swept
from 1MHz to 5MHz to achieve a more appropriate characterisation capability.
Furthermore, the ability to hold the load constant under complex modulated
excitation is imperative to characterize the devices under realistic
measurement conditions.

It has been effectively demonstrated that the precise load impedances can be
maintained, under 9-tone excitation as can be seen from the Figure 2.40,
using the modulated load-pull architecture elaborated earlier in this chapter
and that the system can maintain constant impedance for varying drive
conditions, this measurement also determines the scalable bandwidth of the

system.

oo O Fundamental 9-Tones
oHm nd .
O 2 Harmonic 9-Tones

&

Figure 2.40: Emulation of class-J impedance environment, when 10W GaN
HEMTs was subjected to nine-tone excitation at 2GHz with 1MHz modulation

frequency.
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This quantifies the performance of the microwave device that can be expected
when used with complex multi-tone signals rather that the two-tone modulated
signal.

2.8.3 Why Out-of-Band Impedance Control is Necessary?

The out of-band components are usually utilized to control the in-band
distortion, because of their distance from the fundamental signals, which
occurs in close proximity to the requisite fundamental signal and is
consequently quite difficult to directly filter without compromising the desired
signal. Subsequently, out-of-band distortion components are considered to be
a very important factor in terms of their effects on the behaviour of in-band
distortion. Figure 2.41 shows the output signals wand w,, in addition to the
unwanted distortion generated by the non-linear behaviour of the RF power
device up to the third-order. The second-order out-of-band spectra consists of
two frequency bands, namely the base-band (DC and IF band) as well as the
2" harmonic band (falling to the right of the in-band region) as can be seen in
Figure 2.41. The baseband (including DC) consists of the base-band
components caused by those components of an even-number order such as
second-order IF1(wy -w4); fourth-order IF2(2w; -2w+); sixth-order IF3(3w; -
3w1) and so forth, together with the harmonic band generated by second and
higher-order components. The baseband components generated due to
device nonlinear behaviour are controlled and engineered in the work
documented so far. The second-order products 2w, 2w2 and wi+w> in the
second harmonic zone need to be engineered or controlled to quantify their
effect on the linearity of the microwave device.
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Figure 2.41: Two-tone spectrum up to third-order component polynomial
transfer characteristic.
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Figure 2.41 illustrates a typical spectrum up to third-order nonlinearity. The
transfer characteristic with third-order terms is as follows:

i(t)=a, *v(t)+ a, *v>(t)+a, *v°(t) (5.10)

For third-order nonlinearity of the microwave device the mathematical analysis
yields:

Ys(t)=a,* Vs(t)=as(\/100$(a)1t)+ V; COS(a)zt))S

=cos(w;t) (E a3‘/13 +§33V1V22)+C03(w2t)(§ a3‘/23 +§33V12V2)
4 2 4 2
+ % a,V,?V, cos((2w, — w,)t) +%as\/1V22 cos((2w, — w,)t)

3 , 3 , (5.11)
+§a:,,\/1 V, cos((2w, + w,)t) +Ea3v1v2 cos((2w, + w,)t)

+ % a,V;° cos(3w,t) + % a,V,’ cos(3w,t)

Third-order terms at frequencies 2w1-w2 and 2wy-w4 are the most interesting
inter-modulation products since they fall within the channel bandwidth.
Generally speaking, odd-order terms generate in-band distortion.
Interestingly, with respect to IMD behaviour, as illustrated, the enhanced
modulated waveform measurement system provides constant load impedance
at the relevant frequency bands and this is demonstrated in the following
section.

In general, a precise control of impedances at baseband and 2" harmonic
frequencies is indeed demanded, with the latter more specifically for
enhancing overall efficiency, which highlights that the comprehensive control
of the out-of-band impedance can be achieved which is essential to emulate
the different PA modes through the application of active load-pull. However,
for wideband applications, it becomes imperative to practically fulfil all these
requirements simultaneously, leading to the reliable characterization of the
device behaviour.

2.8.4 Comprehensive Out-of-Band Impedance Control

The ability of the system to maintain baseband, fundamental and
second harmonic loads is critical over a wider bandwidth. This capability is
evident in Figure 2.42 where the second harmonic and fundamental loads are
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kept constant with a slight spreading in the emulated load reflection
coefficients takes place. The emulation of desired load reflection coefficients
at the baseband causes the spreading to occur at the respective tones around
the fundamental and 2" harmonic impedances. The load emulation around
the frequency bands of interest is very tricky and time consuming under
complex tones (i.e. more than two and three tones), however, every effort was
made to minimize the spread to demonstrate the system capability in
emulating the impedances when the device was subjected to modulated

excitation.
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Figure 2.42: Measured baseband loads (I'F) under 2-tone excitation, for 10W
GaN HEMTs biased in class AB, at for different modulation frequencies for a

class-J emulated RF impedance environment.

In other words, the system is able to emulate the desired loads at the
baseband, carrier and 2™ harmonic without any trouble. Figure 2.42 shows
that system can maintain constant and frequency independent impedances at

the baseband and RF simultaneously.
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2.9 Chapter Summary

This chapter presented an extensive overview of memory effects in
microwave device along with the measurement systems and approaches that
have been used to characterize them. From this review it is evident that the
existing measurement systems although able to characterize microwave
devices, suffer from certain limitations.

+ these systems are either time consuming, not capable for extensive
out-of-band impedance characterization or are not able to capture the
relevant information simultaneously at baseband, around the carrier
and harmonics

+ they are not suitable for characterizing devices operating under multi-
tone stimuli

For holistic characterization of microwave devices, it is important that a rapid,
robust and effective measurement approach is developed which can tackle
both these issues, mentioned above, prevalent in the existing approaches.
The chapter detailed the required necessary enhancement carried out to
improve the measurement system accurately describing a non-linear device’s
response to a multi-tone signal, including all of the significant distortion terms.
Firstly, a suitable trigger clock was engineered to allow on-board averaging on
the scope to increase the quality of the measurements which was not possible
previously due to inability of the sampling oscilloscope to freeze the multi-tone
signals. Then a new measurement technique referred as “Time Domain
Partitioning” was formulated that allowed for spectrally efficient capture of
repetitive multi-tone signals.

Measurement speed and dynamic range have both been dramatically
improved through the adoption of the new technique thus employing the full
capabilities of the sampling oscilloscope used. To quantify the persistent
effect of baseband impedance on the microwave power device, the baseband
load-pull architecture was modified to account for higher baseband
components which are multiples of the baseband fundamental frequency. The
modification of the RF architecture to provide for active synthesis of loads
thorough the use of a Tektronix AWG7000 Arbitrary Waveform Generator,
and its two independent yet coherent channels over a wide modulation
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bandwidth was presented. As a result, the waveform measurement system is
able to maintain independent and constant impedance control for each
individual tone present across both the IF and the RF impedance
environment. A section here detailed the calibration interpolation software and
the verification of the IF calibration that allowed for efficient characterisation of
low frequency components for multi-tone measurements. The final section of
the chapter has discussed and described the full functionality of the enhanced
measurement system to measure the power amplifiers under multi-tone
excitations. The impedance control for robust characterization of the device is
demonstrated experimentally across a wide bandwidth at both baseband and
RF frequencies simultaneously to ensure control of all significant components.
Applications of this new measurement technique and developed system are

discussed and explained in depth in the subsequent chapters.
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Chapter 3

Baseband Electrical Memory Investigations

3.1 Introduction

High power amplifiers, used in cellular basestations, commonly employ
digital predistortion to improve their linearity and efficiency. Terms such as
look up tables and memory polynomials are used to describe the types of
digital predistortion. From an RF perspective these terms are significantly
different from the typical specifications like linearity, efficiency and even peak
to average ratio (PAR). Predistortion is not a new concept to power amplifier
design. It is, in essence, creating a signal that has “anti-phase” spectral
information which is then used to eliminate the spectral errors at the output of
the amplifier. Features of this predistorted signal include an increased
bandwidth and an increased PAR of the input signal. In an RF sense, having
a wider bandwidth requires the designer to increase the amplifier capabilities
over a wider bandwidth to eliminate roll off at the edge of the band when the
correction is applied. Also the higher peaks of the input signal can drive the
amplifier deeper into saturation as the PAR expands. This can push an
amplifier into unknown states closer to breakdown. It has been shown that
different algorithms achieve different levels of performance increase for
different signals and amplifiers [1]. Examining the information from these
predistorters can provide some insight to the limiting factors that exist for

each. For instance, looking at a simple memory polynomial predistorter for an
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amplifier at different back off locations can show that the memory coefficients
change. Examining these coefficients shows that more computational memory
is needed as the amplifier is driven deeper into compression. However, it is
more likely that the algorithm is just having difficulty in capturing the true
compression characteristics and not an actual increase in the memory of the
power amplifier. Especially, when considering the memory dispersion of
modulated AM/AM at an average power level there is a very small difference
between each power level. Examining the predistorter and the signal to the
power amplifier, show the limitations to the power amplifier and the algorithms
being used to improve the linearity of basestation power amplifiers.

Hence, deterioration of the distortion compensation becomes a problem.
Thus, it is imperative to understand the memory effects in order to be able to
reduce or compensate for them. This is because these dynamic effects impact
signal distortions (linearity) as well as power efficiency performances. This
chapter aims to provide a demonstration through measurements, as it is
unfortunately quite usual that the simulation models fail to simulate such high
level nonlinear phenomena as memory effects, that electrical memory effects
can influence intermodulation. Only baseband electrical memory effects are
considered, because they are believed to be the dominant cause of memory
effects in microwave power transistors. The drive levels are set to ensure
weakly and strong nonlinear behaviour from microwave power device under
two-tone which is a simplistic excitation and helps understanding multiple
mixing, in order to quantify the device’s inherent nonlinearity. Once
investigated and examined, it is clear that the measured hysteresis on the
dynamic transfer characteristics and inter-modulation product asymmetry,
can be very sensitive to variations in baseband impedance, and this
reinforces the importance of optimization of broad baseband impedance
termination at the device output for reduction in baseband electrical memory.

3.2 Memory Properties of Nonlinear System
An intensive research carried out into designing a predistortion
linearizer for IMD cancellation, with AM-AM and AM-PM characteristics

inverse to that of power amplifiers to be linearized [2]. This approach was
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acceptable under the condition that predistortion circuits could reproduce the
same characteristics for any signal envelope frequencies, which unfortunately
could not be fulfiled. As a result, there is significant degradation in IMD
cancellation performance followed by a more sophisticated implementation of
linearization techniques. At this point, it becomes rather interesting to raise
the subject of nonlinear system classification with respect to the inherent
memory property. Accordingly, nonlinear systems can be classified into
memoryless system, quasi-memoryless system, and systems with memory.

However, it is important to understand the type of excitation signal essential
for characterizing a system’s memory behaviour. From the application point of
view, a static single-tone power sweep measurement is generally favoured
during power amplifier characterization, additionally aiding the design of
matching topologies. However, it is well known that a CW characterization
does not provide sufficient information on the system’s memory. Moreover a
statically linearized power amplifier reported in [2], under single-tone stimuli,
fails to show any improvement in IMD characteristics compared to a
nonlinearized power amplifier under dynamic two-tone excitation. This is due
to the presence of non-negligible memory, which forced the system response
to vary with the baseband frequencies. As a result, such effects can be

characterized only under a modulated test signal environment.

Y Linear
A \ .
T CA )
T+ CA \
Nonlinear
A 0 A X
; 1-CA
o +-CA

Figure 3.1: Nonlinear input-output characteristics of a memoryless system [3].

Consider a sinusoidal input signal x(t) with an angular frequency of w., which
is modulated by amplitude A(t) and phase (1)
x(t)=A(t).cos[w,t+p(t)] (3.1)
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In order to simplify the analysis, in case of small-signal excitation, the linear
system response of a memoryless system yyw (t) can be expressed as

Yu (H)=C(A).cos(w,t+¢) (8.2)
Where C(A) is the amplitude conversion curve, commonly referred to as AM-

AM curves, which is always defined at a specific amplitude or power level.
ym(t)

C(AY A
X(t) Memoryless
A /\ Power Amplifier 0(7
0 T72 T % ’ > ’ 0
A -C(A) /;
-C(A) N4

Figure 3.2: Time domain waveforms of a memoryless system [3].

The input-output response characteristics of memoryless nonlinear systems
are shown in Figure 3.1 as a single curve. Figure 3.2 clearly shows the
absence of phase shift between the input and the output waveform. For a
quasi-memoryless system the output response yaou(t) takes the following form;
Yau(t)=C(A).cos[w,t+p—D(A)] (3.3)
Where ®(A) is the input amplitude dependent phase distortion additionally
induced in a quasi-memoryless system due to AM-PM conversion. Thus, if
phase distortion is present, the system must posses certain amount of

memory.
Yam Linear
A . \ .
+ CAA '.'
+ CA \
Nonlinear
A 0 A X
Z T -CA
o + -CAY

Figure 3.3: Depiction of nonlinear input-output characteristics of quasi-
memoryless system [3].
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At any given time instant, the response amplitude C(A) and the phase ®(A)
are functions of only instantaneous input amplitude A as shown in Figure 3.3
and Figure 3.4, respectively, with the assumption that A is time invariant. In
case of a modulated single carrier, the system time constant T« 1/fs,, where
fenv is the maximum baseband frequency indicating negligible memorizing
time. In such systems, symptoms of memory effect manifest mainly in terms
of phase distortion. A nonlinear system with memory constitutes a more
realistic scenario, a consequence of which is that the output of the system will
no longer respond instantaneously. As shown in Figure 3.5, which depicts the
nonlinear time domain input-output characteristics, a phenomenon of
hysteresis emerges due to the system’s memorizing effect preventing the

overlap of input-output trajectory with the increase in signal swing.

Yam(t)
C(AY A
)‘E(t) Quasi-memoryless C(A
A Power Ampifier (A) /
/\ > —P —» / >
0 T/2 T t t
-A -C(A)
-C(A)'

Figure 3.4: Time-domain waveforms of a quasi-memoryless power amplifier

system [3].

In other words, as indicated in Figure 3.5, the rising curves from s' to s fail to
maintain the same trajectory when the amplitude is increased from A' to A [3].

Yam

C(A) +

C(A) %

L/ —
X

- -C(AY

Figure 3.5: Nonlinear input-output characteristics for a quasi-memoryless
system with memory representing the hysteresis behaviour [3].
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The hysteresis behaviour, hence, tends to show a strong dependence of
memory-effect with input amplitude. In frequency-domain, the AM-AM and
AM-PM characteristics become a function of the carrier frequency. In the case
of a modulated carrier, for instance, the system time constant T will be
comparable to 1/fen, indicating a significant amount of memorizing time.
However when the device is driven over the drive level ‘A’ then the impedance
seen by the baseband components can in fact have a dramatic effect on the
overall measured waveforms. If a generated base-band current component is
presented with high impedance then it will naturally generate a voltage. This
generated voltage manifests itself as a modulation on the bias lines of the
device. This modulation is a common cause of electrical memory, which is
probably the most common memory effect exhibited by the device. Any
modulation on the drain voltage supplied also results in a dynamic
characteristic interacting with the device’s boundary conditions, causing
additional distortion.

An illustration of the difficulties in correctly characterising nonlinear power
amplifiers with memory effects is given in Figure 3.6 where measurement
noise and linear propagation delay of the system or device can be seen as
broadening similar to that caused by memory effects, however, broadening of
the peak after A and -A is typically due to memory effects only. The
broadening in the trailing part of the input-output characteristics is demystified
in [4] and hysteresis on the upper part is demystified as part of this work
through the precise and independent control of baseband impedance.

Figure 3.6: Nonlinear input-output characteristics for a system with memory
representing the hysteresis behaviour [3].
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3.2.1 Characterization of Memory Effects

When the power device is relatively backed-off, its performance is
linear and operation is in the linear zone. On the other hand, when the power
device is driven into compression, the device is operating in its nonlinear
zone. There are two main nonlinear effects that are produced by the device
under modulated excitations, “in-band effects” and “out-of-band effects”. The
first one, the “in-band effects”, produces a constellation distortion and
consequently, a worse BER (Bit Error Rate) value. These are not easy to
remove due to their proximity to the signal. The second group, the “out-of-
band effects”, produces a spectrum widening and so, a higher ACPR
(Adjacent Channel Power Ratio) value. Thus, it highlights the importance to
characterise these anomalous nonlinear effects in order to understand and

correct them.

Figure 3.7: Different device inherent nonlinearity characterization methods.

There are many methods that can be used to characterize nonlinear
behaviour of power device as can be seen from Figure 3.7. Common
methods include two-tone, multi-tone, and noise power ratio measurements.
These conventional test methods provide a means of comparing figures of
merit (like third-order intercept) from different devices. Indeed it is meaningful
and straight forward to test the nonlinear device under a realistic signal

environment. However, since these signals are unpredictable in nature, it is
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rather difficult to interpret the device behaviour from conventional figure of
merits such as the third-order intercept and the 1dB compression point.
Therefore, more complex dynamic characterization methods are needed in
order to analyse and extract more information about nonlinearity in

broadband and high power devices.

3.2.1.1 Continuous Wave Characterization

A nonlinear system when subjected to a sinusoidal input signal
produces output spectral components harmonically related to the input
fundamental frequency. The nonlinearity of the system can be estimated from
the fundamental tone only, by sweeping the input amplitude and measuring
the output response of the fundamental tone. Any deviation from the linear
response is known as amplitude dependent amplitude distortion AM/AM.
Furthermore, nonlinear systems always exhibit some amount of memory and
thus the phase of the output response will also deviate as a function of input
amplitude, which is known as amplitude dependent phase distortion AM/PM.

N
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Input power [dBm]
Figure 3.8: AM/AM and AM/PM conversion of a power device [5].

Usually, AM/AM and AM/PM conversions are measured by sweeping the
power of a single-tone sine wave as the input signal of the amplifier. The
AM/AM characteristics enable the evaluation of an important figure of merit
called the 1-dB compression point. It has been noted that AM/AM and
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AM/PM characteristics are only a function of the input signal level and
independent of its envelope frequency which can be seen from Figure 3.8.
These characteristics are generated from quasi-memoryless power device,
which means that the device output signal is only a function of the
instantaneous input signal. These characteristics will cause a symmetrical
output spectrum when the amplifier input signal is multi-tone [5], [6], [7].
Similarly, we get a symmetrical spectral regrowth in the output spectrum
when input to the amplifier is a digitally modulated signal.

3.2.1.2 Two-Tone Characterization

The power device’s spectral regrowth behaviour can not be observed
under static continuous wave (CW) stimuli. It can only be revealed by
considering modulated signals which are rather more complex than the CW
signal. A more simplistic representation of a telecommunication signal is a
two-tone, which has indeed, proved to an efficient solution for evaluating the
linearity properties of a nonlinear microwave device.
A simple two tone excitation signal with tones having equal amplitude and
zero phase offset can be expressed by equation (3.4);

x(t)= Ax[cos(w,t)+cos(w,t)] (3.4)

x(t)=2Ax cos(% tj * cos(% tj

x(t)=2A#*cos(w,,t)*cos(w,t)
Where wm = (w1 - W2)/2 and we = (W1 + wy)/2 are the modulation and carrier

frequencies. The corresponding nonlinear output signal would be given by
equation (3.5).

Y(1)=3. Ay, #C0S(@,t + g5,) (3.5)

Where w, = mwi+ nwz with m,n € Z, which shows that the output signal will
be composed of many mixing spectral terms involving all possible
combinations of twy and tw; as shown in Figure 3.9. The output signal of the
device will have unwanted frequency components generated at frequencies
2wi- wp and 2wy- w; which are termed as lower and upper 3 order

intermodulation distortion (IMD3) products respectively. Also the lower and
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upper 5" order intermodulation products (IMD5) products can be seen at
frequencies 3w1-2w, and 3w»-2w1 respectively which become very significant

when the device is driven near the compression.

A Ao Ao Aw,
% A OO
3 W1 : 1 W
o)
S
o 2W1-W> 207-W1 w1tw> 2W1twy 200+ Ww
>
-g' 3wi-2w, 3w2-2w1 2w 2w, 3 3w
S| | | |
—— —_ - -
Fundamental Second Harmonic Third Harmonic Frequency
Amplifier
Bandwidth

Figure 3.9: Two-tone output spectral components in frequency domain
[6,8].

The IMD products appearing at 2w+- wy and 2w»- w¢ are of great concern as
they appear in-band and will thus distort the desired shape of the fundamental
signal components. The in-band IMD cannot be easily filtered out unlike the
other IMD products, which are located far away from the fundamental
frequency components (out of band) and can be easily filtered out. The most
commonly used measure of IMD is the ratio of the largest IMD, almost always
third order IMD, to the one of the two-tone [6]. To obtain valuable information
on the device’s IM distortion behaviour, the two-tone characterization has
been used for the work presented in this chapter, in order to investigate the

device related memory effects due to baseband impedance variations.

3.2.1.3 Multi-Tone Characterization

Multi-tone  characterization technique is another option for
characterizing device nonlinearity with more than two tones. This has gained
importance in recent years as a substitute for the actual telecommunication
signal. Interpretation of power device nonlinearity in terms of the time domain
waveforms of a digitally modulated signal is rather complicated. Nevertheless,
amplifier linearity under a digitally modulated test signal is characterized by
measuring the degree of output spectrum regeneration across the lower and
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upper sidebands. In all cellular systems it is necessary for the system design
to impose specifications on the maximum amount of distortion that can be
introduced in adjacent channels. Adjacent channel main power ratio (ACPR)
is defined as the measured power in an adjacent communication channel
relative to the power in the main channel of specified bandwidth as depicted
in Figure 3.10. ACPR is often used as a measure of linearity in nonlinear
system when complex digital modulated signal is applied as an input
signal. It can be measured using a spectrum analyzer.

—p Main

Adjacent ,  Channel

Channel

™

Output power

Frequency

Figure 3.10: Adjacent channel leakage power in the output spectrum of the

amplifier.

Today, in most advanced communication systems which use multi- carrier
signals with digital modulation formats [6], [9], the ACPR has become one of
the important power amplifier linearity requirements. For example, the
maximum ACPR requirement given in third generation partnership project
should be = 45dBc for bandwidth up to 5MHz and = 50dBc for 10MHz
bandwidth [8],[10].

3.2.1.4 Noise Power Ratio

Noise power ratio (NPR) is a measure of the unwanted in-channel
distortion power caused by the nonlinearity of the power amplifier. This can be
measured by extracting a portion of the input signal, using a notch filter, and
examining the level of distortion ‘filling in’ the space within resulting gap. NPR
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is defined as the ratio between the noise power spectral density of a white
noise signal passing through the amplifier, measured at the notch of the
output signal, to the noise power spectral density without the notch filter. The
amplifier is driven at the same power level in each case. Further details of this

test and concept are illustrated in Figure 3.11.

Measurement Bandwidth

A
Noise Stimulus
) T Noise generated
S By DUT
I
= NPR
<
i .
Frequency

Figure 3.11 Conceptual representation of Noise Power Ratio (NPR).

3.2.2 Envelope Domain Analysis

The large signal measurement system measures the full spectral
content of the voltage and current waveforms and provides both the
magnitude and phase behaviour of the device. Analysis of these waveforms in
the time domain becomes difficult due to the frequency difference between
the baseband IF and the RF carrier, resulting in a large number of zero
crossing points within the envelope of the signal. This makes the overlaying of
time domain waveforms, produced by an increase in the input power, difficult
to interpret.
Alternatively, the analysis of the spectral contents can be achieved in the
frequency domain using the magnitude and phase information of each
generated component as a function of the input power. Again this analysis will
become more complicated as the number of input frequency components is
increased. This is as a result of, each additional frequency term resulting in
the generation of additional in-band frequency components. An alternative
approach to both problems is the combined use of time domain and frequency

domain techniques to perform an envelope domain analysis of the measured
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data. In envelope domain analysis, the modulated signal is described as a
complex time varying envelope containing both the magnitude and phase
information for each Fourier coefficient. The distortion in the output spectrum
of the device is quantified in terms of the generated ‘envelope harmonic
components’ around the carrier and its harmonics [11].
This process involves extracting time varying | and Q, or magnitude and
phase components that are associated with the fundamental and all harmonic
bands. Computation of the complex envelope is achieved by considering a
modulated signal described by equation (3.4), where an RF carrier is
amplitude modulated as a function of time by equation (3.5).

v(t)=A(t)cos(wart — pge)) (3.4)

A(t)=Acos(wt—g)) (3.5)
Using standard trigonometric identities for a double angle, equation (3.4) can
be represented as;

V()= A(1)[coS(wpe 1) COS(pge ) +Sin(wpet)sin( o )] (3.6)

From this, the in phase I(f) and quadrature phase Q(t) modulation
components can be expressed by equations (3.7) and (3.8).

I(t)=A(t)coS(¢pr ) (3.7)

Q(t)=A(t)sin(pge) (3.8)
Thus further application of trigonometric identities and the rearranging of the
Fourier coefficients create a new spectral representation that contains only
the spectral information related to that particular band, where the centre of the
band is made to lie around DC.
The In-phase (l) and quadrate (Q) time domain signals are then extracted
from the spectrum, achieved by summing the magnitude and phase of each of

the spectral location using equations (3.9) and (3.10).

order

/n(t): an+1 COS(iC(),Ft—(Dn+1) (39)

i=—order
order . .
Q,(t)= Z_Pnﬂ sin(iopt—¢,.1) (3.10)
i=—order
The envelope modulation components are computed between —order and
order about the centre point of carrier or harmonic frequency component n

[12]. The computed I(t) and Q(t) components generated about each harmonic,
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equations (3.11) and (3.12), can be used to compute the magnitude and

phase of the time varying envelopes.

A (=1, (1) +Q,(t)? (3.11)

¢n(t):tan“(%J (3.12)

The representation of the data in the envelope domain allows for the direct

observation of the device response to an input stimulus signal. Analysis of
time varying behaviour in the envelope domain can often provide significant
insight into a number of dynamic non-linear processes including the presence
of device related ‘memory’ [13].

3.2.3 Properties of Power Supply

In general, the amplifier power supplies are applied to the gate and
the drain sides in order to provide the necessary dc voltage or current for
active device operation. Particularly, in the case of the input signal with a
non-constant envelope, a current variation flowing from the dc power supply
causes dc voltage variations. These voltage variations cause an additional
amplitude modulation of the RF signal (re-modulation) as illustrated in
Figure 3.12. Moreover, when the impedance of the bias network is reactive,
not a short circuit, the additional amplitude modulation will be out of phase
compared to the original RF signal resulting in memory effects or
envelope frequency dependent and asymmetrical of the output signal. In an
ideal case, the amplifier power supply should provide bias current to the
active device with minimal voltage variation at varying envelope frequency. To
reduce the power supply variation effect in the ampilifier, the bias networks
should be carefully designed in order to isolate the current variations drawn
from the dc power supply.
Imperfections in the design can increase the variation in the dc voltage and
consequently the memory effects will appear [6], [7]. In the last few years,
many bias networks design strategies have been intensively investigated and
analyzed [8], [17]. Theoretically, they conclude that an ideal bias network
should have short circuit impedance at baseband frequency and an open

circuit at fundamental frequency. However it is very difficult to realize such
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impedances, which has two requirements that tend to conflict with each other.
Therefore, actually in practice, the bias network design strategies are still under
development and more research work has to be done.
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Supply |~ ~_~_~_~ Class AB

Supply t

Voltage I‘-”\K’“m
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Figure 3.12: Memory effects due to power supply variations [8].

3.3 Memory Effects Measurements and Investigations

To support the successful control of the out-of-band frequency
components, particularly at baseband, a dedicated measurement setup has
been developed and demonstrated in [14], [19] to investigate the device
related baseband electrical memory under modulated excitations. In earlier
work [13], [15] only the impedance presented to the two most significant
baseband components (IF1 and IF2) generated as a result of 2-tone excitation
was controlled. This was achieved by combining two, phase coherent
arbitrary waveform generators (AWGs) whilst the device was driven at a
relatively backed-off level at 1dB below the 1dB compression point.

However, when the device is driven more deeply into compression,
significantly more distortion components are generated, and in order to
achieve a sulfficiently broad baseband termination, significant modification of
the baseband load-pull measurement system was required in order to
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accurately control the higher baseband components. The integrated
measurement architecture is shown in Figure 3.13 and provides the ability to
present independent impedances to all the baseband components that result
from a multi-tone excitation.

Enhancements performed elaborated in chapter-2 as part of this research
work allow this to now be achieved in the time domain, using a single 80 MHz
arbitrary waveform generator (AWG) to synthesise the necessary waveforms
to allow a constant and specific baseband impedance environment to be

maintained across a wide bandwidth.

RF RF RF RF
Bias T Coupler Coupler  Bias T

Port Port
g o_ g
L5 5 T A H
Source-pull 8 o
1 o f, 2f, 3f,
4— Channel Microwave Sampling
: » RF Termination
- Oscilloscope @
L g b 7
i) —
A
&9
Baseband Load-pull
AWG

Figure 3.13: Modulated waveform measurement system with broadband

active IF load-pull.

3.3.1 Theoretical Study of Nonlinear Circuit

An example of an output power amplifier equivalent circuit model which
is used for theoretical study is presented in Figure 3.14. It comprises of a non-
ideal bias-T (Lg is a RFC inductor and Cg is a DC blocking capacitor)
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connected to a linear dynamic matching network. For the sake of simplicity, it
is assumed that this matching network presents a short circuit to all the
baseband components and has a wider bandwidth than the signals
processed. For analysis an input RF signal composed by a carrier at w,

modulated by a complex envelope is assumed.
v, (t,7)=Re[r(r)e e e g/*'] (3.13)
Where r(7) and ®(7) are the modulating complex envelope amplitude and

phase respectively. Similarly, the output will be given by a sum of all the

harmonic components of the envelope and the carrier.
ky k2 ) )
Vos(t7)= D0 D Relr, (r)ee= e elen] (3.14)
ky=—k; ko=—kj,
Looking into Figure 3.14 and performing a simple circuit analysis, it is possible
to derive a set of differential equations that governs the Vps(t) and Ips(t)
envelope dynamics, Vps(t) and Ips(t).
di, (7) 1 %.
Vos(7)= Voo _LBZ—t:VDD _C_BE[ICB(T)dT (3.15)

lps(7)=1, () +ic, (7) (3.16)
This analysis indicates that the PA dynamic behaviour will be strongly affected
by the baseband impedance presented to the transistor [5], which will be

shown by the transfer characteristics plots.

+Vbp
Ls
A | |
prd ICI
B Linear
*>f Vps(t) Dynamic
Matching
Ips(t) Network
O

Figure 3.14: Simplified power amplifier output circuit [5]

Indeed, as it will be shown in the later part of this chapter, if the output

baseband signal frequency range coincides with a zone where the output

99



Chapter 3 Baseband Electrical Memory Investigations

baseband impedance, as seen by the transistor, is resistive, inductive or
capacitive, the dynamic transfer characteristics will reflect these different

types of induced long term memory effects.

3.3.2 Effect of Drive Level on Output Envelopes Investigations

Power transistor operating in high efficient modes produce distorted
transmitted signals containing both inter-modulation distortion products and
harmonics. It is the in-band intermodulation distortion around the fundamental
RF carrier that directly influences the linearity of the communication systems,
as harmonic distortion can easily be filtered out. However, the transistor
distortion generated around the fundamental RF carrier is influenced by many
external parameters; DC bias, temperature, base-band impedance, RF
fundamental impedance and its variation over the modulated bandwidth, RF
harmonic impedances, to name just a few. Thus to fully characterize the
power transistor linearity performance, ideally all these parameters should be
varied systematically and independently. The basic baseband power
transistor linearity measurements and investigations involve stimulating the
device with a suppressed carrier amplitude modulated (AM) signal, two-tone
stimulus, and then measuring and characterizing the distortion products, IMD3
and IMDs, generated. The measurements presented here were carried out on
a 2W GaN HFET bare die supplied by CREE. For baseband electrical
memory investigations, a two-tone stimulus signal given in equation (3.17)
with a centre frequency of 2.1GHz was used and the tone-spacing was varied
between 1 and 10MHz. The device was biased at approximately 20% IDSS in
Class-AB at a quiescent current of 130mA, and all significant RF signals were
passively terminated into 50Q. The characteristics were measured
dynamically and found to be strongly dependent on the separation frequency.
The characteristics were measured dynamically and found strongly dependent
on the separation frequency for the device considered.

A(cos @, t+cos wzt)

o, - @, 0, + @
=2Acos — *t|cos|| —— |*t (3.17)
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Where the modulation frequency, wn, is given by
w,=(o,—w,)/2 (3.18)
To observe the dynamic behaviour of the device whilst operating within a

realistic operational environment, and in response to an applied modulated

input stimulus signal, envelope domain analysis is used.

Input Voltage(V)
(Yw)uaung indino

0 200 400 600 800 1000x10°°
Time(ns)

Figure 3.15: Input voltage and output current envelopes at 5MHz tone spacing

Figure 3.15 shows the fundamental output current and input voltage
modulation envelopes for a P14g-3dB backed-off drive level, and clearly show
that there is a significant phase delay between the input and output of the
device at a tone spacing of 5SMHz, whereas at 1MHz tone spacing, negligible
phase delay was observed as shown in Figure 3.16.
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Figure 3.16: Input voltage and output current envelopes at 1MHz tone
spacing.
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At this backed-off drive level, the output power spectrum illustrated the low-
level of baseband and near absence of 2"harmonic distortion; a condition
which unsurprisingly resulted in symmetrical IMD; behaviour. The input
voltage is plotted against the output current, plotted this way it reveals the
looping in the device dynamic transfer characteristics, as both envelops are
symmetrical and have no phase shift consequently no broadening appears in
the upper part of the dynamic transfer characteristics.

Figure 3.17 shows a broadening in the dynamic transfer characteristic due to
linear device delay as reported in [4]. It can be seen however that when the
device is driven 1dB into compression, the observed nonlinearities are much
more significant and appear as a soft, asymmetrical clipping of the output
current envelope, which significantly increases the 2" harmonic signal level

and causes a significant baseband signal components to develop.
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Input Voltage [V]
Figure 3.17: Dynamic transfer characteristics at back-off drive level for

different tone spacings.

The asymmetrical envelops observed are shown in Figure 3.18 which are an
explicit manifestation of presence of nonlinear memory effects at higher drive
levels (when device is driven into deep compression). The baseband signal
generated from the device also includes higher order terms ( IF2 which is four
times of the modulation frequency and IF3 which is six times of the
modulation frequency), and it is the asymmetric envelope shape that
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determines which IMD3 product (2w2-w1) or (2wi-w2) will have the greater

magnitude.
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Figure 3.18: Input voltage and output current envelops at 5MHz tone-spacing.

The presence of these asymmetrical spectral current components manifest

themselves as recognizable electrical memory effects and can be clearly seen

in the envelope domain as significant looping at the top-end of the input

voltage / output current transfer characteristic. The hysteresis in the dynamic

transfer characteristics worsen with the increasing tone spacing and can be

seen explicitly from Figure 3.19.
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Figure 3.19: Dynamic transfer characteristics at different tone spacings for

compressed drive level.

In this case, the significant baseband frequency components are to be

expected and are due to the fact that the significant baseband current
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components are terminated into relatively high broadband impedance of 50Q.
These are clearly the most significant contributor towards the observed
electrical memory effects.

3.3.3 Theoretical Study of Active IF Load-pull

The active load-pull principle is the most practical way to optimize the
out-of-band impedances without affecting the fundamental matching, as
fundamental impedance mixes with the baseband and 2" harmonic
impedances to generate IM products. The impedance seen by the baseband
components can be affected by adding an external low frequency signal
source at the same frequency. Now the apparent impedance can easily be
engineered by adjusting the amplitude and phase of the signal source. The
Figure 3.20 demonstrates the active load-pull principle. The circuit consists of
just input impedance Zyn and the impedance Zp, the total baseband
impedance Zgg can be seen as a parallel connection of these two. The
Norton’s equivalent of the circuit is presented in Figure 3.20(b) and a circuit
that also includes the nonlinear current source is shown in Figure 3.20(c).

Vin Ves Vs
Zin
L~ L~
T z T
N Iin N N
W W
(@) (b) Zeg = Zin || Zpi
Vgp
z o
Iin N N InL

(c)
Figure 3.20: (a) A simple nonlinear circuit, (b) its Norton equivalent, and (c)

the circuit consisting of the nonlinear current source.
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By applying the modulated two tone signal to the input, the envelope voltage
Vgg at the drain can be written as;

Vas (@, = @)=y (@, = @)=y, (@, = @)))8 Zgp (@, ~ @,) (3.19)
The nonlinear current can be further written as;

Iy (@, —0,) =K, @ Vg (@;) @ Vg (— @) (3.20)
However, it is not necessary to calculate the value of the nonlinear current
source, it can be observed from the measurements by tuning the Iy (wo-w;)
and monitoring the Vag(w2-w1). Once the Vgg(wo-w4) is forced to zero, the
following requirement is fulfilled.

Iy(o, —o)=1\, (0, —,) (3.21)
Since the impedance is defined as a ratio between the node voltage and the
current, the impedance seen by the nonlinear current source can be modified

and written as;

Zopes :(IIIN (% — o) _1j * Zps(@, — @) (3.22)
(@, — @)

Equation 3.22 is explained in more detail in Figure 3.21 where Zgg represents

the original node impedance of the base. Once |\ is applied according to

equation 3.21, no baseband voltage waveform is seen at the base, which

means that Zgget is virtually driven to zero at the baseband frequency. Next

Iin(w2-w;+) is adjusted by 180° which means Iy and Iy are summed up with the

same phase.

Zgg is forced to
zero by applying
lin = InL

Zgg is forced to \
2*Zgg by adjusting \'~_
IIN by 180°

Figure 3.21: The effectiveness of IF active load-pull in generating the

baseband impedance Zgg
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By studying equation 3.22, it can be seen that the effective Zggett is now twice
the actual base impedance Zgg. This is also demonstrated in Figure 3.21. By
adjusting the amplitude and phase of In(w2-w1) all impedances can be
generated.

Albeit the circuit used in this study is greatly simplified, the same principle also
holds to more complicated systems. Actually, it does not matter how many
base baseband frequency components are generated, which are just
produced by exciting the device with modulated stimulus. The tuned Zgg is
optimal from the overall baseband memory reduction point of view and
highlights the significance of active load-pull at baseband frequencies to

minimize the baseband electrical memory.

3.3.4 Application of Active IF Load-pull

In a practical PA design, the first instinctive step is to nullify or cancel
these unwanted baseband voltage components, preventing any contamination
or 're-modulation' of the output bias supply. Therefore, the termination of
these frequency components into short circuits is usually desirable and the
normal course of action. For the measurements presented here, active IF
load-pull has been used as means of controlling the contribution of the
significant baseband components (IF1 and IF2). The validity of this approach
in maintaining a constant low-frequency impedance environment is reported in
[16] where IF1, which is twice of the modulation frequency and IF2, which is
four times the modulation frequency were actively load-pulled. In the work
presented here, frequency independent IF1 and IF2 short circuit impedances
were maintained for different tone separation and at a single drive level. The
observed variation in impedance as a function of tone spacing is very small
and can be seen from Figure 3.22 to be less than 0.005 in magnitude and
approximately 0.1degrees in phase over the entire IF bandwidth, and are
actually not harmful to the linearity of the device itself.
The behaviour of the carrier tones (wy and wy) is clearly independent of the
tone spacing as shown in Figure 3.23. It is also evident that a reduction in
IMD3; components appears to have been possible by providing the IF short
circuit impedance for frequencies ranging from 1MHz to 10MHz. This is due to
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the fact that the non-negligible modulation amplitude dependent baseband
electrical memory effects are greatly reduced.

o IF1@1-10MHz
O IF2@1-10MHz

[

Figure 3.22: Measured IF; and IF, impedances on a Smith chart at different
tone-spacing.
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Figure 3.23: Measured fundamental and IMDs power for different tone-

spacing at constant drive level of 1dB compression point.
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Since the fundamental and second harmonic impedances play a minor role,
memory effects are for the most part produced by the baseband impedances.

Therefore, it can be concluded that by the careful design of bias network the
memory effects due to baseband impedance can greatly be reduced.
Measurements under such conditions show a notable reduction in IMD3
asymmetry and confirm the validity of IF active load-pull in maintaining a
constant baseband impedance for the two significant baseband components
IF1 and IF2 over the bandwidth of at least four times the modulation
frequency.

The baseband voltage components are greatly suppressed whilst maintaining
the short-circuit baseband impedance for significant baseband components
(IF1 which is twice of the modulation frequency and IF2 which is four times of
the modulation frequency).

Under such conditions, the IF load-line was almost completely vertical with
only slight current variation present as can be seen from the Figure 3.24. This
condition resulted in negligible looping in IF load-lines, hence the RF load-line
follows the same trajectory in and out of the boundary conditions;
consequently this reduced the hysteresis in the dynamic transfer

characteristics at the carrier frequency.

Id(mA)

I T T T
0 5 10 15

Vds(V)

Figure 3.24: Dynamic RF load-line with the IF load-line inset at different tone

spacings.
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3.3.5 Delay Adjustment Estimation

The device linear propagation delay results in the output signal
envelope being of later time interval then the input signal envelope. This delay
has to be accurately computed so that the output envelope can be time
aligned compared to input envelope. The device's linear propagation delay
has to be accurately computed so that the input and output envelopes can be
time aligned. The delay is computed using the equation 3.23 and applied to

the output envelope.

cos(@t) +cos(m,t +¢)

2 Acos [[“”%WJ . t] cos [[WJ . t] (3.23)

Whereas the envelope delay is given by
cos[(w; -0, —9) "] (3.24)
Figure 3.25 shows that the envelopes are perfectly aligned at their minima.

However there appears to be non-quasi static envelope distortion even after

terminating the significant baseband components into short circuits.
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Figure 3.25: Delay compensated output current envelope at 5MHz tone

spacing.

This alignment changes the shape of the transfer characteristics such that the

broadening at the bottom is diminished whilst the looping in the upper part of
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the characteristic remains as shown in Figure 3.26. Interestingly however, in
the case of IF short circuit termination, it was observed that the approach of
shorting these low-frequency voltage components is effective in influencing
the IMD asymmetry, suggesting that the hysteresis in the dynamic transfer
characteristics is also be minimized by terminating the significant baseband
components IF1 and IF2 into short circuits.
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Figure 3.26: Delay compensated dynamic transfer characteristics at different
tone spacings for slightly different drive levels at 5MHz tone spacing.

The residual spread remains in the dynamic transfer characteristics as can be
seen from Figure 3.26 for certain bias conditions and tone spacings, and is
attributable to non-linear device delay or other sources of memory, specifically
thermal effects, 2" harmonic impedance [17][18], since in this case, is not
due to electrical baseband memory.

3.3.6 Effect of Baseband Impedance on 2" Harmonic

Terminating the baseband components with short impedance to
suppress intermodulation distortion is desirable. Experimental measurements
using a 2W GaN HFET bare die device characterised at 2.1 GHz for varying
tone spacing and biased as class AB using a two-tone stimulus have been

explained in the preceding section. Here measurements for two different tone
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spacings are considered to compare the output power spectrum, in order to
demystify the residual looping in the dynamic transfer characteristics for
higher tone spacings. The measured RF two-tone output spectral power for
the two-tone spacings of 1IMHz and 10MHz is shown in Figure 3.27 for when
short circuit impedance was presented to IF1 and IF2. The tone spacing of
1MHz is considered as a reference case due to the fact that at this frequency
there appears negligible IMD; asymmetry and looping in the dynamic transfer
characteristics. It was observed that for a tone spacing of 10MHz, the in-band
distortions are suppressed while it results in an increase in the out-of-band
second harmonic distortions, in contrast to tone spacing of 1MHz. Clearly it
can be seen from Figure 3.27 that there is an asymmetry of approximately
4dB between the lower and upper IMD3 products. These results, therefore,
indicates that there is a very strong link between the injected baseband signal

and the second harmonic components.
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Figure 3.27: Measured output power spectrum for Tone spacing of 1MHz and
10MHZ when short circuit was presented to IF1 and IF2.

It could therefore be concluded on the basis of this result that this behaviour is
due to the mixing process between output components. To be more precise,
when the output fundamental signals mix with IF1 signals, there is a possibility
that they generate products which are out of phase with IMD3 (reduction in
IMD3) and in phase with second harmonic components (increment in 2w+, 2w

and wq+wy). Consequentially, base-band impedance modifies not only the
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level of in-band distortion components but also modifies the level of out-of-
band distortion components especially those around the second harmonic of
the carrier. The results confirm that some of residual spread in the dynamic
transfer characteristics is associated with the 2" harmonic components, not

due to baseband electrical memory effects.

3.4 Broadband Baseband Impedance Termination

To explicitly investigate the effect of broadband baseband impedance
on the output envelopes of the device and reduction of electrical baseband
memory, the system was calibrated using a custom 50Q test fixture over a
bandwidth of 50MHz at baseband, and over 180 MHz fundamental RF
bandwidths. This fully vector error corrected system can account for any
errors introduced due to losses, mismatches and imperfect directivities in the
system and allows for the measurement of the complete modulated voltage
and current waveforms that exist at the DUT plane. In this set of
measurements, RF fundamental and associated harmonics were terminated
into a nominal impedance of 50Q, whilst the IF components were actively
load-pulled. The investigations were performed on a 10W GaN device biased
in class-AB and characterized at a fundamental frequency of 2 GHz, for
different values of tone spacing. Respective drain and gate bias voltages of
28V and -2.05V resulted in a quiescent drain current of 250mA (lpsq = 5%
Ipss). The device was driven to approximately 1.5dB of compression resulting
in 39.5dBm peak envelope power (PEP). To understand the effects of
baseband impedance, particularly the significant baseband components IF1
(twice the modulation frequency) and IF2 (four times the modulation
frequency), the higher baseband components IF3 (six times the modulation
frequency) and IF4 (eight times the modulation frequency) on memory effects
and dynamic transfer characteristics, the baseband impedance environment
was optimized. Generally, terminating baseband components into nominal
50Q impedance will cause a ripple to appear on the DC drain voltage present
at the device plane, which effectively results in additional modulation or re-
modulation of the RF signal. Therefore, the IF active load-pull capability was

employed as a means to control all of the baseband components. The
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magnitude of the synthesized reflection coefficient for all baseband
components was set to unity whilst the phase was varied in the area of the
short circuit at the edge of the Smith chart. Figure 3.28 shows the variation of
the four most significant baseband load impedances (I') that result for a tone

separation frequency of 2MHz.

U T T

IF1 @ 2MHz Tone Spacing
IF2 @ 2MHz Tone Spacing
IF3 @ 2MHz Tone Spacing
IF4 @ 2MHz Tone Spacing
~—/

Ie=12150"

O
O
O
O

Ie=12180"

Ie=1£210"

Figure 3.28: Measured baseband impedances at 2MHz tone spacing for
different baseband reflection coefficient (I'ig).

It can be seen that ' =12150° clearly corresponds to an inductive baseband
termination and ' =12210° corresponds to capacitive baseband termination.
Working in the envelope domain, and using the measured RF voltage and
current envelopes extracted from the measured magnitude and phase of all
significant tones around the carrier, it is possible to begin to investigate the
causes of envelope asymmetry. Figures 3.29, 3.30 and 3.31 show the input
voltage and output current envelopes for each of the three cases of IF load
shown in Figure 3.28, and illustrate how terminating the baseband
components with reactive impedances dramatically changes the shape of the
output current envelopes and result in the different types of induced memory
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effects, observable in the dynamic transfer characteristics; it is this
asymmetrical envelope shape that determines which IMD3; product (2wz-w+)

or (2w+-wy) will have the greater magnitude.
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Figure 3.29: Measured dynamic input voltage and output current envelopes
for 2MHz tone spacing at I'r=1£150°
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Figure 3.30: Measured dynamic input voltage and output current envelopes
for 2MHz tone spacing at I'r=1£180°

Indeed, the response of the active power device is often different whereas the
same instantaneous power level is applied to the power device if the
impedance seen by the device is different at baseband frequencies.
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Therefore, the key outcome of this study reveals that the asymmetrical output
envelopes of an active power device profoundly depend on the baseband

impedance terminations.
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Figure 3.31: Measured dynamic input voltage and output current envelopes

for 2MHz tone spacing at I'r=14£210°.

3.4.1 Dynamic Characteristics of Power Device

Envelope domain representation of device dynamic transfer
characteristics gives clear understanding of memory effects and reveals the
presence of memory effects. Thus the dynamic transfer characteristics
obtained for the same three cases of I'F are depicted in Figure 3.32. In the
cases where the baseband impedance presented to the transistor’s output is
no longer a short circuit, the presence of the inductive or capacitive reactance
causes the baseband current and voltage waveforms to become phase
shifted and as a consequence the output RF current envelope to become
asymmetrical, appearing as a phenomenon of hysteresis in the Vip-lou
dynamic transfer characteristic. However, when short circuit impedance
(Mr =1£180°) was maintained, then negligible hysteresis was observed. The
asymmetrical current envelopes and hence hysteresis in the transfer
characteristic is explained by the fact that at higher drive levels, the RF
dynamic load line begins to interact with the knee boundary region, and the
degree and nature of the interaction becomes a strong function of the
baseband impedance environment. In the case of baseband short circuit
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termination (Mr =1£180°), the IF load-line (achieved by plotting baseband

current vs baseband voltage) remains completely vertical with no looping

observed, as shown in Figure 3.32.
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Figure 3.32: Dynamic transfer characteristics at different baseband reflection

coefficients for 2MHz tone spacing.

This particular behaviour of the IF load-line ensures that the RF load-line

expands and contracts along the same trajectory, both in the linear region and

when it interacts with the knee boundary.

As a result, no hysteresis is

observed in the dynamic transfer characteristics.
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Figure 3.32: Dynamic RF load-line and IF load-lines at baseband reflection

coefficients Me=1.,180°.
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For the induced reactive baseband impedances conditions, there is a

significant looping in the IF load-lines, both of which will cause an

asymmetrical interaction with the knee boundary condition, as shown in

Figure 3.33 and Figure 3.34. The impact of this interaction is clearly visible on

either the rising edge or falling edge of each half of the modulation cycle. This

behaviour causes the RF load-line to follow a different path in-to and then out-

of the knee region; as a result asymmetrical output current envelopes emerge.
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Figure 3.33: Dynamic RF load-line and IF load-lines at baseband reflection

coefficients Me=1.-150°.
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Figure 3.34: Dynamic RF load-line and IF load-lines at baseband reflection

coefficients Me=1.,210°.
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3.4.2 Minimization of Baseband Electrical Memory

The electrical memory-effect originating from the baseband is not only
a function of IF1 (wo-wq), IF2 (2w2-2w¢) but also the higher baseband
components (IF3 and IF4). In terms of suppression of baseband electrical
memory effects, it is clear that all significant baseband frequencies need to be
terminated with near short circuit impedance [6] - a common practice for
envelope termination in order to achieve symmetrical IMD terms. This is
indeed critical under realistic test signals which may have baseband

components that extend from zero up to 100 MHz.
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Figure 3.35: Measured baseband impedances at different tone spacing after

IF active load-pull.

The overall suppression of baseband components using active IF load-pull,
emphasize the importance of broadband termination of the measurement
setup when performing linearity analysis of an active device. The bandwidth of
the active IF load-pull was limited to approximately 20MHz by the baseband
power amplifier used to amplify the signal generated by the arbitrary
waveform generator (AWG). This means that it becomes impossible to
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actively control the higher baseband components (IF3 and IF4) for tone
separations above 5 MHz. This can be seen by the scattering of these
components in the Smith chart plot of Figure 3.35.

The IMD3 and IMDs behaviour for different tone-spacing values ranging
between 1MHz and 7MHz, at a constant drive level is depicted in Figure 3.36.
The behaviour of the two output tones ws and w> is clearly observed to be
almost independent of the tone-separation frequency. The reduction in IMD3
and IMDs asymmetry confirms that if a frequency independent constant short
circuit baseband impedance termination is utilized in the power amplifier drain
bias network, no modulation frequency sensitivity in IMD responses should be
observed. The IMD3; and IMDs responses are found to be modulation
frequency independent only from 1MHz to 5 MHz.

It is important to note that the variations in the magnitude of IMD3; and IMDs
components above 5MHz tone spacing are related to variation in base-band
impedance, since it was difficult to present the short circuit impedance to the
higher baseband components (IF3 and IF4) due to the bandwidth limitation of

active IF load-pull power amplifier.
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Figure 3.36: Measured fundamental and IMD power for different values of

tone spacing at a constant drive level of 1.5dB compression point.

These results summarized that the suppression of electrical memory has
been achieved by the synthesis and presentation of frequency invariant IF
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impedances to significant baseband components through active IF load-pull.
The measurements also demonstrated and confirmed that hysteresis
behaviour in the dynamic transfer characteristics has significantly been
improved by providing short circuit impedances to all significant baseband
components.

The results also suggest however that IMD behaviour in 10W GaN HEMT is
not only dependent on the most significant IF component (IF1 and IF2), but is
also sensitive to higher order IF components. In order to obtain the frequency
independent response, the bandwidth over which the base-band impedances
must be engineered should be extended to at least eight times the modulated
bandwidth.

3.5 Chapter Summary

In this chapter an enhanced modulated waveform measurement
system has been demonstrated to confirm and establish the basic
understanding of passive baseband termination by synthesising the positive
baseband impedances within the Smith chart. It has been shown how
important it is to investigate the device related memory behaviour of
microwave power transistors in order to mitigate the memory related effects.
The investigations were carried out on two different devices using the two-
tone modulated excitation which provided a more realistic understanding of
the factors affecting the performance of a power amplifier operating within a
real communication system. The investigation documented in this chapter has
mainly focused on the sensitivity of the power device to the terminating
baseband impedances at the transistor output. The analysis of the measured
voltage and current waveforms in the envelope domain and the resulting
dynamic load lines have provided a detailed insight into the causes of
asymmetry in the intermodulation distortion products.

Firstly investigations have been carried out on the 2W GaN HFET and
envelope domain analysis has revealed the effect of drive levels on envelope
distortion and on the measured dynamic transfer characteristic. It is
highlighted that at a backed-off drive level the device operates linearly;

consequently symmetrical modulation envelopes are observed. When driven
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into compression, these envelopes become asymmetrical however. Using IF
active load-pull to control the behaviour of the significant baseband
components, IMD; asymmetry was significantly improved; an effect due to the
suppression of baseband electrical memory. The causes of this ‘electrical
effect was understood by analysis of the IF dynamic load-lines — explaining
that any significant looping in the IF load-line will result in different trajectories
of the RF load-line through the static IV characteristic, for different parts of the
modulation cycle. The suppressed baseband voltages translated to greatly
reduced hysteresis for lower tone spacing, significant hysteresis remained for
higher tone spacing in case of 2W GaN HFET [19] which is attributable to 2™
harmonic impedance variations.

Secondly, in the case of the 10W GaN HEMT, the suppression of electrical
memory has been achieved by the synthesis and presentation of frequency
invariant IF impedances to significant baseband components through active IF
load-pull. The measurements showed that hysteresis behaviour in the
dynamic transfer characteristics was significantly improved by providing short
circuit impedances to all significant baseband components. The results also
suggested however that IMD behaviour in 10W GaN HEMT was not only
dependent on the most significant IF component (IF1 and IF2), but also
sensitive to higher order IF components. In order to obtain the frequency
independent response, the bandwidth over which the base-band impedances
must be engineered should be extended to at least eight times the modulated
bandwidth as the modulation bandwidth rapidly increases, 4G systems (LTE
and mobile WIMAX) have up to a 20 MHz modulation bandwidth, in order to
perform baseband memory effects measurement would thus necessitate a
constant, or engineered impedance across a 100 MHz bandwidth considering
up to IMDs [20].
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Chapter 4

Envelope Tracking Focused Investigations

4.1 Introduction

High efficiency radio frequency (RF) power amplifiers (PAs) are critical in
portable battery operated wireless communication systems because they can
dominate the power consumption. Linear power amplifiers are required for
applications using non-constant envelope modulated signals to minimize
distortions. Traditionally, linear power amplifiers are implemented by “backing-
off” the output power of PAs for a spectrally efficient high peak-to-average
(PAR) signal, the average PA efficiency is much lower than the peak
efficiency, which is undesirable. This poses conflicting design requirements, in
particular, to maintain both high efficiency and meet the spectral requirements
in modern wireless communication systems. Thus, in order to achieve truly
broadband, highly efficient linearization of increasingly complex PA
architectures, baseband as well as RF effects must be carefully considered.
This can be of particular importance when working with architectures such as
the Doherty PA, where successful design relies upon the precise and highly
optimised interaction between two or more active devices. These devices
themselves may be operating in efficient or efficient-linear modes of operation
such as inverse class-F or class-J, as well as using different types or versions
of device. Such designs become challenging when steps are made to improve

efficiency by the application of 'envelope' based approaches such as
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Envelope Elimination and Restoration (EER) and Envelope Tracking (ET) [1].
The envelope tracking has widely gained acceptance in improving the PA
efficiency but does present some problems, most notably the need for a highly
efficient baseband tracking amplifier and a great dependency on the
linearization techniques to achieve the acceptable level of linearity. This
chapter builds upon the work documented in chapter 3 which focused
primarily upon emulating passive baseband impedances inside the Smith
chart, such as those that can be presented by an actual bias insertion
network.

The aim of this chapter is to explore in more detail the impact of broadband
baseband impedance termination upon linearity, and efficiency through the
synthesis of negative broadband baseband impedances that allows for
example the emulation of Envelope Tracking (ET) environments around a
particular device. It outlines an important variation of the envelope tracking
technique, termed as auxiliary envelope tracking (AET), in power
management to reduce the DC average power consumption of power
amplifier which tends to operate at less than maximum power. It is shown that
efficient and rapid adjustment of the supply voltage for the power amplifier can
provide up to an order of magnitude higher average efficiency and major
linearity improvements through the use of an injected baseband signal. This
also highlights the fact that the PA linearity can be improved using the very
mechanisms that are employed to improve PA efficiency whilst ensuring that
the power content of the injected AET signal remains very low percentage of
the DC supply to the power amplifier.

4.2 Efficiency Enhancement Techniques

Power amplifiers universally suffer from reduced efficiency when
operated below the maximum output power as limited by the battery voltage, a
condition known as power back-off [2]. This problem is compounded by the
use of high data-rate standards. Higher data rates tend to require larger
amounts of amplitude modulation to increase the number of bits per symbol
[2]. However, the signals used in modern wireless communication systems

have high PAR, which requires the amplifier to operate at higher back-off.
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This is needed to avoid excessive clipping of the signal and, hence, to
operate at higher linearity (minimum spectral spreading). These two
requirements in the amplifier, i.e. linearity and efficiency as emphasized
before, are the two contrasting parameters in amplifier design. Hence, to
satisfy the efficiency-linearity trade-off, one of the following methods is

generally followed:

+ Efficiency enhancements of the power amplifier at higher back-off so

that it operates over the entire signal dynamic range with high

efficiency. This requires the use of an efficiency enhancement
technique like Envelope Tracking Doherty structure [3], Doherty [4],
and envelope elimination and restoration [5].

+ Linearization of the power amplifier and operation near its maximum
output power. This method makes use of linearization techniques
like digital pre-distortion, feed-forward and feed-back. Although
the linearity requirements are fulfilled, this method, however,
may reduce the overall efficiency due to the additional circuitry
involved in the linearization method.

+ Application of efficiency enhancement techniques and linearization
techniqgues at the same time. Methods like the ET perform poth
functions but with an important variation on the existing ET
implementation. In ET, the baseband injected signal tracks the RF
envelope which potentially results in high efficiency and at the same

time high linearity.

In this chapter, the last approach will be followed based on the
Envelope Tracking technique, which is one of the most common
techniques for improving efficiency at back-off output power level as well

as at the maximum output power.

4.2.1 Peak to Average Ratio
The peak to average power ratio (PAR) is the ratio between the

maximum value of the instantaneous power and the average power of the
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signal [6]. Power amplifiers have their specific peak-to-average ratio, which is
very important for amplifier nonlinearity characterization. When the input
signal peak level becomes greater than the linear amplification capability
of the amplifier, then the signal compression occurs. This causes distortion
in the output signal in the form of intermodulation distortion or spectral
regrowth [6]. Normally, the amplifiers are designed such that the signal peak
is within their peak power capability. The total peak power of the multi-carrier
signal can be calculated as [7]:

N 2 2
P _Zvrms:N.Vmax =NeP

peak R R max 4 1

Where N is the number of signal carriers, R is the channel resistance in
ohms, Viax is the maximum signal voltage and P is the maximum signal
output power. It is important to note that, in case of CDMA signal N codes, the
peak power is similar to the peak power of N carriers [7]. The total envelope
average of multicarrier signal can be expressed as a sum of the voltage square,
that is:

o Vs _ NV,
Raverage :Z?:T:N. Prms 4.2

Where V,ns and Py are the envelope average or root mean square value of
the voltage and power respectively. The envelope voltage Vins is equal to the

instantaneous average value over one cycle (T) and can be calculated by [6]:

1 T
Vs = }— V2 dt 4.3
rms T ._C[

Where T is the period of the signal. Consequently, the envelope peak to
average power ratio (PAR) in dB can be expressed as:

Peak
PAR=10log,, P" 4.4

average

In the case of a multi-tone signal, in which each carrier is represented
as unmodulated sinewave signal with constant envelope, the envelope PAR for
N carriers can be calculated in dB as:

PAR=10log,, (N) 4.5

The maximum power added efficiency of class A amplifier is equal to 50% at

maximum output power. Moreover, if the input signal has 10-dB peak to
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average power ratio, the efficiency will be equal to 5%, which means, to
transmit a 1 Watt average power, the amplifier should be able to pass 10 Watt
peak power [7]. Therefore, efficiency and linearity of all amplifier classes are
dependent on PAR.

In general, by using digital modulation signals, the efficiency of the signal
bandwidth is improved. However, the peak power level changes
continuously and randomly with the digital data transmitted. In table 4.1, some
examples are given to compare the PAR for different signal types [8]. The
different PAR are provided due to change in signal peak power which is
dependent on different factors such as modulation scheme type, baseband

filtering and number of carriers[6], [7].

Table 4.1: Different PAR values for different signal types [8].

Single Tone FM 0
Two Tone AM 3
Three Tone AM 3.2
Nine Tone AM 9.5

GSM GMSK 1.5
TDMA /4 DQPSK 3.5
CDMA QPSK/DSSS 10-12

WCDMA QPSK/DSSS 8-9

4.2.2 Envelope Tracking

Modulated RF input signal is split in two paths with a power splitter, one
part going directly to the PA and the other part being fed to an envelope
detector. Detected envelope signal is amplified with a DC-DC converter which
modulates the PA supply voltage. Thus the envelope tracking method
enhances the operation of a conventional linear PA by modulating the supply
voltage in accordance to the input signal envelope. As the amplifier is linear,
the supply variations do not need to follow the amplitude exactly. In an
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envelope tracking system shown Figure 4.1, the PA supply voltage is
dynamically adjusted to the most efficient level for the instantaneous output
power level. This allows the PA to operate near maximum efficiency even
while in power back-off. To increase the efficiency of the RFPA, the power
supply must be adjusted efficiently and rapidly and this requires a fast
switching regulator power supply. However, this implementation has a
stringent requirement that the properties of a linear PA when used in envelope
tracking system are anything but static. Several of a transistor’s properties are
closely tied to its gate and drain voltages such as input and output
impedances, gain, phase shift and thermal properties. Therefore the designer
of an envelope tracking amplifier is bound to have to make compromises
between linearity, power gain, efficiency and bandwidth.

Envelope I— DC-DC
Detector Converter

!

RF IN —p] Power Splitter f————»1 Delay Module [——»

Linear Power

Amplifier > RF OUT

Figure 4.1: Basic diagram of an envelope tracking system [2]

The problem that surfaces because of envelope tracking is the difficulty of
power supply filtering due to requirement for broadband power supply
modulation. This rules out any excessive capacitor and inductor based
filtering. The majority of distortion in envelope tracking system comes from
transistor's gain and phase dependence on the supply voltage. Gain and
phase dependence give rise to the AM/AM and AM/PM distortion,
respectively.

Another source of distortion is the ripple in the drain power supply, which is an
effect caused by insufficient power supply filtering. This mechanism may
cause asymmetrical distortion to amplified signal, which can be observed as
an asymmetric intermodulation distortion (IMD) spectrum [3]. Lastly the DC-
DC converter adds to the distortion with imperfect amplitude and phase
responses. As the signal is split into two separate paths, precise
synchronization has to be done before the final PA. This makes the system a
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bit more complicated as a delay module should be added to the design. Some
implementations leave it out and instead use the RMS value of the signal to
modulate supply voltage. This unfortunately degrades the efficiency of the
system [4].

4.2.3 Envelope Tracking Power Supply

The purpose of a dynamic supply is to create a time varying supply
voltage for the power amplifier and it is instructive to consider a simple case
where two supply voltages are available as shown in Figure 4.2. The supply
switch, in principle, can be realized using low cost and readily available
semiconductors, which for envelope speeds in the MHz range do not have to
be exceptionally fast, by modern standards. The drive signal to the switch
would conventionally be derived by using an envelope detector and a
threshold circuit which sets the level at which the switch was activated. A
modern implementation would probably use a drive signal generated by the
system digital signal processor (DSP), which could conveniently be time
synchronized with appropriate pre-distortion of the input RF signal. This will
include necessary compensation for the small changes in gain and phase in
the RFPA as the supply is switched, is clearly an important design choice.
This choice will have an optimum value, dependent on the statistics of the
signal environment. As with selection of breakpoint in a PA, the intuitive
choice would be to set the lower voltage to switch in at the mean power level,
the higher supply being used up to the peak power[9].

DC
)
DC-DC
Converter
@
—-
Switch Drive
RF IN RF OUT

Figure 4.2: Envelope tracking system using two level switched supply.
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The efficiency characteristics shown in [9] assumes that the PA follows the
ideal class B power back off (PBO) efficiency characteristics for each supply
voltage setting, reaching a maximum value of 70% at the onset of envelope
clipping in each case. In order to evaluate the impact of such a characteristic
in a specific signal environment, it is necessary to generate a representative
signal burst and evaluate the average efficiency. This process can be
repeated for various breakpoint and peak envelope power (PEP) back-off

settings.

4.2.4 Auxiliary Envelope Tracking

The two carrier and three carrier signals are used in Auxiliary Envelope
Tracking (AET) techniques and significant enhancement in efficiency and
linearity is achieved. The three carrier input signal with 100% AM modulation
was amplified by a driver amplifier before being applied to 10W GaN HEMT.
In the system described in figure 4.3, the 2MHz AET signal was generated by
the arbitrary waveform generator (AWG). The magnitude and phase of the
signal was adjusted appropriately, so that the optimum IMD suppression was
achieved. This signal was amplified by an external baseband amplifier and
was fed to the output of device through purposely built IF test-set [10]. This
injected signal then modulates the supply and starts tracking input signal. This
technique then not only improves the efficiency but also improves the linearity.
The key point in AET is that the power content of the injected AET signal
typically remains a very low percentage (<10%) of the DC supply to the power

device.
DC
AWG
Baseband Bias T
PA
C ‘ : RF OUT
Modulated i
Signal Driver PA

Figure 4.3: Auxiliary envelope tracking system block representation.
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4.3 Device Level Linearity of GaN HEMTS

In recent years, regarding linearity of RF devices and power amplifiers,
research has been mainly focussed on characterising power devices in terms
of linearity and external linearization of RF power amplifiers (PAs). However,
only very few initiatives have been taken so far to analyze or to improve the
linearity at device level. According to the previous findings documented in
chapter 3, it is clear that the baseband impedance should be kept constant
and as small as possible over the bandwidth of eight times the modulation
frequency in order to achieve the modulation frequency independent IM3 and
IM5 performance. In this chapter, investigations of improving GaN HEMT
linearity are presented based on the aforementioned findings. Itis shown
that baseband impedance variations have significant influence on device
linearity, which can be optimized in order to improve device level
linearity. An idea to make an ultra-linear device by the application of

additional baseband voltage is also presented.

4.3.1 Continuous Wave Characterization of GaN HEMTs

Single tone (CW) measurement provides a basic method of evaluating
the linearity characterisation of RF devices. The CW power sweep, for
example, is a helpful tool in showing the most common parameter describes
the linearity performance extracted under single tone conditions, AM-AM and
AM-PM distortion along with quantifying the device 1dB compression point.
Single tone measurements have been performed on Cree 10W GaN HEMTs
characterised at 2 GHz biased in deep class AB.
In the CW measurement at 2GHz, the RF power was swept at different drain
bias voltage from 8V to 28V. Figure 4.4 shows the Pi,/Po. characteristics of
the device obtained by sweeping the input power at fundamental frequency. It
can be clearly seen that the output power varies significantly with the drain
supply voltage. The AM/AM and AM/PM characteristics of the device when
the drain bias voltage is varied are shown in Figure 4.5 and Figure 4.6. The
AM/PM characteristics show that the phase changes for a given input power
at maximum of about 10 degrees. The measurement showed that the gain
varied significantly from 12dB to 18dB as shown in Figure 4.5. At drain voltage
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of 28V, the gain measured was around 18dB but compresses as the peak
input drive level was reached. The behaviour of gain at different drain bias
voltage was almost similar but at each higher drain bias voltage, the gain
increased by about 0.5dB.
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Figure 4.4: Measured single tone power sweeps at 2GHz for varying drain
supply voltage.
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Figure 4.5: Measured AM/AM characteristics of Cree 10W GaN for varying
drain supply voltage.

The measurement results above show that the GaN 10W device has an
expansive gain characteristic with increasing drain voltage. Theoretically,
when the device reaches the peak power level the device compressive
behaviour can be linearized by the expansive gain characteristic if the drain
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bias voltage is suitably increased. Investigations have been carried out to
enhance the linearity of the device through the suitable drain bias voltage
when the device is driven into compression to deliver the peak output power.

CREE 10W GaM

Vidd = BY
Vidd = 18%
=== Ydd = 28Y

o
=
|

-100 —

20

transrnission phase (deg)

0 5 10 15 20 25 30
Pin (dE)

Figure 4.6: Measured AM/PM characteristics of Cree 10W GaN for varying

drain supply voltage.

As the linearity of the device improves, a linear and flat gain at peak output
power will be observed as well at back-off and compressed drive level. Such
drain voltage adjustment has been fed to power amplifier system to improve
the linearity, inasmuch as the additional supply voltage is primarily intended to

linearize the device, rather than improve its efficiency [11].

4.3.2 Enhancing Linearity at Back-off Regime

Wideband digital modulated signals usually have very high peak to
average ratio. Therefore, amplifiers are operated at high back-off to meet
the linearity specification at peak power. Therefore linearity near
saturation is a very important issue to operate a PA efficiently. On the
other hand, astonishingly, modern mobile phone basestations have an
overall efficiency of 5-10% that is very bad in terms of energy cost and
environment. The unfortunate dichotomy between, linearity and
efficiency offers relatively little compromise for an RF circuit designer. Class-
A amplifiers are known to be very linear but inefficient as the amplifier is
always on and consumes DC power even when there is no RF signal at the

input. Higher efficiency classes usually bias the device near or below
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pinch-off so that no DC power is consumed during idle time. Linearity of
these classes is usually bad due to clipping effects. It has been shown
that, class-B can be linear if the gate closes sharply during pinch-off
and the device can be precisely biased [9].

4.3.2.1 Baseband Signal Injection Technique

The influences of second-order components of fundamentals to the
third- order intermodulation products in microwave power devices have been
investigated. The second order components termination control is a special
strategy for the amplifier linearization to eliminate the second-order
components such that the interaction of the second order components with
the carrier frequencies through the second-order nonlinearities of the amplifier
can be greatly suppressed. However, second-order components can be
injected into the output of device, to impede the formation of the overall IMD3,
to eliminate them. The second order injection technique has been practically
considered in this work, and showed a superior performance and the
advantage of using the baseband signal injection to maintain and enhance

the device linearity performance.
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Figure 4.7: Spectrum composition under two tone modulated excitation.

The microwave device generates a set of 3™ order intermodulation distortion
(IMD3) products which have the magnitude and phase but to realize the IMD3
cancellation, the signal injection technique at the baseband modulation
frequency with the same magnitude but out-of-phase to the original one has

to be used. Figure 4.7 shows the spectral representation for the output signal
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of a nonlinear power device under the two tone excitation. The baseband
injection satisfies the reduction of intermodulation products without
sacrificing the fundamental signal power levels due to the indirect
mechanism of reducing the distortion products.

Compared to other approaches, this technique tends to be simpler and can
achieve a good linearity improvement as well as efficiency. A recent
experimental study [1], [10] has demonstrated the effectiveness of this
technique through an excellent suppression on IMD3 levels by using both
baseband signal injection techniques. Since, baseband signal utilizes the
baseband frequency even order components only to indirectly generate a
signal with the same frequency as the distortion products. This controlled
frequency is relatively low and out of the carrier frequency band. Moreover,
gain variation at fundamental frequency incurred by this method would be
lower. In the following section, a brief explanation of the baseband
signal injection technique is first introduced. The operation principle is
derived from the assumption of regarding the transconductance as the
only nonlinearity in the amplifier, an assumption used to analyze the
baseband injection linearization technique. The analytical expressions of the
distortion terms modified by the additional baseband injection signal are
derived and the theoretical condition for complete cancellation of IMD3 has

been listed in the following section.

4.3.2.2 Mathematical Analysis of Baseband Signal Injection

For the baseband injection technique, the power series provides the
qualitative information about the injection effect on the intermodulation
distortion products. In the following, the output expression of the IMD3 is
deduced from the drain current in order to illustrate the basic principle of
baseband injection operation. Equation 4.6 relates the drain current to the
input voltage as follow;

ly= gmVy, + gmyVia + gms V5 4.6
Consider two tone signal input with baseband signal at frequency multiple of
wy - Wy, with amplitudes A and A; at frequencies of w1 and w. respectively,

which is represented by:
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V,,= A coswt+ A, CoSwyt + Agp, COS((ws — 1)t + gpy ) 4.7

The substitution of 4.7 into 4.6, the analysis yields the IMD3 as follow;

3
ZAIA%gm3 COS((Z(’JZ - ml)t) + AlAenvgmz COS(ZOJZt - (Dlt + (Penv) 4.8
The perfect cancellation of IMD3 can be obtained when,
3 AZgm
env — _Z ;g,’ 2 and Penv = 1800 4.9
2

It can be seen from these equations that the complete cancellation principle of
IMD3 relies on the separate treatment of IMD3 products generated directly by
third order nonlinearities, and IMD3 products that are generated directly by
mixing of first and 2™ order components through 2" order nonlinearities.

Therefore, one of the mixing components, baseband signal, is injected and its
magnitude is controlled. Through the proper selection of the amplitude and
phase of the injected baseband signal, the IMD products can be ideally
cancelled in principle when newly generated IMD products have equal
amplitude and are out of phase to the original IMD products of power

transistor.

4.3.2.3 Linearity Investigations and Analysis

The specific focus of this measurement activity was to investigate the
impact of active baseband impedance conditions upon device linearity. For
this reason, the fundamental and all harmonic frequency components were
terminated into 50 Ohms and IF load-pull architecture was used to provide an
active impedance control of the most significant IF components; IF1 and IF2.
This was achieved using an Agilent 33502A 80 MHz AWG in combination with
a high-power (200W), low-frequency power amplifier. All measurements were
performed using a CREE CGH40010 10W GaN device within a custom 50
Ohm test fixture. Calibrated reference planes were established at the package
plane using error terms generated using a TRM coaxial calibration, embedded
with the extracted s-parameters of each half of the test fixture. In earlier work
[12]-[14], only the impedance presented to the two most significant baseband
components (IF1 and IF2) generated as a result of 2-tone excitation were
controlled, which specifically looked at the performance of ideal, passive
baseband terminations, and if these can be optimised. The work conducted in
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[13],[14] showed that the linearity of a measured LDMOS device could be
improved by presenting specific, positive complex impedances to the IF1 and
IF2 components when the device was driven at a relatively backed-off level at
1dB below the 1dB compression point.

The application of active load-pull to both RF and baseband frequency
components has some important advantages however: the approach is not
limited to synthesising positive impedances within the Smith chart, and can
just as easily synthesise negative impedances outside of the Smith chart.
Synthesising negative baseband impedances allows, for example, the
emulation of Envelope Tracking (ET) environments around a particular device,
whilst at the same time being able to investigate the efficiency, linearity and
most importantly the 'predistortability’ of PAs that employ and depend upon
such approaches. It is possible for example to directly investigate some of the
key problems associated with ET such as 'drain-lag’, where non-optimal
tracking voltage envelopes lead to degraded performance due to unintentional

RF load-line / device boundary interaction.
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Figure 4.8: Measured modulated output voltage waveform and supply voltage.
The first investigation involved biasing a CREE CGH40010 10W GaN device

in class AB (Ipq=250 mA), using a drain bias voltage of 16V and exciting with

a symmetrical 2-tone modulation. A reduced value of V4 was used to
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represent a typical ET application and the magnitude of the excitation limited
to emulate a backed-off drive condition. In this way, the device remained
largely linear with no significant load-line / knee boundary interaction
occurring. Figure 4.8 shows the measured voltage waveform present at the
device plane, where the backed-off and linear operating point is evident from
the limited voltage peak-to-peak swing between 8V and 28V - well away from
the device's knee voltage at approx 4V[1]. The baseband loads IF1 and IF2
were then actively synthesised, held together and swept over the
measurement grid shown in Figure 4.9 and Figure 4.10. The supply voltages
comprising DC+IF that correspond to the cases of IF1 and IF2 load along the
real axis are shown together in Figure 4.8. These are plotted relative to the
right-hand axis, and are not to scale. The reference case is shown as a

central, solid red line where both IF1 and IF2 are terminated into short circuits.
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Figure 4.9: IM3-high contours as a function of IF1 and IF2 load [1].

The most negative IF1 load point results in approximately a 2V p-p IF
waveform established on a 16V supply rail. For each of the measurement
points, the bias and drive level was maintained constant, and the IM3
behaviour measured. Due to the linear operation of the device and the
dynamic range limitations of the system (60dB), it was not possible to
accurately measure the IM5 behaviour. The contours of IM3 low and high are
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shown in Figure 4.9 and Figure 4.10, and show that interestingly, separate
local optimum IF loads for linearity exists slightly outside the Smith chart, and
that for this device, a 15-20 dB improvement in IM3-high magnitude exists for
this load in comparison to the reference case where IF1 and IF2 are
terminated into short circuits, as may be the case for example when using a
conventional video bypass bias network arrangement. A slightly smaller
improvement and different optimum load is observed for IM3-low.
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Figure 4.10: IM3-low contours as a function of IF1 and IF2 load.
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Figure 4.11: IM3-low asymmetry contours as a function of IF1 and IF2 load

[1].

140



Chapter 4 Envelope Tracking Focused Investigations

The IM3 asymmetry representation is shown in figure 4.11 which reflects that
the asymmetries are minimal when purely negative resistance was maintained
for significant IF components. Access to the envelope domain allows the
dynamic analysis of other device parameters such as gain; drain efficiency,
etc as a function of the applied modulation envelope. Figure 4.12 shows for
example how the gain changes throughout the cycle of modulation, in this
case for three cases of IF1 & IF2 load identified in Figure 4.10 as A - near IF
short circuit, B - identified optimum and C - significant ET-like IF component. It
is clear from this graph that the positive real load at point-A results in the
higher gain, yet the negative load at point-B offer the improved linearity, at
least in terms of IM3 behaviour. A load at Point-C causes significant distortion
in the dynamic gain characteristic, which is reflected in the poor linearity

performance [1].
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Figure 4.12: Envelope gain profiles for IF1 and IF2 loads in identified
positions A, B and C.

4.3.2.4 Emulation of Auxiliary Envelope Tracking Environment

The above analysis is interesting from a linearity perspective, yet it is
limited in that it explores performance only in a backed-off condition. The
synthesise of negative IF impedances does allow to linearize the device with
additional IF power. This measurement approach can be extended from

simple linearity investigations to for example full ET emulation. In this next
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measurement sequence, the same device has been excited using a
symmetrical 3-tone signal centred at 2.1 GHz, resulting in 100% AM
modulation with modulation frequency of 1 MHz. The Device was driven into
approximately 2.5dB of compression with fundamental and harmonic
components terminated into a passive 50Q load. At this frequency, the device
has an optimum output impedance of approximately 25+j10 Ohms, and
although the device is not operating into the optimal fundamental load

impedance, it is sufficiently representative for this analysis.
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Figure 4.13: Synthesised IF voltages for the three cases of IF load, together

with RF output voltage waveform - note that different scales are used.

Three separate measurement cases were considered; case-1 (reference
case): Vg=24V and IF1 and IF2 components actively terminated into short
circuits, case-2: V4=20V, injected IF1=8V,,, and IF2 terminated into a short
circuit, and finally case 3: Vg=16V, injected |IF1=16V,, and IF2 again
terminated into a short circuit. These combinations of static DC supply and
injected IF1 component ensured that the peak supply voltage remained as
close as possible to 24V, as shown in the representative graph in Figure 4.13,
allowing meaningful comparison between the three cases [1].

Plotting the measured (RF, IF & DC) time-domain voltage vs. time-domain
current yields a complete dynamic load-line which can be used to describe the
trajectory of the modulated envelope relative to the device’s DC characteristic.
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This intuitive view shows the actual voltage and current behaviour at the
calibrated reference plane, and importantly, the nature of any interaction
between the envelope and device boundary conditions. This is a familiar plot
in CW waveform engineering yet adds an extra dimension to modulated
analysis as it can show interesting effects such as self-bias, and in the case
here of an emulated ET environment, the proximity of the load-line to the knee
region. Plotting the measured (RF, IF & DC) time-domain voltage vs. time-
domain current yields a complete dynamic load-line which can be used to
describe the trajectory of the modulated envelope relative to the device’s DC
characteristic. This intuitive view shows the actual voltage and current
behaviour at the calibrated reference plane, and importantly, the nature of any
interaction between the envelope and device boundary conditions. This is a
familiar plot in CW waveform engineering yet adds an extra dimension to
modulated analysis as it can show interesting effects such as self-bias, and in
the case here of an emulated ET environment, the proximity of the load-line to
the knee region.
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Figure 4.14: RF and IF dynamic load-lines overlaid on DCIV characteristic for
reference Case-1.
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Figure 4.14, 4.15 and 4.16 show the full dynamic load-lines for the three
cases considered, along with the IF load-line trajectories, which have been
added by plotting and overlaying the baseband current vs. the baseband
voltage waveforms. These clearly show the degree of baseband voltage
(horizontal) and current (vertical) variation throughout the modulation cycle.
The IF load-line itself can be considered as the component that 'pushes' or
'‘pulls’ the dynamic RF load-line, in the case of electrical memory,
asymmetrically into the knee region, and in the case of ET, into more efficient

parts of the characteristic [1].
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Figure 4.15: RF and IF dynamic load-lines overlaid on DCIV characteristic for
reference Case-2.

A Perfect IF short would result in a straight, vertical IF load-line, and the
shape of the IF load-line allows scope for baseband waveform engineering
and optimisation for example of the proximity of dynamic RF load-line to knee
boundary region. In case of negative impedance termination the IF load-lines
show the developed voltage at the drain of power device whilst reducing the
knee interaction. Figure 4.17 shows the extracted gain envelopes for the three
cases, and how at the point in the envelope where the DC supply voltage is
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the same at 24V, the gain is the same, albeit compressed. This plot also
shows however how for other parts of the envelope, the gain is very different

for the three cases.
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Figure 4.16: RF and IF dynamic load-lines overlaid on DCIV characteristic for

reference Case-3.
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Figure 4.17: The comparison of gain envelopes for the three cases.
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The output RF power envelopes are depicted in Figure 4.18 which show that
the peak output envelope power for all three cases is almost similar but the
rise in peak envelope power of the device is apparent in the ‘skirts’ of output
peak power envelopes. Similarly, there exists an increase in the DC power

dissipation around the ‘skirts’ of the envelopes as can be seen from the figure
4.19.
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Figure 4.18: RF Power envelopes for the three cases

20
=
= 15
£
o

* LY

2 10— S Case 1 *o
I s =+=Case
= ’ — Case 3
m 5
o
(i

0 -"|

0.0 0.2 0.4 0.6 0.8 1.0

time (ns)

Figure 4.19: Dissipated DC Power envelopes for the three cases

As with gain, it is possible to show the efficiency as a function of the envelope,
and Figure 4.20 shows a comparison of the three cases. Although it is clear
from this graph that the applied ET does improve the average efficiency, it is

also clear that the improvement is surprisingly small. In trying to explain this, it
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must be remembered that in each case, the device is driven fairly hard into
compression, and no improvement can be expected in this region of the
envelope. Although improvement is apparent around the envelope 'skirts', as
mentioned, it maybe isn't as large as one would expect. This is again probably
explained by the fact that for this device, the gain, output RF power and hence
efficiency reduces with reducing drain voltage [1].
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Figure 4.20: The comparison of drain efficiency envelopes for the three cases

[1].

Table 4.2: Linearity for the three cases [1].

e Supply IM5L | IM3L | W1 We | W2 | IM3H | IM5H
Voltage(V) | dBc dBc | dBm | dBm | dBm dBc dBc

Case-1 24 41.57 | 12.77 | 27.04 | 34.95 | 27.10 | 12.94 | 41.02

Case-2 20 47.46 | 16.32 | 27.13 | 34.29 | 27.22 | -16.53 | 43.57

Case-3 16 31.93 | 23.62 | 27.42 | 33.57 | 27.46 | 24.43 | 31.23

All IM values are in dBc, relative to W1

The linearity in terms of measured IM3 and IM5 mixing terms is shown in
Table 4.2, which indicates that there is an approximate 10dB improvement in
IM3 for case 1 compared to the reference IF1=IF2=short case, and only a
slight improvement in IM5 for case 2.
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4.4 Enhancing Linearity at Compressed Drive Level

A real power device has essentially nonlinear behaviour. A
nonlinear power device has an amplified output but distorted version of the
input signal. For modern wireless communications this generated distortion
should be minimized or suppressed. In addition, power device nonlinearity
might be frequency dependent if it is excited by a signal with broad envelope
bandwidth. In this case, the power device is not only nonlinear but might
also suffer from memory effects.

This, in particular, is a crucial phenomenon to be dealt with and the results
depicted in the following section, firstly, confirm and demonstrate that
baseband electrical memory effects can be greatly reduced by terminating the
baseband impedance into ideal short circuits; an impedance environment that
would result from conventional design and the use of video bypass capacitors.
Then secondly considers 'if' and 'how' this situation can be improved by
considering alternative baseband impedance conditions. As expected, for the
GaN device considered, and for this degree of compression, the measured
linearity significantly improves when negative baseband impedances are
presented. Although such impedances are non-realiseable using
conventional, passive designs, this is not the case when active, baseband
injection architectures such as Envelope Tracking (ET) are employed. In a
former section, only the impedance presented to the two most significant
baseband components (IF1 and IF2) generated as a result of 2-tone excitation
were controlled. This was achieved by combining two, phase coherent
arbitrary waveform generators (AWGs) whilst the device was driven at a
relatively backed-off level. However, when the device is driven more deeply
into compression, significantly more mixing terms are generated, and in order
to achieve a sufficiently broadband IF termination, baseband active load-pull
was employed to accurately account for higher baseband harmonics. The
measurements presented in this section are for a CREE CGH40010 discrete
10W GaN HEMT device, characterised at the centre frequency of 2GHz,
within a custom 50Q test fixture. This fixture was calibrated over a relatively
wide 50 MHz baseband bandwidth, and over 100 MHz RF bandwidths centred
around fundamental, second and third harmonics, with both baseband and RF
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calibrated reference planes established at the device's package plane. This
allowed the accurate and absolute measurement of all the significant voltage
and current spectra generated at the input and output of the device. Two-tone
measurements were performed using a 2MHz tone spacing, with the device
class-AB biased. Respective drain and gate bias voltages of 28V and -2.05V

resulted in a quiescent drain current of 250mA (Ipsq = 5% Ipss).
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Figure 4.21: Measured IF impedances at 2MHz tone spacing using IF active
load-pull.

The device was driven into approximately 1.5dB of compression whilst
delivering 39.5dBm output peak envelope power (PEP) with fundamental and
harmonic components terminated into a nominal impedance of 50Q, at both
the input and the output. It should be noted that broadband 50Q load is used
to simplify the required measurement architecture. Although this is non-
optimal, but is considered sufficiently representative for the linearity analysis
presented here. Active IF load-pull was then used to synthesise a range of IF
reflection coefficients in order to quantify the effects of the low frequency
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broad-band IF load impedance termination on the non-linear behaviour of the
DUT. Figure 4.21 illustrates a measurement where the phase of the IF1, IF2
and IF3 loads were varied simultaneously, in steps of 15° around the
perimeter of the Smith chart, whilst keeping the magnitude of IF reflection co-
efficient at unity. The results depicted in Figure 4.22 clearly show that, as
expected, there exists a strong dependence of IM3 and IM5 magnitude on the
phase of the baseband impedance. The results explicitly identify an expected
optimum phase in the region of 180° for IF1, IF2 and IF3 loads, where IM3
and IM5 distortion products are minimised. The measured inter-modulation
distortion products presented in Figure 4.22 show that when a perfect short
impedance (Mg=1£180° is presented to the significant baseband
components, the measured IM3 and IM5 magnitudes can be seen to be -
24dBC and -38dBC respectively.

40

|p—= i & = o & i B S |

30

== W1{ =e= |[M3L == IM5L
= W2 == |[M3H === IM5H

Output Power[dBm]

| | | | | | | | |
100 120 140 160 180 200 220 240 260

Phase Sweep|[degree]
Figure 4.22: Measured fundamental and IMD magnitudes at 2MHz Tone
Spacing as a function of IF1, IF2 and IF3 phase.

Active load-pull however has an important advantage in that it is able to
seamlessly synthesise both positive impedances within the Smith chart, as
well as negative impedances outside the Smith chart. Thus, in order to
explore further the optimum baseband impedances for best linearity
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conditions, the broadband IF impedance was swept over a measurement grid
that included the short circuit condition and extended some way outside the
Smith chart. IM3. and IM5_ contours were then plotted and are shown in
Figure 4.23 and Figure 4.24 respectively, and in both cases show purely
resistive negative optimum impedance. The optimum IM3, performance (point
B) is found to be -43.5dBc, and is approximately 19.5dBc better than the case
where usual short circuit is provided to all the significant baseband
components (point A). With regard to the IM5_ and IM5y, an improvement of
17dBc was achieved at an optimum termination (point C) as compared to the
short circuit case (point A). As the contours for IM3. and IM3y were found to
be almost identical, as was the case for IM5_ and IM5y, only IM3_ and IM5,

contours are presented here.
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Figure 4.23: Measured IM3L linearity contours as a function of IF1, IF2 and
IF3 loads.

If we consider the behaviour of IM3 and IM5 components for the cases of IF
loads only located along the real axis, it can be seen that with regard to Figure
4.25, the real baseband impedances required to minimize IM3 and IM5 are
different, and located at points B and C respectively. Establishing the
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broadband IF load at point B leads to an approximate 11 dB degradation in
the established IM5 optimum.
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Figure 4.24: Measured IM5L linearity contours as a function of IF1, IF2 and
IF3 loads.
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Conversely, fixing the IF load at point C results in an approximate 7dB
degradation from the established IM3 optimum. Having said this, it can be
seen that adopting a broadband IF load impedance between points B and C
offers a significant improvement in linearity when compared to the usual short
circuit termination located at point-A.

Figure 4.26 shows the baseband voltage waveforms that result when the IF
impedances for point A, B and C are presented to the device. The waveform
engineering through the application of active IF load pull demonstrates the
importance of providing the suitable baseband impedance to the device under
test in order to achieve better linearity performance. It is shown later how
effective this technique is for minimising inter-modulation distortion
components and envelope distortion by maintaining the low impedance (£1Q)
for all the baseband components.
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Figure 4.26: Baseband voltage that resulted for the two cases of IF load
impedances for minimum IM3 and IM5.

The measured RF and IF output voltage waveforms corresponding to the
purely negative resistive load condition at point-B are depicted in figure 4.27.
The incident b, wave generated by the device, was phase shifted and its
magnitude was varied by shifting the phase and varying the magnitude of
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actively injected baseband signal which leads to modifying the reflected wave
ap from device at the baseband frequency level.
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Figure 4.27: The output RF and IF voltage waveforms at point-B for optimum

linearity of IM3.

At this point the output RF voltage obtained for the best IM3 linearity is
dramatically shaped by the presence of substantial baseband voltage at the
drain of the device. The subtraction of baseband voltage from the output RF
voltage waveform results in a linearized and symmetrical output RF voltage
waveform with the complete absence of distortion as can be seen from the
Figure 4.28.

40 —
30 —

20

10 —

O_

-10 —

Output RF Voltage[V]

-20 —

Output RF Voltage
-30 - B
| | | |
0.0 0.2 0.4 0.6 0.8 1.0
Time[ns]
Figure 4.28: The linearized output RF voltage waveforms at point-B for

optimum linearity of IM3.
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4.4.1 Optimized Device Linearity Performance

From the previous two-tone measurements it was clear that, for this
device, the optimum baseband impedance for linearity resides outside the
Smith chart. To investigate this observation further and specifically, to explore
the possibility of linearization through the direct application of an ET voltage
waveform, additional measurements were carried out for three different cases
of DC drain voltage (Vq): 28V, 24V and 16V.
The device was deep class-AB biased, and driven approximately 2.5dB into
compression with fundamental and harmonic components again terminated
into a passive 50Q load. Using a symmetrical 3-tone, 100% AM excitation
signal centred at 2 GHz with an envelope frequency of 2 MHz, a different IF
load condition was used for each case of V.
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Figure 4.29: Measured dynamic IF voltage envelops in-phase with input RF

voltages.

For the case of V4=28V, an ideal short circuit termination was synthesised for
each of the four significant baseband components, resulting in a near static
supply rail. The slight 'ripple' that remained was associated with IF5, but this
was very small and in the order of 200 mV,.,, so was considered not to be of
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concern. For the second case of V4.=24V, a sufficiently negative resistance
was presented to all four IF components to result in an 8V,, baseband
voltage being developed. For the third case of V4=20V, the IF load was again
adjusted such that a 16V, baseband voltage waveform was developed.
Figure 4.29 shows how in each case, the injected baseband signals track the
RF input signal envelope and provide an 'ET-like' variable supply voltage to
the device. It is also clear that for the three cases, the peak baseband voltage
is the same at 28V, thus allowing meaningful comparison.

For the case of Vy.= 28V, an average drain efficiency of 38.1% was achieved
at a peak envelope power (PEP) of 39.72dBm. For the case of V4=24V, the
average drain efficiency was 41.5% at a PEP of 40.3dBm. A slightly better
performance in terms of efficiency and output power was achieved with
V4c=20V. Therefore, applying a dynamic drain voltage has increased the
achievable peak output power, and has thus enabled a higher efficiency than
was possible with a fixed supply voltage of 28V.

Linearity performance is summarized in Table 4.3, where it is shown that for
the case of V4=20V, IM3 and IM5 distortions are suppressed by 10dBc and
3dBc respectively compared to the static V4.=28V case where a short circuit
impedance was maintained for all four IF components. For the case where
V=24V, only a small improvement in IM3 distortions was observed along

with an 8 dBc improvement in IM5 distortion.

Table 4.3: Three tones measured linearity results for three distinct drain

voltages
Supply IM5L | IM3L W1 Wc w2 IM3H IM5H
Voltage(V) dBc dBc dBm | dBm | dBm dBc dBc
28 -35.68 |-12.83 | 27.85 |[35.69 |28.02 |-13.12 |-36.47
24 -43.05 |-15.86 | 28.08 |35.18 | 28.15 |-16.37 |-43.26
20 -38.95 |-22.81 |28.39 |34.39 |28.49 |-22.57 |-39.41

4.4.2 Optimized Device Efficiency Performance

Modern complex modulation schemes have the disadvantage of

requiring linear power amplification characteristics, which compromises
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overall system efficiency because RF power amplifiers (RFPA) are much less
efficient when operating in the linear region than they are at maximum power.
The power amplifier and its associated components consume up to 40% of
the overall power in a cellular basestation and account for a similar proportion
of operating costs. Conventional designs for improving PA efficiency are
inherently narrowband, requiring multiple amplifiers to be used in order to
span all the required bands. The efficiency of the PA is dependent on the
‘crest factor’ or Peak-to-Average Ratio (PAR) of the signal being amplified. In
a WCDMA system, the PA is usually operating far below peak power, as the
signal crest factor is typically 6.5 - 7.0dB. OFDM systems such as 3GPP LTE
and WIMAX use even higher crest factors typically 8.5 - 9.5dB for improved
spectral efficiency but this results in traditional PA designs having even lower
efficiency. It is possible, however, to achieve a significant improvement in PA
linearity and the efficiency of the entire network, along with the increase in
efficiency, using Auxiliary Envelope Tracking (AET) reported in [10][11].
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Figure 4.30: Drain envelope efficiencies for three different cases at constant
input drive and fixed bias level Vpjas=-2.05V.

The results depicted in Figure 4.30 are achieved through a technique based

on envelope tracking that has been proven to offer a significant improvement

157



Chapter 4 Envelope Tracking Focused Investigations

in efficiency, from typically 1% to over 10%, while offering improved linearity
performance. The true essence of AET is that, the power supply tracks the RF
input signal envelope and provides a variable supply voltage Vds to the power
device. Both Vds and output power vary together, greatly increasing power
efficiency (a comparison of efficiencies can be seen from figure 4.30 for three
different drain bias, that is an envelope domain representation of efficiencies
[1]) compared with using fixed voltage power supply. It can be seen that there
exists an increase of envelope efficiencies for variable drain voltage in
comparison with the fixed drain bias (V4=28V) which was resulted when short
circuit impedance was provided to all the baseband components. The
increase in efficiency is quite evident at the skirts of the envelopes.

4.4.3 Mathematical Analysis on 2" Harmonic Termination
In order to have more insight on the effect of the 2" harmonic
termination, a transistor’'s nonlinearity can be approximated by three term
power series expansion for the drain current as:
lg=gmqV,| +gmoV2 +gmg V3 (4.10)
Considering a two-tone fundamental signal fed to the power device with
second harmonic in which ¢ and ¢, are the phases of second harmonic:

Vin = Aqcosw1t + Apcoswot + A11cos(2wt + @1) + Ao cos(2wat + @2) (4.11)
By substituting (4.11) in (4.10) gives all the relevant components and for
brevity the third order IM3y components are given in equation (4.12).

lg(20o — ) = %A1 ASgm3 c0s(2wg — 1)t
+ ,21 Ao gMo COS(2wot — wqt + ¢2) 4.42)
+EA1 1Aoogmg cos(2wot — w1t + 9o — ¢q)
The third term in the equation (4.13) is small in comparison to the two other
terms and can possibly be ignored. In order to cancel out the IM3 completely
following condition must be satisfied.

3 AS gm3

__° 0
Aenv p— and @2 =180 (4.13)

This shows that if the first two terms in equation are not out-of-phase between

each other, suppression of IM3 is difficult to realize because the
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intermodulation products at frequencies 2w+- w2 and 2w,- w¢ generated from
the second harmonic termination other than the 0° and 180° would possess
different phase with respect to each other. Consequently the newly generated
IM terms will have different magnitude and phase. It is possible to attain a
complete suppression of one of the IM products whilst giving rise to other
when the phase of the second harmonic is varied and the reference phase is
defined by the intrinsic parameters of the device which was found to be 0° for
optimum linearity performance of this device in case when RF components

were terminated with nominal 50Q impedance.

4.4.4 Emulation of Class-J Mode of Power Amplifier

In order to further investigate the suitability of this efficiency enhancing
and linearizing technique under a realistic PA mode of operation, a class-J
RF impedance environment was emulated. The device was biased in deep
class-AB, driven into approximately 2dB of compression and excited using a
4MHz spaced two-tone modulated excitation centred at 2GHz.  With
knowledge of the device's intrinsic and extrinsic parasitics, the required class-
J impedances were emulated and presented to the package plane [15]. This
involved maintaining constant, specific impedances for both fundamental
tones as well as the tones (2ws, 2w,) located around the 2" harmonic. The
third harmonic components were terminated arbitrarily.
The measurement results documented in the previous section clearly
indicated that significant linearity benefit can be gained by optimizing the
baseband impedance environment, as opposed for example to simply
presenting a short circuit. For this class-J investigation, the IF impedance
presented to all significant baseband tones was swept over a similar
measurement grid, again including the short circuit condition, and again
extending outside the Smith chart. The IMD contours are plotted in Figure
4.31, and similarly show that the optimum IF impedance for reduction of IMD
resides outside the Smith chart. Importantly in this case however, the
measurement shows that optimum baseband impedances are different for
IM3,, IM3y, IM5_ and IM5y and these are not, as was the case in the previous
50Q measurement, co-located on the real axis. The optimum IM3_ and IM34
baseband termination is found to be -43.2dBc and -45.5dBc respectively, and
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is approximately 18.5dBc better than the case where usual short circuit is
provided to all the significant baseband components. But from an IM5
perspective, the optimum IM5_ and IM5y showed the minimum distortion
products which were found to be -59.3dBc and -61.1dBc respectively.
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Figure 4.31: Measured IM linearity contours as a function of IF reflection
coefficient (I'y).
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Figure 4.32: Baseband voltages that resulted for the best IM3 linearity
performance.
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Figure 4.32 and Figure 4.33 show the baseband voltage waveforms that
resulted when the IF impedances for best IM low and high linearity were
presented to the device. Although the magnitude and shape of both

waveforms is similar, the phase is clearly different.
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Figure 4.32: Baseband voltages that resulted for the best IM5 linearity

performance.

4.4.5 Repeatability of Baseband and RF Load Emulation

The ability of the system to maintain broadband baseband,
fundamental and second harmonic loads was thus utilized. This capability is
evident in Figure 4.33 where the second and fundamental loads for all 40
baseband points are overlaid on the same smith chart. The drive level of
device was kept constant for all these 40 measurements.
The variation and dispersion in the fundamental and 2" harmonic loads can
be seen to be minimal and in terms of normalised Cartesian coordinates, this
was measured to be in the region of 0.6% (1SD) for both fundamental and
second harmonic loads.
The very low standard deviation in the oscilloscope measurements for 40
repeated measurements for different numbers of targets at baseband
demonstrates the capability of the measurement system in maintaining the
constant and frequency independent RF loads whilst providing different
impedance to baseband components
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Figure 4.33: The measured 40-points baseband grid for a class-J emulated

RF impedance environment.

4.5 Chapter Summary

An important application of the enhanced measurement system is
discussed where both positive (inside the Smith chart) and negative (outside
the Smith chart) baseband impedances were presented to all baseband (IF)
components. This chapter has detailed the impact of baseband impedance
termination on the linearity of GaN HEMTs in both backed-off and
compressed drive level regimes. In the case of a 'backed-off' device, contours
of IM3-high and IM3-low indicate separate local optimum IF loads that lie
some way outside the Smith chart, and for this particular device, a 15-20 dB
improvement in IM3-high magnitude is observed in comparison to the
reference case, where IF1 and IF2 are terminated into short circuits. Whereas
dynamic RF load-lines are a familiar plot in CW waveform engineering, the
inclusion of baseband voltage and current to these plots adds an extra
dimension that shows interesting and useful modulated behaviour, such as
self-bias, and in this case of an emulated ET environment, the proximity of the
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load-line to the knee region, which may of course be optimised. For the ET
analysis, where a significant IF component is injected, it is shown how plotting
the envelope efficiency and gain is useful in understanding the device
behaviour [1]. In this case, it is clear from these time domain plots that there is
an overall reduction in gain and hence output power with the application of an
envelope tracking voltage, an effect that is largely explained by the fact that,
for this device, the gain reduces with reducing drain bias voltage as has been
described through CW investigations for varying drain supply voltage.
Furthermore, this chapter sheds light on the optimized linearity investigations
of the 10W GaN HEMT under modulated excitations when driven strongly into
compression. This has been shown that for the device considered, the
optimum impedance for best linearity lies outside the Smith chart as was the
case for the backed-off drive level. Interestingly, the results also suggest that
there exists separate optimum impedances for suppression of IM3 and IM5
distortion products. Additionally, auxiliary envelope tracking measurements
with non-optimal load (50Q) have shown that efficiency as well as linearity can
be improved at reduced drain supply voltages: for Vdc=20V, the average drain
efficiency is improved by approximately 5% together with an improvement of
10dBc in IM3 when compared to the static Vdc, where short circuit impedance
was maintained for all four baseband components [10].

It was shown that that enhanced modulated waveform measurement system
allows the emulation of novel PA modes and architectures, including for
example class-J and envelope tracking respectively. Direct observation of the
effects of baseband impedance variations is now possible over wide
bandwidths, and under complex multi-sine excitations. The true benefit of this
enhanced system becomes apparent through the broadband emulation of a
class-J mode of operation. The results also suggest that there exist separate
optimum impedances for suppression of IM distortion products when
emulating a class-J mode of operation for power amplifiers. This imperative
observation has large implications for modern PA linearization techniques;
emphasize the fact that the linearity of power amplifiers can greatly be
enhanced by using the very mechanisms that are employed to improve the

efficiency.
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Chapter 5

Multi-Sine Measurements and Linearization

5.1 Introduction

The continuing evolution of wireless standards such as WiMAX and
Long Term Evolution (LTE) are driving the need for power amplifiers (PAs) to
multiple modulation schemes at multiple frequencies, whilst also demanding
spectral efficiency to meet the ever-increasing linearity requirements. These
standards invariably impose higher peak-to-average ratio (PAR), which
typically require increasing degrees of back-off to maintain good linearity, thus
reducing the efficiency of the power amplifier considerably. As an example,
the PAs used in LTE systems, employing orthogonal frequency division
multiplexing (OFDM) need to accommodate scalable bandwidths ranging
between 1.4 MHz and 20 MHz, with high PAR [1].
The goal of a communication system may be broadly defined as: to transfer
information across a given medium with a minimum of information loss and
minimal interference to other users. The fact is that communication channels
add unwanted signals to the desired information thus making it difficult to
achieve the desired goal. These undesirable signals include random noise
and distortion. Random noise is not correlated with the information, whereas
distortion generation is a strong function of the information signal [1].
Distortion arising from the inherent nonlinearity of microwave devices is the

topic of interest in this thesis. One impact of device inherent nonlinearity on
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communication systems is the corruption of information and spectral regrowth.
Today’s mobile communication systems usually use a wideband digitally
modulated signal. Such a signal can be imagined as densely spaced multiple
tones. If the device is excited with a multi-sine signal then a broad spectrum of
the distortion product can be seen. This gives a more clear idea how a device
would behave under wide-band excitations. Figure 5.1 shows the mechanism
of growing sidebands from multi-tone excitation. If the channels are defined,
then one can measure the ratio of total power in the signal and the power in
the side band. This measurement is called adjacent channel power ratio
(ACPR).

Signal

YYYYVYY

3" Order

5" Order

it

Figure 5.1: The output spectrum when power device is excited with the multi-

Noise

tone signal

ACPR can not generally be reduced by filtering because of it is close
frequency proximity to the desired signal. This problem is serious because
ACPR from one user can fall inside the bandwidth allocated to another user in
the already crowded spectrum. Regulatory authorities impose strict
regulations on spectral regrowth, which must be met for a product to be
approved. Once again, because of the complexity of modern modulation
schemes, and especially the use of multi-carrier techniques [2], designing
amplifiers that meet such specifications is becoming increasingly difficult.
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Linearization refers to a group of methods that aim to increase the linearity of
a system without significantly decreasing its efficiency. For example,
predistortion linearization is one widely used method. It works by distorting the
input signal before it reaches the nonlinear system, in such a way that it will
counteract the distortion introduced by the system.

Linearization has led to large gains in the linearity and efficiency trade-off in
many cases. With the increasing bandwidth and dynamic-range demands of
recent communication systems, it is frequently observed that linearization
does not perform as well as expected. Linearization may be effective for one
particular amplifier, while vyielding almost no improvement for another
amplifier. In addition, the performance of linearization is often seen to be
dependent on the signal bandwidth and when PAs are driven into
compression, predistortion algorithms have difficulty in capturing the true
compression characteristics of the PA instead of increase in memory effects
[3]. This has lead to explore the possibility of linearization through the precise
control of the out-of-band impedance environment, in particular at baseband
frequencies under more complex modulation excitations. To verify the
observation made under two-tone and three-tone excitation in chapter 4, the
complex modulated measurements were conducted to further investigate the
effect of baseband impedance termination on the linearity of 10W GaN HEMT.
This chapter confirms and demonstrates that substantial linearity
improvement can be achieved under a complex nine-tone excitation, when

specific negative baseband impedances are presented to the device.

5.2 Properties of Multi-Tone Excitations

The peak-to-average (PAR) of multi-tone excitations significantly
affects the ACPR and efficiency performance. Often, lowering a PAR is
considered to yield a better linearity performance from the microwave power
amplifier (PA). The justification is that high peaks overload the PA, producing
unwanted nonlinear effects and strongly impact the ACPR capabilities of a PA
system. It is true that the nonlinear effects, caused by high power peaks, can
degrade the ACPR value [1,4]. However, the correlation between PAR and
ACPR is not as straightforward as it seems. Peak power and PAR are time
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domain notions, while ACPR is a frequency domain notion. Increasing PAR
values indicate that the peak power is being shifted further in excess of the
average power which in turn largely affects the ACPR. Therefore, the PAR
describes a form of power back-off that is required to meet the spectral
specification of microwave devices. The efficiency of the PA is dependent on
the PAR of the signal being amplified. In a W-CDMA system, the PA is usually
operating far below peak power, as the signal PAR is typically 6.5 - 7.0dB.
The OFDM systems such as 3GPP LTE and WIMAX use even higher PAR,
typically 8.5 - 9.5dB for improved spectral efficiency but this result in
traditional PA designs having even lower efficiency. It is difficult to achieve
flexible, high efficiency, highly linear PA designs by means of 'RF only'
efficiency enhancement techniques, such as Doherty power amplifier.

A

Low Frequency Envelope
——————— >SS T TN Peak

el M\J‘\fMS

High Frequency Carrier

Figure 5.2: Typical time domain definition of peak and average voltages.

A large number of variants are required to cover all the stringent
requirements, such as high efficiency and ACPR linearity specifications. It
also takes considerable development time to achieve high production yields,
and it is difficult to maintain the efficiency as systems evolve to higher PAR

values.

5.2.1 Correlation Between IMR and ACPR

Two-tone characterization has been traditionally used to characterize
nonlinearity of both active and passive RF components, its correlation with the
currently implemented complex digitally modulated test signal are highly
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desirable. This is well described in [5] providing compact formulas relating the
distortion figures of merit encountered under modern test signal and well
established two-tone stimulus. For assessing the nonlinear distortion
performance of a FET device operating under a real telecommunication test
signal, each combination of two sinusoidal components of the continuous
spectrum may be interpreted as two-tone excitation. Further, these multi-
tones can be categorized, for convenience, into multiple two-tone signals with
variable carrier spacing up to 3.84 MHz, focusing on the Universal Mobile
Telecommunication System (UMTS) application as an example. Taking into
account the 3.84 MHz adjacent channel bandwidth, which is used to compute
adjacent channel power (ACP), typically both third-order and fifth-order mixing
products (also higher order) impact ACPR characterization [6], [7].

This is illustrated in Figure 5.3, which considers two cases of two-tone excited
nonlinear output spectrum with carrier spacing Aw; (dotted) and Aw: (solid)
depicting the superposition of IMD3 and IMD5 products onto the W-CDMA
spectral mask. Table 5.1 gives the boundary conditions of the carrier spacing
which produce the third-order and fifth-order products occurring
simultaneously within the sidebands under consideration. As a result the
fundamental property of IMD3 observed under two-tone excitation no longer
prevails under digitally modulated test signals.

Table 5.1: IMD3 and IMD5 mixing products falling into the adjacent channel
bandwidth of 3.84MHz

Stimuli 3" Order (IMD3) 5" Order (IMD5)
2-Tones | 2.053MHzsAf<4.613MHz | 1.232MHz< Af<2.768MHz

Considering the analogy of a multi-tone excited nonlinear output spectrum,
each distortion product in the sideband is dominated by its lowest order
component, for instance, third-order mixing product for typical 2w»>-w+ case.
This is true at the small-signal excitation regime; however, when the excitation
level is increased, higher order contributions start to dominate over the lower
order components. Moreover, each of the sidebands at the output is a result

of the vectorial sum of many mixing products of order = 2n+1, where n is the
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total number of input tones or carriers [7]. Depending on the phase of
individual mixing products occurring at a given frequency, the voltage vectors
may interfere in a constructive or destructive manner. Consequently, above
certain power levels the IMD3 behaviour under two-tone stimuli can no longer
be correlated to the sidebands of multi-tone/digitally modulated signals.
Moreover, from the perspective of the nonlinear output spectrum of digitally
modulated signals, wherein the input spectral components typically have
randomised phase (equivalent to having uncorrelated tones), and integrated
distortion power in the sidebands will have different null conditions [7]. In most
cases it is a device technology dependent, devices with weak fifth-order
nonlinearities may exhibit reasonable correlation between IMR and ACPR

characteristics.
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Figure 5.3: Two-tone excited discrete nonlinear output spectrum
superimposed onto a WCDMA excited nonlinear output spectrum.

5.2.2 Multi-Tone Signals

Multi-Tone signals are useful for measurements in the laboratory where
periodic well characterized signals can be readily synthesized to approximate
complex modulated radio frequency (RF) signals. Indeed multi-tones can be
synthesized using Agilent PSG which provides reliable test signals that have
representative statistics to various types of digitally modulated signals such as
code division multiple access (CDMA), orthogonal frequency division
multiplexing (OFDM) and Long Term Evolution (LTE). The results of the

analyses in the preceding chapters were used to reduce bandwidth-
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dependent distortion in simple ways, two-tone stimulus signals were
considered sufficient to characterize the nonlinearities in power amplifiers due
to the small amplitude variations and narrow-band characteristics of the
signals the microwave device were to amplify. In this sense, measurements of
the power device for two-tone excitations have provided a good and reliable
method for investigating nonlinearities in microwave devices. Moreover, non-
linear characteristics, including intermodulation distortion (IMD), memory
effects and gain compression, could be fairly well explained by two-tone
experiments [9],10]. However, the growing demand for wireless
communication services has brought about signals with wider bandwidth and
higher PAR characteristics. Modern wireless signals can no longer be
accurately characterized by simple two-tone test signals due to the inherent

memory effects in the microwave devices.
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Figure 5.4: Multi-tone stimulus signal at centre frequency w. with modulation

frequency wn.

Today digitally modulated signals are wide band and contain significant
amplitude variation as a byproduct of implementing high-spectral-efficiency
modulation schemes in order to maximize the amount of data transmitted in a
fixed signal bandwidth. The suitable signals in laboratory experiments should
have approximately similar statistics to characterise the inherent nonlinearity
of microwave devices, generally equally spaced multi-tone signal with M-
tones, centred around fundamental frequency (wc), with modulation frequency
(wm) as shown in Figure 5.4 has been used. A complex envelope of the multi-
tone signal depicted in Figure 5. 4 can be described as:
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M
x(t) = Z c;ef@Ment (5.1)
i=1

Where, ¢; = Ae” and wn, (2zf,) is the modulation frequency of the multi-tone

signal. The Fourier transform of x4(t) is:

M

C; .
Xi(@) =3~ o= (2i-M=T)op) (5.2)
i=1
A multi-tone signal has a much different peak-to-average ratio (PAR) and

signal statistics depending on the phase of each term even though the
magnitude of each term is same [Appendix-F]. For example, the
characteristics of a 9-tone complex envelope signal with the same magnitudes
for each tone are investigated. Two cases are considered in Table 5.2. Case
1 is when the phase of each term is fixed and gives the maximum PAR. Case
2 is when the terms have a random phase difference and give the reduced
PAR. The phase information and PAR are shown in Table 5.2 for two distinct

cases of nine tone signal.

Table 5.2: Phase and peak to average ratio for a 9-tone signal
Case Phase Schemes PAR
1 [-/2 -1/2 -1/2 -1/2 -1/2 -11/2 -11/2 -11/2 -11/2] | 12.54
2 [001.3650.716 5.436 2.959 4.751 1.6250] | 6.86

9-Tone multi-sines with fixed phase ]
9-Tone multi-sines with random phase |]

Probability[%]

10‘ 1 1 i 1 1 1
0 2 4 B 8 10 12 14
Peak-to-Average Ratio[dB]

Figure 5.5: Nine-tone signal complementary cumulative distribution function
(CCDF) function for different phase schemes.
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The complementary cumulative distribution functions (CCDF) for these cases
are plotted in Figure 5.5. The minimum peak to average ratio is about 6.86dB
and maximum crest factor is about 12.54dB. The signal characteristics show a
significant difference depending on the phases of the nine tone signal. For the
simple case when all the magnitudes and phases of the multi-tones have the
same values, the CCDF functions of multi-tone signals are plotted in Figure
5.6. In this case the crest factor is10log(M) . Thus, a nonlinear device can be

characterized using a multi-tone signal for 2(M —-1)w,, bandwidth and up to

10log(M) PAR power ranges.

10 ‘f‘,‘i'Z'fl‘f!‘f"f‘fi'i'f“i‘fi'f'f",!'fi'i‘fl‘i',‘""""""""""""‘1“"""““:

e 5 7-Tone Multi-sines |
9-Tone Multi-sines |]
11-Tone Multi-sines |1

Probability[%]
=]

1 1 i 1 i

0 2 4 6 8 10 12 14

5.

Peak-to-Average Ratio[dB]
Figure 5.6: Multi-tone signal peak-to-average ratio for various numbers of

tones, when the phases are fixed.

5.3 Multi-Tone Excitation and Characterisation

The multi-tone characterisation technique is a robust technique for
characterising the device nonlinearity when excited with more than two tones,
which has gained importance in recent years as a substitute for the practical
communication signals. The measured time domain input voltage waveform of
a nine tone signal with equal amplitude and fixed phases is depicted in Figure
5.7 along with the fundamental input and output spectral components. In the
output spectrum it can be seen that the magnitude of the IMD products
diminish with the order, exhibiting the spectral regrowth behaviour. It also

highlights the important details of the spectral mask on an input-output power
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spectral density. Interpretation of the microwave device’s nonlinearity in terms

of the time domain waveforms of a multi-tone signal is rather easy and simple.
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(b)
Figure 5.7: Measured (a) 25-tones time domain RF input voltage waveform
deriving a 10W GaN HEMT device into nonlinear operation, biased at deep
class-AB and (b) measured fundamental input and output spectrum using real

time oscilloscope.

Nevertheless, device linearity under multi-tone test excitation is characterised
by measuring the degree of output spectrum regeneration across the lower

and upper sidebands, computed by using equation (5.9). In all the cellular
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systems it is necessary for the system designer to impose specifications on
the maximum amount of distortion that can be introduced in adjacent

channels.

Total power of in - band 25 - tones
Total power of adjacent band 25 - tones

ACPR = [dBm] (5.9)

However, since it is impossible to practically design for absolute distortion
levels, relative levels of power in the adjacent channel to power radiated in the
main channel, is made obligatory, defining the most commonly known figure

of merit called adjacent channel power ratio (ACPR).

5.3.1 Multi-Tone Investigations of Memory Effects

Under multi-tone stimulus, based on the complex vector error-corrected
travelling waves measured using the enhanced modulated measurement
documented in details in Chapter 2, the memory effect behaviour of a 10W
GaN HEMT was further investigated under class-AB operation in a custom
50Q fixture. The calibrated system was thus utilised to acquire the modulated
RF signals in multiple measurements. The stitching of measured data from
multiple measurements is therefore required to obtain the amplitude and
phase of the various tones of the multi-harmonic wide-band periodically
modulated signals. The triggering frequency to trigger the DSA8000 was set
alternatively to the modulation frequencies used in the nine-tones broadband
input stimulus. This trigger then assures that the phase relationship between
each tones remains the same in successive measurements. As mentioned in
the preceding chapters, the excitation used for the measurements plays an
important role to characterize microwave power transistors for modern
wireless communication systems including WiMAX and LTE. Therefore, a 9-
tone multi-sine signal was considered as an approximation of realistic
complex digitally modulated signals. A pre-driver amplifier was used after the
signal generator to keep the input stimulus clean. An isolator was also used
before the input port which effectively reduced the second harmonic spectra
getting at the input of device. The measurements were conducted to

experimentally validate and confirm that the same optimum (I'r =1£180°)
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exists for reduction of memory effects under nine tone stimulus as was the
case for two-tone modulated stimulus investigations documented in Chapter 3
for the same device.

The device delivered 39.5dBm peak envelope power (PEP) when driven
approximately 1.5dB into compression and active IF load-pull was used to
present the constant baseband impedance to most significant components
IF1 and IF2, the higher baseband components IF3 and IF4. Figure 5.8 depicts
the contours of ACPR. when a measurement grid was swept to find the
optimum for reduction of memory effects, as it is reported in [11] that the
linearizability of a memory-less device is much better than the devices with

memory.

—

[A]
S

4 16 18 20 22 24
ACPR,[dBc]

Figure 5.8: Baseband load-pull characterization of 10W GaN HEMT under 9-

tone stimulus for optimum ACPR_ as a function of baseband impedance.

The significant observation to note is that there are pronounced ACPR

variations and asymmetry around the measurement grid. These
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measurements suggested that the optimum baseband load for minimum
asymmetries is indeed located at point-A and then terminating the baseband
components at an experimentally determined optimum point-A, a reduction of
approximately 10dB in ACPR was observed in comparison with point-B and it
highlights the strong dependence of ACPR on the baseband impedance
termination.

The output spectra for two cases when a different baseband termination is
maintained for the baseband components are depicted in Figure 5.9.
Terminating the baseband components at point-B caused a ripple to appear
on the DC drain voltage present at the device output plane, which effectively
resulted in additional modulation of the RF signal. This, then, leads to the
change in the ACPR levels and it can be seen that significant memory effects
exist with more than 6dB ACPR asymmetry between upper and lower ACPR
products. For the case when the optimum impedance is maintained to the
baseband components at a modulation frequency of 1MHz there are no
baseband electrical memory effects, so the spectral regrowth shows no

asymmetry for the optimum baseband impedance termination.
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Figure 5.9: Measured output spectrum at modulation frequency of 1MHz,
when different impedances were provided to baseband components with
nominal 50Q RF termination.
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The measured output RF voltage envelopes obtained for the two baseband
impedance conditions, are shown in Figure 5.10. In the case of the baseband
impedance at point-B, an asymmetrical envelope is clearly observed that
determines which ACPR product will have the greater magnitude. Whilst
terminating the baseband components at point-A which has been
demonstrated to be the optimum load termination, an undistorted output
envelope is produced.
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Figure 5.10: Measured RF output voltage envelopes for different baseband

impedance environment at a modulation frequency of 2MHz.

The broadband baseband short circuit (I'r =1£180°) impedance termination
was utilized for modulation frequencies ranging from 0.5MHz to 7MHz, in
order to achieve the symmetrical ACPR response. The magnitude of the IF
reflection coefficient could not be brought precisely to a short after 5MHz
because of the bandwidth limitation of the baseband load-pull PA, as can be
seen from the scattering of baseband components after modulation frequency
of 5MHz in Figure 5.11.

The fundamental output power of nine tones remains constant and
independent of the modulation frequency. With regards to the ACPR distortion
ACPR_ and ACPRy depicted in Figure 5.12, it is clear that the symmetry level
of ACPR is degraded at higher modulation frequencies after 5MHz which is
due to impedance variations in higher baseband components (IF3 and IF4). It
is important to note that the observed variations in ACPR_. and ACPRy
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magnitude observed below 1MHz are not related to variations in baseband
impedance and attributable to other sources of memory.

IF4@7MHz

IF1
IF2
IF3
IF4

[OCHCC]

1 G*e— | IF3@6MHz

IF4@6MHz

IF3@7MHz

Figure 5.11: Measured IF1, IF2, IF3 and IF4 for modulation frequencies
ranging from 0.5 MHz to 7 MHz.
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Figure 5.12: Measured fundamental nine-tones and ACPR power for different
modulation frequencies.
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The dynamic transfer characteristics depicted in Figure 5.13 correspond to the
case when short circuit impedance was presented to baseband components,
thus, there is an absence of hysteresis in the dynamic transfer characteristics
which emphasize the absence of baseband electrical memory effects. The
analysis of measured results with respect to the dynamic load line shows that
the baseband impedance influences the RF dynamic load line interaction with
the knee region. This is due to the output voltage generated by the IF
component which causes the measured output current and voltage dynamic
load lines to interact with the knee region. Consequently, this causes the
looping in the IF load-line which results in an asymmetrical knee interaction of
RF load-line with the knee region. The asymmetrical knee interaction of RF
load-line with the knee region manifests itself as a hysteresis on the dynamic
transfer characteristics. In the case when short circuit baseband impedance is
presented to the device, it minimizes the knee interaction with transistor’'s |-V

characteristic, producing a symmetrical knee interaction.
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Figure 5.13: Measured dynamic transfer characteristic for nine-tone stimulus
when short circuit impedance was presented to all the baseband components
for a modulation frequency of 1MHz.

Figure 5.14 shows the dynamic RF and IF load-lines for short circuit

baseband impedance. Terminating the baseband components with short
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circuit impedance resulted in static IF voltage, consequently, no looping is
observed in the dynamic transfer characteristics depicted in Figure 5.12.

Dynamic loadlines with IV datal

—=- IF Loadline ( [jp=12180")
-0 RF Loadline (Tp=1 £180)

Vds (V)
Figure 5.14: The measured dynamic RF and IF load-lines for baseband

reflection coefficients (Ir=1.180°)

5.4 Linearity Enhancements under Complex Excitation

This section confirms and demonstrates that substantial linearity
improvement can be achieved using this approach, when using a complex 9-
tone excitation, as has already been shown for the two-tone excitation in
chapter-4. As expected, for the GaN device considered, and for this degree of
compression, the measured linearity significantly improves when specific
negative baseband impedances are presented. All the measurements
presented in this section are for a CREE CGH40010 discrete 10W GaN
HEMT device, characterized at the centre frequency of 2GHz, within a custom
built 50Q test fixture. This fixture was calibrated over a relatively wide 50MHz
baseband bandwidth, and over 100MHz RF bandwidths centred around
fundamental, second and third harmonics, with both baseband and RF
calibrated reference planes established at the device's package plane. This
allowed the accurate and absolute measurement of all the significant voltage
and current spectra generated at the input and output of the device.
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Modulated measurements under nine-tone stimulus with PAR of 9.54dB were
performed using a 1MHz modulation frequency, with the device class-AB
biased. Respective drain and gate bias voltages of 28V and -2.05V resulted
in a quiescent drain current of 250mA (lpsq = 5% Ipss). The device was
driven into approximately 1.5dB of compression whilst delivering a peak
envelope power (PEP) of 41dBm with fundamental and harmonic components
terminated into a nominal impedance of 50Q, at both input and the output. It
should be noted that the braodband 50Q load was used in this case to simplify
the required measurement architecture. Although this is a non-optimal load
condition, it was considered sufficiently representative for the linearity analysis
presented here. Active IF load-pull was then used to synthesize a range of IF
reflection coefficients in order to quantify the effects of the low frequency,
broadband baseband load impedance environment on the non-linear
behaviour of the DUT.

ACPL Contours as a function of Baseband Impedance

Baseband Load Co-ordinates

VN

| §

Fundamental

BE
mllllﬂl

30 35 40
ACPL (dBc)

Figure 5.15: Measured lower adjacent channel power linearity contours as a
function of IF reflection coefficient (I'.).

The optimum IF impedance for the best linearity as has been identified in
[12],[13], lies outside the smith chart and Figure 5.15 illustrates a
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measurement where the broadband IF impedance was held constant for all
baseband tones and swept over a measurement grid, including the short
circuit condition, and extending some way outside the Smith chart. For each
of the measurement points, the bias and drive level was maintained constant.
The optimum loads for ACPR. and ACPRy lie on the real axis and are almost
identical in terms of their position and the degree of linearization they offer.
The contours of ACPR_ are plotted in Figure 5.15 and show that at point B,
the performance is found to be -43dBc, which is approximately a 25dB
improvement over the classical short circuit case (point A). Figure 5.16 shows
the baseband voltage waveforms that resulted when the baseband
impedances for point A, B and C were presented to the device. When short
circuit impedance was provided to all the baseband components a static DC

supply was resulted with negligible 'ripple' that remained.
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Figure 5.16: Baseband voltages that resulted for the three cases of baseband

(IF) load impedances identified at point A, B and C.

From the output power spectrum depicted in Figure 5.17, it can be clearly
seen that terminating all the significant IF components at point-B drastically
improves the device’s linearity over a 10MHz bandwidth, to a level of
approximately 43dBc. Thus, it can also be seen that spectral regrowth for
multi-tone signals depends on all the significant baseband components, in
that it affects the whole spectral regrowth curve, from close in to the extremity.
This confirms that this method of baseband linearization is not only applicable
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to two-tone excitations, but can also apply to far more complex, multi-sine
signals with high degrees of PAR.
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Figure 5.17: Measured output power spectrum as a function of IF reflection
coefficient (I'.) when device was subjected to 9-tone stimulus at 2GHz carrier
frequency with 1MHz modulation frequency.
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Figure 5.18: Envelope domain [14] representation of gain as a function of IF
reflection coefficient (I'L) at the indentified points, alongside RF and baseband
voltage waveforms.
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Figure 5.18 shows the dynamic changes in gain over the modulation cycle for
the three cases of baseband load reflection co-efficient, identified by points A,
B and C in Figure 5.15. It is clear from this graph that the negative IF
impedance presented at point-B results in an increased and almost constant
gain and improved linearity. The effect of the baseband voltage at point-B in
shaping and 'positioning' the output voltage waveform can clearly be seen.
Setting the baseband load at a short circuit (Point-A) results in a significant
depression in the dynamic gain envelope. Whilst point-C delivers almost the
same envelope gain as point B, the linearity is reduced by approximately
13dB. The phase shown in Figure 5.19 is defined here as the difference
between measured a; and b, modulation envelopes, and its dependency on
negative baseband impedance is shown in Figure 5.19. It should be noted
that the discontinuities observed in both the envelope gain and phase traces
are measurement artifacts that occur due to the effect of linear delay as the
magnitude of the modulation envelope approaching zero. Interestingly, there
is a phase variation of approximately 18° between point-A and point-B, and
this remains relatively constant over the entire period of the modulation cycle
which is due to inherent linear RF propagation delay of the device.
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Figure 5.19: Measured envelope phase («£b2-Zal) as a function of IF
reflection coefficient (") at the indentified points with linearized output RF

voltage at point-B inset.

186



Chapter 5 Multi-Sine Measurements and Linearization

Figure 5.20 depicts the baseband voltage and current waveforms required to
present the device with the IF impedance of point B in Figure 5.15. These
relatively complex linearizing waveforms are clearly in-phase due to the purely

real negative nature of the baseband termination and contain five baseband

harmonics.
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Figure 5.20: Measured output baseband voltage and current for best linearity
point —B.
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Figure 5.21: Dynamic peak efficiency envelopes at an identified baseband

loads.

The peak envelope efficiency is depicted in Figure 5.21, and shows a

maximum improvement of 8.1% for point-B compared to the short circuit case.
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This observation shows that presenting negative impedances at point-B
increases the achievable peak output power and has thus enabled a higher
efficiency than is possible at point-A.

5.4.1 Effect of Carrier Phase Distribution on Linearity

The measurements documented in the previous section were carried
out on a 10 W GaN HEMT when biased in deep class-AB at 2GHz again
under 9-tone complex stimulus with fixed phases at modulation frequency of
1MHz. The nonlinear nature of microwave devices determines a close relation
between the usefulness of a multi-tone characterization technique and the
similarity of the excitation signal with the real world’s excitation. Thus, to
characterize and measure the device under more realistic stimulus the 9-tone
stimulus was generated in a way that all the tones are related in phase but
randomly. Since all the tones are correlated in phase, there may be time spots
where they all attain their highest maximum, and other time spots where they
may cancel each other and generate a peak power to average power ratio of
6.86dB. This is due to the fact that the peak-to-average characteristics of the
signal vary depending upon the phase relationships of the tones.
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Figure 5.22: The measured output power spectrum for two different phase
distributions of 9-tone stimulus when a short circuit was presented to all the
significant baseband components.
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Remember, in the time domain, the composite waveform is the summation of
each sinusoid (i.e. tone).The difference in peak-to-average ratio would be
even bigger if the number of tones considered were different. Baseband load—
pull measurements were performed by keeping the output power constant and
terminating the RF components with nominal 50Q. For comparison purposes,
for two types of excitation signal the average output power was adjusted such
that the peak envelope output power for all 9-tones was 40dBm. It can be
concluded from the output spectrum depicted in Figure 5.22, that the phase
distribution of the carriers has a strong influence on the transistor adjacent
intermodulation products. It can also be seen that there is a difference up to
5dBc between the adjacent intermodulation products degradation values of

the measured output spectrum for random carrier phase distribution.
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Figure 5.23: Measured lower adjacent channel power linearity contours as a
function of IF reflection coefficient (L) for random phase distribution of the

9-tone stimulus.

The output peak envelope power was measured to be 40dBm approximately
for all the points shown in the Figure 5.23. Again the optimum impedance
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point is located outside the smith chart for the optimum ACPR_ performance
under 9-tone excitation with random phase distribution. It can be seen from
the ACPR_ contours depicted in Figure 5.23 that the location of the optimum
on the smith chart for random phase distribution of fundamental tones
matched those using a fixed phase distribution of fundamental tones with a
different PAR value. The baseband load—pull measurements show that the
ACPR¢_ results are predominately dependant on PAR of the signal used as an
excitation and it is observed that there is a degradation of approximately 5dBc
in ACPRL in comparison with the nine-tone stimulus with fixed phases. The
baseband voltage and current for the best linearity “point-B” is depicted in
Figure 5.24. It clearly shows that both baseband voltage and current are in-
phase due to the purely negative resistive baseband termination. The linearity
improvement observed by emulating the auxiliary envelope tracking
environment around the single device is obtained with significant increase in
efficiency, through the additional 7V, variation on the DC drain supply as can
be seen from the Figure 5.24.
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Figure 5.24: Measured output baseband voltage and current at for best
linearity point —B when the device was subjected to nine-tone stimulus with

random carrier phase distribution.

5.4.2 Optimum for IMR and ACPR Reduction
In [15] [16], the authors pointed out that ACPR can be related to the
two-tone IM3 performance. This relationship holds for RF devices whose

performance is dominated by 3" order distortion products. Contours for IM3,
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and ACPR_ as a function of baseband reflection coefficient are shown in
Figure 5.25 and 5.26 respectively.
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Figure 5.25: Measured output IM3_ linearity contours for two tone excitation
when the device was biased in class-AB and driven to deliver 40dBm peak
envelope output power (PEP).
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Figure 5.26: Measured output ACPR_ linearity contours for 9- tone excitation
with fixed phase distribution, when the device was biased in class-AB and

driven to deliver 40dBm peak envelope output power (PEP).

It is seen that IM3_. and ACPR_ curves have a similar shape indicating a
correlation between them. There is about 20 dBc improvement in IM3. and

191



Chapter 5 Multi-Sine Measurements and Linearization

ACPR¢_ at point—B in comparison to point-A where the short circuit impedance
was maintained for all baseband components. The results suggest that there
is @ common optimum point for IM3. and ACPR_ reduction. A very significant
conclusion can be drawn being that the device related 3™ nonlinearity should
be minimized to achieve a good correlation between the measured IM3. and
ACPR_ for the device considered in these investigations.

5.5 Chapter Summary

The chapter has presented the application of new multi-tone
measurement technique in characterization and measurement of microwave
device under complex modulated excitations. The memory effects
investigations 10W GaN HEMT under 9-tone excitations have confirmed and
validated that the baseband electrical memory effects can be greatly reduced
by suppressing the significant baseband components IF1, IF2 and higher
baseband components IF3, IF4. These measurements clearly demonstrate
how non-ideal, frequency dependent, low frequency baseband impedances
will induce significant memory effects in high power GaN power amplifiers.
The results show that the bandwidth over which the base-band impedances
need to be controlled must be extended to at least four times the modulated
bandwidth under 9-tone stimulus. This important observation has significant
implications for modern PA linearization techniques, as well as requiring
careful consideration when designing PA bias networks. For applications
utilizing wide modulation bandwidths this will become a serious design
constraint.

The linearity investigations and analysis of 10W GaN HEMT under 9-tone
excitations have shown that for the device considered the optimum
impedance for best linearity lies outside the Smith chart. The results showed
that under 9-tone stimulus with fixed phases, the presentation of specific
baseband loads with non-optimal load (50Q) at point-B has delivered 24dBc
and 8.1% improvement in linearity and peak envelope efficiency respectively,
in comparison with the point-A where short circuit impedance was maintained
for all the significant baseband components. This highlights that this important
observation holds true for more complex excitation in 50Q RF impedance
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environment, as was shown for case of two-tone and three-tone modulated
excitation in chapter 4. To present the fair comparison between the fixed
phase and random phase distribution of 9-tone stimulus the measurement
condition were kept constant. It was particularly observed that for a 9-tone
stimulus with random phase distribution, the optimum for the best linearity
was purely negative resistive load lying outside the Smith chart. It was shown
that the carriers’ randomized phase distribution conditions affect the transistor
performance in terms of linearity but resulted in identical linearity optimums as
was the case for 9-tone stimulus with fixed phase carrier distribution.

These results suggest that this method of emulating the negative baseband
impedance is not only applicable to simplest two-tone signal, but can also be
extended to multi-tone signals with variable PAR where the peak signal power
is much higher than the average power. Towards the end of the chapter the
comparison of measured two-tone and nine-tone results has been performed
in terms of location of optimum and the degree of linearity achieved by
emulating the specific baseband impedance lying outside the Smith chart.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The strategies to explore the possibilities of improving the linearity of
power amplifiers at higher output power are still under development. The
intensive research activities have been initiated worldwide to understand and
reduce the distortions in power devices. In the present development phase, it
is very important to characterize and analyze the device properties and
performance systematically. As GaN HEMTs are targeted to be employed in
the wireless communication circuits, linearity performance is one of the most
important issues. In particular, in-band intermodulation distortions of wideband
signals, which cannot be eliminated by using filters, must be characterized
and minimized.

Besides the benefits of high efficiency offered by the existing GaN devices,
due to rapidly developing broadband multi-standard air interface with multi-
carrier solutions, the situation has become even more challenging to meet the
3GPP linearity specifications. With the advent of 4G UMTS-LTE, which
incorporates OFDM for downlink having scalable bandwidths ranging from
1.25MHz to 20MHz, the complexity of satisfying telecommunication linearity
requirements would rapidly escalate. In this thesis a new multi-tone
measurement technique has been documented to analyze, identify and

minimize the distortion sources in GaN devices. It was identified that a key
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advancement of the measurement system over the previous one documented
in [1] was the requirement to be able to characterize the microwave devices
under realistic stimuli with the ability to measure voltage and current
waveforms at all relevant frequencies.

Thus, modulated waveform measurement system architecture was modified
to allow characterisation of a power device or a power amplifier to fulfil the
requirements of 3G Universal Mobile Telecommunication System (UMTS) and
4G Long Term Evolution (LTE) spectral masks. This enhanced system has
the ability to present specific, constant broadband impedances, not only at
baseband (IF) frequency, but also at RF frequencies, particularly, around the
carrier and significant harmonics. Achieving such comprehensive impedance
control across wide modulation bandwidths is critical in allowing the
'‘emulation’ of new power amplifier modes and architectures, and the
subsequent waveform characterization of devices operating in these complex
and often dynamic impedance environments. The capability of the enhanced
measurement system is experimentally demonstrated through the number of
applications.

Firstly the experimental investigations to quantify the role of higher baseband
harmonics IF3 and IF4 under two-tone suppress carrier modulated excitation
on the baseband electrical memory, which appears as a recognizeable
hysteresis on dynamic transfer characteristics of power device, preventing the
overlap of input-output trajectory with the increased signal swing. The memory
effects contributed by the baseband impedance variations impact the device
performance under modulated excitation and reduction of baseband electrical
memory by terminating the baseband impedances into a short circuit provides
the better insight into the effects of variation of baseband impedances on the
overall device performance.

The introduction of two tone test signal revolutionized the perception of
nonlinearity, setting up stringent rules on the measurement system
requirements. A basic two tone test setup uses two discrete tones of equal
power that fall within the passband of the DUT, are applied as excitation
signals. The resulting baseband information and IMD components are then
measured and can be cancelled by engineering the appropriate baseband
impedance. To observe the dynamic behaviour of the device whilst operating
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within a realistic operational environment, and in response to an applied
modulated input stimulus signal, envelope domain analysis was used. This
feature provides a clear representation and inspection of the cause of
nonlinearity and memory effect. Under two tone modulated excitation,
maximum of 15dBc and 18dBc suppression in IMD3 and IMDs together with
the minimization of IMD asymmetry were achieved in 10W GaN HEMT using
IF active load-pull. Measurements and investigations show that hysteresis
behaviour in the dynamic transfer characteristics as well as IMD behaviour
are not only dependent on the most significant IF component (IF1, IF2), but is
also very sensitive to higher order IF components (IF3 and |IF4). The results
show that in order to obtain the frequency independent response the
bandwidth over which the baseband impedances must be controlled should
be extended to at least eight times the modulated bandwidth for two tone
excitation [2], [3].

The measurement system is also used for nine-tone modulated signals to
investigate the memory effects of the device under test (DUT) as nonlinear
behaviour depends on the properties of the input signal significantly.

For wideband and higher power applications the dynamic behaviour of
nonlinear power transistor, like memory effects can no longer be ignored. For
illustration, it has been shown that it is possible to suppress the electrical
baseband memory effects and hysteresis which sometimes appear on the
dynamic transfer characteristics by providing the short circuit impedance to all
the significant baseband components generated as result of inherent
nonlinearity of power device under more complex multi-tone excitations.
These measurements clearly demonstrated a constant spectral symmetry
over a wide modulation bandwidth. The origin of memory effects is second-
order distortion, simultaneous minimisation of second-order and third-order
distortion allows linearization that is not dependent on bandwidth.

Secondly the enhanced measurement system is used to study the effect of
baseband impedance termination on the linearity of power transistor which
explains the need to engineer the baseband components in excess of five
times that of the modulation frequency to obtain the modulation independent
device behaviour [3]. In addition, the capability of load- pulling baseband

frequency components for high power device through the application of active
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IF load-pull provides an insight into the effect of the baseband impedances on
the overall device performance. The linearization performance is often
degraded by bandwidth-dependent distortion; the baseband impedances that
reduce bandwidth-dependent distortion were outlined under tow-tone
modulated excitation [4].

The successful linearization over much larger bandwidths was achieved
through the presentation of negative impedances to all the substantial
baseband components, which is referred as baseband signal injection
linearization. The presentation of negative baseband impedances has
delivered a 20dBc and 17dBc improvement in IMD3 and IMD5 inter-
modulation products respectively, relative to the case of a classical, ideal
short circuit. Similar improvement in IMD3 and IMD5 has been reported in [5]
on PA system level using the signal injection technique. Additionally, auxiliary
envelope tracking (AET), an important variation on the existing envelope
tracking (ET) techniques, focused measurements with nonoptimal RF load
(50Q) have shown that efficiency as well as linearity can be improved at
reduced drain supply voltages: for Vdc=20V, the average drain efficiency is
improved by approximately 5% together with an improvement of 10dBc in IM3
when compared to the static Vdc, where short circuit impedance was
maintained for all four baseband components. The significance of AET is that
the power content of the injected signal is a very low percentage of the DC
supply to the microwave device.

Furthermore, the baseband injection linearization technique was exploited to
investigate the suitability of this baseband linearizing approach to real-world
PA architectures. The enhanced measurement system was used to emulate a
modulated class-J impedance environment, through the application of
modulated RF active load-pull. This has been done to investigate the
effectiveness of using this baseband linearizing approach in improving PA
linearity when the fundamental and reactive harmonic loads presented to the
device become highly reactive.

The results suggested that although linearity is significantly improved, the
optimum impedances become dispersed and move away from the real axis.

This important observation has large implications for the linearization of
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emerging, broadband PA architectures, especially when these involve
efficiency enhancing techniques such as envelope tracking [6], [7].

Finally enhanced measurement system is demonstrated through the
investigation into the effectiveness of this linearity and efficiency
enhancement technique under more complex modulated excitations. Linearity
investigations and analysis of 10W GaN HEMT under complex multi-tone
excitations have shown that the optimum impedance for best linearity lies
some way outside the Smith chart. The device linearity performance improved
in a substantial leap and is summarized in Table 6.1 as has been shown for
the two-tone case. The results suggest that for a nine tone stimulus, the
presentation of specific baseband loads has delivered a linearity improvement
of 24dB and an efficiency improvement of 8.1%, relative to the baseband

short-circuit case.

Table 6.1: Linearity performance under complex modulated excitation [6], [7].

| Pout[dBm] ACPRi[dBc]  ACPRy[dBc] npl%]

Point-A 39.12 -20.27 -20.12 42.1
Point-B 40.78 -43.59 -43.07 49.9
Point-C 40.93 -28.63 -27.21 50.7

6.2 Future Work

For reliable distortion characterization of future WiMAX and LTE
systems, device level linearity issues resulting from out-of-band terminations
should be carefully analyzed. This thesis has predominantly been concerned
with the enhancement of modulated measurement system and accurate
characterization of broadband distortion and linearization in GaN HEMT
devices through the optimization of out-of-band impedance environment,
particularly at baseband frequencies.

Furthermore, the work outlined in this thesis stresses how linearity optimum
results under 50Q RF impedance environment change when measured as the
RF impedance environment is changed to emulate realistic PA modes. The

enhanced measurement system is capable of maintaining independent and
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constant impedance control for each individual tone across both the IF and
RF impedance environment simultaneously, and over a wide modulation
bandwidth.

This has provided a significant step forward in enabling high power robust
device characterization under complex modulated excitations and introduced
the considerations required to improve this system. This section suggests
some future work necessary in moving forward the work undertaken in this
thesis, which will make modulated measurement system more proficient, an
automated and effective in the characterization of microwave devices for

future wireless communication standards.

6.2.1 Improving Measurement Capability

The “Time Domain Partitioning” approach for modulated
measurements has demonstrated great potential in investigating the dynamic
behaviour of microwave devices and measurement of power amplifiers in the
50Q environment as well as under a specific power amplifier mode. But
currently the rapidity is limited by the relatively manual load-pull
measurements which are especially problematic when harmonic load-pull is
desired; such a problem is further compounded when simultaneously load-pull
is desired at baseband and RF to investigate the device nonlinear behaviour
under a specific PA mode. This necessitates the further developments of the
load-pull capabilities of measurement system.

6.2.1.1 Automated Baseband Load-pull

An application of enhanced active baseband load-pull has been
demonstrated though the control of significant baseband components over a
significant bandwidth; in this thesis at least ten times of modulating frequency.
The magnitude and phase of each IF component was adjusted manually to
present the specific impedance. This, in principle, is very time consuming in
terminating and load-pulling the IF components together.
In fact this shortcoming can be overcome by a programme routine that allows
the baseband components to be held, moved and terminated together with
appropriate baseband impedance termination. This improvement will allow the
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baseband load-pull system to operate with full automated functionality. In a
nutshell, fully automated control can be used to either eliminate the variation
on the baseband components for better accuracy or improving the baseband
load-pull capability by emulating real world bias network impedance through
the precise control of baseband components individually and together.

6.2.1.2 Automated Modulated RF Load-pull

The RF load-pull is a technique based on the search for the optimum
impedance seen by the device in order to investigate its performance in terms
of efficiency, linearity, gain, and output power. This is important especially for
the nonlinear device in which the performance with different load cannot be
predicted using small signal s parameters.
The major development of the RF modulated load-pull system through this
work has been achieved with the aim of characterising the microwave devices
under realistic PA mode RF impedances. A limited linearity investigation has
been performed on 10W GaN HEMT transistors with some success in
emulating the class-J mode of operation, with the implementation of the open
loop architecture using the Tektronix AWG7000. To further this investigation
and to enable the performance of different devices to be investigated, the
modulated RF active load pull system must be automated to avoid the
excessive time penalty in controlling the individual tones around the carrier
and harmonics. A development of the measurement software is, therefore,
required to enable load pull to be performed on the output spectrum of a
modulated signal at both the fundamental and harmonic frequencies; this
would provide the ability to directly measure the behaviour of the device
operating in each mode of operation, thus providing further validation of the
behaviour models ability to predict the effect of the fundamental load and

harmonic terminations on the distortion products.

6.2.1.3 Load-pull Capability for Digitally Modulated Stimuli

Further enhancements of measurement system can be carried out
towards a large-signal fully automated load—pull system for characterization of
wireless communication systems dependant on digitally modulated signals.
The traditional load—pull measurements have been limited to the utilization of
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single-tone and two-tone signals for optimizing output power and third order
intermodulation products performance of transistors. However, most of
today’s wireless communication systems rely exclusively on digital
modulation.

Load—pull measurements to determine optimum load impedances for power
gain and adjacent-channel power ratio (ACPR) in microwave devices
stimulated with wideband code division multiple access and orthogonal
frequency-division multiplexing signals of various peak-to-average ratios is of
utmost importance. The obtained results can then be compared to load—pull
measurements of gain and third-order intermodulation products (IMD3), based
on a two-tone source signal to establish that the optimum match impedance
changes depending on whether a two-tone or a digitally modulated source is

used as a stimulus or not.

6.2.2 Supplementary DUT Investigations

The push for wider bandwidths and higher distortion reduction will
continue, driven by emerging wireless technologies. It seems that memory
effects are probably the most important issue. These phenomena are so
complex and depend on so many interactive variables that a simple solution
to the problem does not exist. This doctoral thesis attempted to quantify them
and reduce some of the more relevant memory effects, but further reduction is
certainly possible. This emphasizes that RF electrical memory effect can be
investigated in addition to baseband frequencies. It would be interesting to
use the enhanced measurement system to find a figure of merit for both the
optimum baseband and second harmonic components at the same time,
however, memory effect can also be modelled effectively and it would also be
possible to use the mix of linearization techniques to enhance the linearity

performance of microwave devices.

6.2.2.1 Effect of 2"¢ Harmonic on Linearity

The apparent future work is also to quantify the effect of 2" harmonic
impedance on the linearity performance of a power device. Equation 6.1
indicates that it would be possible to linearize the power device through the
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precise engineering of second harmonic impedance environment using RF
load-pull.
i(t)=a, *v(t)+ a, *v>(t)+a, *v°(t) (6.1)

It is not yet clear how much the variation in in-band distortion is related to the
variation in the second harmonic impedance, not engineered precisely in this
work but terminated to a reactive for emulation of class-J mode of PA
operation. It would be important to investigate in sufficient detail the impact of
second harmonic termination on in-band distortion and possibly find a figure
of merit for the one that has the greater impact on it. Is it base-band or second

harmonic impedance?

6.2.2.2 Combined LUT Predistortion and Baseband Injection
Look-Up-Table (LUT) based predistortion, and baseband injection can
be considered simultaneously for improved linearity performance, mainly in
terms of adjacent channel power ratio (ACPR) reduction, error vector
magnitude (EVM) improvement. The LUT predistortion plus injection
advantages can be quantified on their comparisons with baseband injection
only, and can be verified its abilities by applying to a PA system having both
nonlinearities and memory effects. The LUT predistortion plus baseband
injection has the potential to be controlled using artificial intelligence
techniques.
The advantage of this would be that the coefficients of LUT and baseband
injection can be calculated automatically rather than manual measurement
and calculation. The logical reason for applying LUT predistortion first then
baseband injection, rather than baseband injection first then LUT, is that the
LUT predistorter will first reduce the majority of the PA’s nonlinearities and
hence the new intermodulation products generated from the interaction of
injection and pre-linearized signal will be much less significant and will almost

suppress the intermodulation products completely.

6.2.2.3 Modelling Memory Effects
The memory effects are problematic effects in power amplifier design.
These represent a source of nonlinearity which is difficult to formulate in the
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modelling approach. Since memory effects would contribute to the distortion
characteristics of a power amplifier, neglecting memory effects in modelling
may reduce optimal performance of power amplifiers. So it's worth
considering a modelling approach somehow by accounting for the memory
effects. There are basically three factors which contribute to memory effects.
The thermal effects cause memory effects due to the heat generated during
the operation of transistor devices which results changes of temperature and
consequently dispersion of device characteristics. It's possible to model this
bit once the thermal measurement is available. The temperature can be a
model parameter which allows the model to respond differently in different
thermal states. The major factor which causes memory effects is the base-
band modulation. Due to the imperfect nature of the DC biasing circuit, the
impedance variations across the base-band seen by the device causes
asymmetrical IM sidebands when the device is excited by a wideband or
multi-tone signals.

The asymmetry can be a serious problem for common PA linearization
schemes such as pre-distortion. Since these kinds of effects are mainly
caused by the DC biasing network, it's possible to model the effects using
practical DC biasing network in simulation. There are various avenues to be
explored in relation to bandwidth-dependent memory effects modelling. Many
modelling techniques could be considered, particularly those more suitable to
model baseband memory effects, generally speaking it’s difficult to model
such effects, to reduce second-order distortion, and hence increase
linearization possibility of power amplifiers.

6.2.2.4 Envelope Square Injection for Linearity Enhancement

A comprehensive work has been documented in this thesis on
envelope injection which was used to compensate for memory effects of the
microwave transistor and it is essentially referred to as a real-time version of
the load-pull technique [3]. Generally, the main causes of memory effects are
the existence of envelope impedances. It is important to remember that most
memory effects arise as mixing products at the envelope frequency. While the

envelope signal virtually generates the desired envelope impedances over a
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range of modulation frequencies, which are used to compensate the original
envelope impedances. Interestingly this method was then used to achieve
better power transistor linearity by nullifying the 2" order nonlinearity of the
device as has been demonstrated in [4], [6], [7].

However, the investigations on an envelope square injection signal can be
conducted to explore its effectiveness to correct the AM/AM nonlinearity of
power transistor regardless of the excitation signal statistics. Intuitively
speaking, this should suppress the distortion side bands over a broad
dynamic output range and for a wide modulation frequency variation;
however, this requires investigations to be validated.

6.2.2.5 Linearity Investigations of Continuous Modes

The effectiveness of the linearization documented in this thesis needs
to be investigated for continuous mode of operation of power amplifier [8], [9].
The imperative observation made under class-J mode of operation has large
implications for modern PA linearization techniques emphasizing the fact that
the linearity enhancement of continuous mode of operation would be rather
challenging by using the very mechanisms that are employed to improve the

efficiency.

6.3 Conclusive Remarks

For what small measure of knowledge this work may contain, and
perhaps might impart to others, there is yet a vast frontier waiting to be
explored. The advent of 4™ generation wireless communication systems has
truly given rise to a new era of un-paralleled speed and versatility in electronic
communication. Literally every day, new directions are being wrought out.
Though the letter of this work now comes to a close, it is hoped with great
earnest that, in the mind of the reader, the spirit of this work will continue

onward.
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APPENDIX-A

Calibration Interpolation

This section provides an explanation of the calibration interpolation panel and features
available in the interpolation software implemented in IGOR. All controls are accessed using

the Main Panel depicted in Figure A-1

[ Load IF Cal ] [C:Dacuments and Settings:Akmal Desktop:New Modulsted FULL_CAL.CAL 25307 R:IF_CALVEC CAL UwCC HARM CAL |
[ Load RF Cal ] [C:Documents and Settings:Akmal D esktop:Mew_Modulated: FULL_CAL.CAL 2907 _R:RF_CALWVEC _CAL U'WCC HARM.CAL |
Carrier FrequencylGHz) 2 | [ Calculate New Frequency List I B show Graphs

Modulation Frequencyitiz) T &) S

Order [10 =)
Harmonics [3 |@I [ Calculate Mew Error Terms ‘
Save New Cal File ]IE:Documents and Settings.AkmatDesktop:Mew Modulsted FULL _CAL:CAL 25307 R:interpolation’EC_CAL LWCC HARM.CAL

Figure A-1: The main user panel for calibration interpolation

As shown in Figure A-1, there are four sections of functions that can be controlled via the
interface. They are “Load IF Cal”, “Load RF Cal’, “Calculate New Frequency List”, “Calculate

New Error Terms”, “Save New Cal File”, and Show Graphs.

Load IF Cal allows to select the relevant directory, loads the IF calibration file and store the
error coefficients and the IF frequency list of the system in a programme array.

Load RF Cal allows selecting the relevant directory to load the RF calibration file and stores
the error coefficients and the RF frequency list of the system in a programme array.

Calculate New Frequency List this computes the interpolated frequency list to define a
precise measurement grid

Calculate New Error Terms this computes the interpolated error terms of the integrated IF
and RF measurement system. Before calculating the new error terms, the information about
the calibration data set, for instance, Carrier Frequency, Modulation Frequency, Order and
Harmonics are needed to be defined.

Save New Cal File allows saving the new interpolated calibration file by specifying the path
Show Graphs displays the interpolated error terms graphs. The following graphs show the
calculated error coefficients of the measurement system, the system is calibrated at base-
band, fundamental band and harmonic-bands up to the 3™ harmonic. The system has been
calibrated over a 45 MHz bandwidth at the base-band, and over a 60 MHz band at RF. The
presented graphs of the error coefficients confirm that the system does not vary widely over

the calibrated bandwidth, making it possible to easily interpolate the error coefficients.
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APPENDIX-B

IF Test-Set Calibration and Validation

In order to measure a device it is of prime importance to minimize any error which a system
can possibly introduce. Therefore to achieve accurate measurements of the device, error
coefficients must be determined. The calibration procedure used for the small signal CAL is
TRM (True — Reflect - Match) and for large signal Cal, extend two ports indirectly via source-
pull port is used. The IF test set is connected as shown in Figure1l. AWG is used as the IF
source and it was connected to IF Cal Switch.

Directional Couplers ,
IF and RF 30dB
Diplexing

Figure B-1: Integration of IF test-set into the RF test-set

As can be seen from the figure the complete IF and RF calibration test set-up. In this
complete configuration, there is a need to diplex the RF and IF travelling wave components
before measurement and it is achieved by blue Krytar back-to-back couplers.
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IF Full Calibration

After the full calibration the Thru measurements with delay of -16.584psec are depicted in
figure B-2.

0

-20

D
S
5 0 \
= / /
w© \ 7
2 4 6 8 10x10”
Frequency (GHz) -j50

Figure B-2: Thru measurement for S-parameters

Verification of IF Calibration
Step 1:

To validate the IF Cal a short standard measurement is performed and S11, S22 can be seen
perfectly on short location on smith chart pointed by circles.

S11

Similarly open standard measurement is performed in order to validate the IF full Calibration.

S11 S22
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5, Radius=1.0 0 S, Radius=1.0
1100

Step 2:

A cable of 4.94nsec delay (delay is measured through VNA 8753 for frequency ranging from
1-20MHz) is used to perform off-set IF calibration verification.

0

S,; Radius=1.0

-20

Magnitude

-30

—

/

2 4 6 8 10x10”
Frequency (GHz)

The measured S21 for thru is listed in Table B-1 and the delay is calculated by using B-1 and
compared with the obtained through VNA 8753.

Phase Delay= ®/360*Frequency (B-1)
Magnitude Phase(Degrees)
0.999089 1.827038
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0.998033 3.633365
0.997932 5.456631

0.997736 7.264744
0.997135 9.06323

0.996747 10.846911
0.996808 12.655551
0.996419 14.441444
0.996441 16.236152
0.996035 18.031014

Table B-1: Measured S21 for Thru

Measured delay through measurement system = 5ns for all frequency ranges and measured

delay on VNA 8753= 4.94ns which shows an excellent match between both measured delays.

g

A close-up for delay near the open on smith chart is shown in figure depicted above.

Step 3:
An off-set short is measured using the IF calibration and the delay is calculated for each
frequency spacing.

S,, Radius=1.0

j10

510

The measured S-parameters for both ports are listed in table B-2 and table B-3 which are

very much same.

Measured S11
Frequency(MHz) Magnitude Phase
1 0.993958 176.129767
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2 0.991948 172.408392
3 0.990433 168.733192
4 0.989750 165.005774
5 0.988915 161.324880
6 0.987932 157.643689
7 0.986946 153.972071
8 0.985747 150.316109
9 0.984504 146.687271
10 0.983917 143.055001

Table B-2: Measured S11 for short

Measured S22

Frequency(MHz) Magnitude Phase
1 0.993803 176.121848
2 0.991570 172.358148
3 0.990119 168.848898
4 0.989267 165.001684
5 0.988124 161.338261
6 0.987690 157.730461
7 0.987248 154.161473
8 0.986803 150.656734
9 0.986369 147.206224
10 0.986275 143.787029

Table B-3: Measured S22 for short

The calculated delay based on the s-parameters listed in above both tables is approximately

10ns which is twice of the previously calculated in case of thru.
Step 4:

Check the Beta file, it should be around 1 in magnitude and 0 in phase for all frequency list in

order to achieve an excellent calibration.

Beta File

Frequency(MHz) Magnitude Phase
1 1.03388 -0.0490795
2 1.03066 0.0138316
3 1.02828 0.0525044
4 1.02549 0.0881534
5 1.02122 0.119287
6 1.01724 0.148774
7 1.01239 0.177455
8 1.00705 0.205179
9 1.00145 0.232296
10 0.994948 0.25914

Table B-4: Beta file
Step 5:
Compare the error terms generated by the measurement system software with the actual
attenuation or padding in the system. In case of IF, there is only 30dB coupler is present in
the source and load side which can be seen from the figure 1. However, the error terms
obtained for transmission (Eip) and reflection (Eq;) are found to be in agreement with the

actual IF system attenuation.
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Figure B-3: Computed error terms on the output side

Step 6:

Finally, the calibration was loaded into the measurement software and performed the thru
measurements. A 0dBm signal was injected at 1MHz and simple 50Q line was used to
calculate the power at the DUT plane (centre of the line was used as a reference). Moreover,
an oscilloscope was used to measure the voltage for all the frequency spacing and then

converted to the power using the formula giving in equation B-2.

Power= (V,/2)?/2*R (B-2)

The voltage measured at the centre of line with oscilloscope was 571mV and converted to
average power.
Power= (573*10°%/2)/2*50= 0.82mW (B-3)

This power was then converted to dBm which is -0.84dBm, as can be seen from the below
panel the input is -0.82dBm which is close enough to the calculated one at the device

reference plane.

Input Parameters

InpLt Reflected Load Refl. Coef Irpedance
[ IF @2?5@ -26.1404 00542446 -T8.6937 a1.2617 ]
[ Lower Tone 493748 -17.3737 N.0TEE361 -160.14948 433377 ]
[ Fundamental |-42.4071 -H5. 8863 0.2118457 -101.402 a0.3143 ]
[ Upper Tone 481422 -17.2663 007286995 -162.228 43.0821 ]

Close

Since a 50Q line was measured so what power is at the input same was observed at the

output.
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APPENDIX-C

Tektronix Scope Setting

Some control variations are required on the RF stimulus section for the multi-tone mode of
operation. RF stimulus functionality of the panel allows the users to load and set the

calibration parameters required to compute the number of windows for custom automated
measurement of one complete modulation cycle.

RF Stimulus

Harmonics |3 |=
Carier Frequency [GHz] |2 =
Maod Freq [MHz] |2 =
ScopePaints | 4000 =
Order {10 =

Sampling frequency [GHz) | 16

Total Paints | 3000

Mumber of Windows | 2
dizplayA esoulution [R5 Adiv) @

[ zet Syztem ]

[ kMeazure I

Figure C-1: RF Stimulus settings for multi-tone measurements

There are two main tabs on the panel as shown in Figure C-1 which are “Set System” and
“Measure”

Set System sends the parameters values to Tektronix Scope Setting panel and sets the
scope for modulated measurements

Measure is a common button switch with the button “ Trigger a New measurement” on
Tektronix Scope Setting panel depicted in Figure C-2. It sets the scope to measures the
modulated time domain waveforms effectively.

The Tektronix scope panel allows setting the scope for the measurements of modulated
signals. The measurement settings are determined in their respective tabs.
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Tektronix Scope Setting

Averages | B4 = I External Direct j

| Initialize |

T o~

RecLength (4000 |@ Yertical Res [mv) @
HorzStart (nS) [E19__ ] HorzRes () E_ 14

| Configure Measurement

| Trigger a Mew Measurement

[ cH1 [ CH2 [ CH3 B CH4 [J cHE [ CHE

| Collect Data

Figure C-2: The main interface panel for Tektronix scope setting

As shown in Figure C-2, there are four sections of functions that can be controlled via the
interface. They are “Initialize”, “Load Configure Measurement”, “Trigger a New Measurement”,

and “Collect Data”.

Initialize initializes the Tektronix scope by restoring the default settings and clear all the
previously set variables.

Configure Measurement sets the averages, type of trigger, scope record length, vertical
resolution and horizontal resolution of the scope which were computed from RF stimulus

parameters.
Trigger a New Measurement triggers the scope for a measurement using the external high

quality trigger clock.
Collect Data collects the raw data measured by the scope with different external parameters

setting such as RF frequency, input power etc.
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APPENDIX-D

Modulated Waveform Measurements

Main Modulated Measurement panel provides the user interface to perform the modulated
waveform measurement and display of the measured results in time and envelope domains. It
also displays the measured power performance of the device under test (DUT).

Initialize the Load the Waveform
System Calibration File Measurement Display of Results
l Irutialize ] Load Cal I
[C:Documents and Settings:Akmal Desktop:New_Modulated: FULL_CAL:Full 1308 interpolation’EC_CAL_UwCC] [ Time Domain Graphs ]
[ FundmentalSource | Measure I [ Riavs Main Ehann.els Data
[ Frequency Domain Yl Waves
Power DE [ RF Time Domain 1 \wWaves
LOAD RF SOURCE . .
2nd Harmoric Source I [ RF Time Damain AB 'Waves
[ oN ([ oN | [[_oFF ]
oN_ | Power [0 8] [Envempe Domain Graphs]
A
DC Stirnulus Paints [T000__ ][5
CPsU | EE25 =l DCPSU | E643 = L RF Fundamental Ervelopes
[ RF Fundamental Phases[deq)
Ch | I 1 vl Channel | 2 -~
e [ Peak Ervelope Power[PEF)
Base/Gate Drain/Collector B4 Peak Envelope Gain [4hA4k]
[ Peak Ervelope Phaze[sM/Phd]
valtage (V] Woltage (V) B4 Dynamic T#F Characteristics
2 [ — N
= : B [ Performance Graphs ]
easured I-D_DDDS Measured [0.003
O Fin Spectra B Pout Spectia
Current (mA) Current (maA) [ Smith Chat [ RF Load Line
setfm | setfz000 |8 [ Power PErfOrmance ]
caswed [-0708 Measured [-0.001 Input  |3M227  [dBrm]
Output [207229 [dBEm]
* Gain [ran [dB]
Path [ C:ADocuments and S ettings\AkmalD eskboph T esting_Faolder', Ef-ﬁciencylmo wvalues [%]
i | I
Filengme [NineTones PEP 38dBm_C3 Demo | Filename Counter E @ INEident Power | <no vale [dBm]
Reflected Power] <o val [4Brm]
Reset Save Counter ]
[Cumpute Power B PDints]
Comment [GaM 100w |
-_S [ Save Tables Sl E Sl @
i B i arly Output Power MM [dBr]
Source Control Save the Data Device Biasing

Figure D-1: The main user panel for measurement software

Initialize the System Enables IGOR to access the GBIP Bus and configures the
measurement system instrumentation and switches. Control of the GPIB bus can also be
achieved without an instrument and switch reset using SetupGPIB in the main menu.

Load the Calibration File opens the calibration location directory and loads the interpolated
calibration file.
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Source Control changes the power and fundamental frequency in accordance with the panel
depicted in Figure D-2. It downloads new values of the magnitude and phase to the source
ESG. The RF ON/OFF button toggles the state for source as well as for 2" harmonic ESG.
Device Biasing Provides independent control of all the channels of the relevant DC power
Supply. Allows biasing the device by changing the base voltage and drain voltage
simultaneously and the measured data will be mathematically inserted into the RF
waveforms.

Waveform Measurement performs a measurement at device reference plane and
continuously measure the input or output voltage and current waveforms without switching
ports. Measures the magnitude and phase of the travelling waveforms at the fundamental,
second and third harmonic frequencies.

Save the Data determines the saved data location and allows the user to name the files.
Display of Results allows user to display a Smith chart and other graphs in time domain as

well as in envelope domain.

Required Carmier Frequency [GHz] @
Required T one Spacing [MHz) @
Mumber OF Tones @

1 =
Faint freqStates
1] 1 : [
1 1 -50 5436 112457 |
2 1 -5 055 -5 33666
3 1 -35.032 154123
4 1 -4 043 -150.733
5 1 -27.58804 -235 6163
G 1 -31.3362 5276
7 1 -194.6831 959733
5] 1 -10.9525 o7 3122
L] 1 -10.9525 o7 3122
10 1 =18 6204 -129.952
11 1 -11.0137 -145.2
12 1 -15.7152 29.9249
13 1 278936 0202325
14 1 =15 7265 -29 8576
15 1 -11.0187 145.22
16 1 -18.6512 129977
17 1 -10.957 -97.2971
18 1 -18. 6518 -95.9288 | *
| LI_I

Figure D-2: The table to define the magnitude and phase of multi-tone signal to set the ESG
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APPENDIX-E

Multi-Sine Stimuli

NINE TONE
No. Amplitude Phase
1 -21.12471234 -297.11
2 -37.84453698 -115.4217
3 -33.69887126 -18.21586
4 -14.02345689 214.568
5 -21.99012412 -70.124
6 -19.04589687 -125.745
7 -11.12366545 -282.356
8 -22.63055897 145.389
9 -13.61243475 45.6235
TWENTY FIVE TONE
No. Amplitude Phase
1 -32.84750314 -179.773
2 -50.84362168 -112.467
3 -46.05498861 -8.33666
4 -35.03202286 154.1229
5 -41.04299412 -150.733
6 -27.58043687 -85.6163
7 -31.33618015 -82.76
8 -14.68307587 96.97827
9 -10.96253445 97.31224
10 -18.63043299 -129.952
11 -11.01373613 -146.2
12 -15.7151541 29.93485
13 -2.789364444 0.202325
14 -15.72651324 -29.8676
15 -11.01874641 146.2201
16 -18.65182229 129.9766
17 -10.95701386 -97.2971
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Multi-Sine Stimuli

18 -14.68251158 -96.9298
19 -31.37801839 83.16438
20 -27.57500395 85.78428
21 -41.04183545 148.9179
22 -34.94699862 -1563.571
23 -46.73607638 8.974042
24 -50.39808355 111.384
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APPENDIX-F

Complementary Cumulative Distribution Function (CCDF)

The following code calculates the complementary cumulative distribution

function and can be run as an m-file using Matlab.

[

% ccdf function

close all;

clear all;

function[x_db, ccdf,par,avgl= ccdf(a)

o\

function[x_db, ccdf,par,avgl= ccdf (a)

o\

o\

This function calculates the Complementry Cumulative Distribution
Function (CCDF) of the COMPLEX input array "a"
Output Values: x_db X axis: dB power array (0dB= average power of
input

waveform)

ccdf Y axis: complementry cumulative distribution function
above0dB)

par peak-to-average ratio in dB

o\

o\

o\

o0 —~ oP°

HIST_SIZE=200;

magsqg_a= abs(a) .”2;
peak=max (magsqg_a) ;
avg=mean (magsqg_a) ;

o\

Calculate input mag_squared values
Find the peak value
Calculate the mean power

o\

o\

o\

[h,x]=hist (magsqg_a,HIST_SIZE);
generates the PDF
cdf=cumsum(h) ;

function

1cdf=100* (cdf/max (cdf)) ;

have 100% in last bin)

Histogram the sample values- this

o\

Convert to cumulative distribution

o\

Convert cdf to percentage (should

o\

ccdf=100-1icdf;
x_db=10*10gl0 (x/avg) ;
0OdB=average signal power
N=1+sum(x_db<0) ;

was below 0dB

x_db=x_db (x_db>0) ;

above the average power
ccdf=ccdf (N:HIST_SIZE) % Only keep those histogram
percentage above the average power

Create the ccdf in percentage
Convert mean(a) into dB, where

o\

o\

Ignore those first bins whose power

o\

Only keep those mag-squared values

[)

par=max (x_db) ; % Save the peak-to-average ratio

return;
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APPENDIX-G

Tektronix AWG Control

The detailed explanation of the options available in the Tektronix arbitrary waveform

generator (AWG) software is listed on the panel.

Define Waveform Waveform Display
Specifications Window

Clock Frequency (GHz) 10.000000000 =

fundemental frequency (GHz) [1.000000000

Ampltude (10000

Offset |0.000

Sine Wave | Pulse | MuliTone | Pulsed Mutitone |

=

Modustion Rete (MHz) (1000000000 2
Number of tones |3 2

Fu
ndex  MegldB)  Phassieg) & -
2 0 0.000
A 0 0000 | 400 600 800 1000
[] -10 0.000 time [nS]
1 [10 oson =
< n r DIFfie Name  STONE_Fund2nd [[Crat-DIF |«

Second|Harmonic
ndex MegidB) | Phaseieg) & -
2 10 0.000
3 10 0000 |
4 0.000 =
A i il )

Number Of Poirts | 10000

Table for Fundamental Table for 2™ Harmonic Creation of Waveform

Tones Entries Tones Entries

Figure G-1: The main user panel for AWG control software

Define Waveform Specifications allows setting the clock frequency and fundamental
frequency of the waveform. The amplitude and offset of the waveform relative to zero
crossing of the waveform can also be defined.

Waveform Display Window displays the waveform and for each edit in waveform magnitude
and phase of the fundamental tones or 2" harmonic tones automatically updates the
waveform.

Table for Fundamental Tones Entries defines the magnitude and phase of each individual
tone at fundamental frequency.

Table for 2" Harmonic Tones Entries defines the magnitude and phase of each individual
tone at 2" harmonic frequency.

Creation of Waveform creates the waveform with the defined values of each tone at

fundamental and 2™ harmonic frequencies and downloads to the AWG
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APPENDIX-H

10 W, RF Power GaN HEMT

CREE®
CGH40010

10 W, RF Power GaN HEMT

Cree'’s CGH40010 is an unmatched, gallium nitride (GaN) high
electron mobility transistor (HEMT). The CGH40010, operating
from a 28 wolt rail, offers 2 general purpose, broadband solution

to a variety of RF and microwave applications. GaN HEMTs offer

high efficiency, high gain and wide bandwidth capabilities making

the CGH40010 ideal for linear and compressed amplifier circuits. _P_a-:_kfgg Vo g
Ty e—
PN'S: CGH40010F & Corragorst
down, pill packages.

The transistor is available in both serew-down, flange and solder-

FEATURES APPLICATIONS

Up to 6 GHz Operation 2-Way Private Radio
16 dB Small Signal Gain at 2.0 GHz Broadband Amplifiers
14 dB Small Signal Gain at 4.0 GHz
13 W typical P,

Cellular Infrastructure

Test Instrumentation

65 % Efficiency at P,

Class A, AB, Linear amplifiers suitable
for OFDM, W-CDMA, EDGE, CDMA

waveforms

28 V Operation

Large Signal Models Avallable for SIC & GaN

A o
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:I:I:@

Absolute Maximum Ratings (not simultaneous) at 25°C Case Temperature

[ ———— —_— e — i
Parameter Symbol Units

| Drain-Source Voltage Vo B4 Volts
Gate-to-Source Voltage i o -10, +2 Volts:
Storage Temperature T -63, +150 *C

| Dyperating Junction Temperature T 235 b

| Maximum Forward Gate Current T 4.0 mA

| Soldering Temperature’ T E 245 G
Screw Torgue T 60 in-oz

| Thermal Resistance, Junction to Case® R B.0 “Crw
Case Operating Temperature’” T 40, +150 *C

the.

! Refer to the Application Note on soldering at www.cree.com/products/wireless_appnotes.asp

* Measured for the CGH40010F at P, = 14 W.

* See also, the Power Dissipation De-rating Curve on Page 6.

Electrical Characteristics (T, = 25°C)

e = — memml e

Gate Threshold Voltage Visias -3.8 -3.3 23 Vi V=10V, I =36mA
Gate Quiescent Voltage S - -3.0 - V. V. =28V, = 200 mA
Saturated Drain Current T 29 a5 - A Vg = 6.0V, Ve = 2.0V
Drain-Source Breakdown Voltage [T 120 - - Voo V=BV, I =36mA

RF Characteristics® (T, = 25°C, F, =

small Signal Gain Gy 125 14.5 = dB V= 28V, I, = 200 mA
Power Qutput® Pow 10 125 - w V= 28V, I, = 200 mA
Drain Efficiency® " 55 65 - % Vi = 28 W, I, = 200 m, Pyg
Ne damage at all phase angles,
Output Mismatch Stress VSWR - - 10:1 ¥ V=28V, I, = 200 mA,

Por = 10 W OW

Input Capacitance el = a5 = BF V=28V, =-BV f=1MH:
Output Capadtance {0 = 13 = oF Vos = 28V, V,, = BV, = 1 MHz
Feedback Capacitance Co - 0.2 - pF V=28V, V, =-BV,f=1MH

Motes:
1 Measured on wafer prior to packaging.
? Measured in CGH40010-TE.
P.., is defined as I, = 0.36 mA.
* Drain Efficiency = Py, / Poe

Cree, Inc.
4500 Sikcon Drive
Copyright £ 2006-2011 Cres, Inc. Al ights reserved. The Information in this document is sulbject to change without notice. Cree and Dwrham, NC 27703

the Cres logo are registened trademarks of Cree, Inc. USA Tel: +1.919.313.5300
Fax: +1,919.869.2733
Ww_ree .comy wirsless

2 H OR
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Typical Performance
— —

Small Signal Gain and Return Loss vs Frequency
of the CGH40010 in the CGH40010-TB

20 314G+ 38GE
149d8 14.51 dB
_,,—-‘9‘_.- R : e
— T -\"'\-\.ﬂ\
@ 10 A
L
s e T
2 P T
_=| i_).r
1] 0 =] | O
E =) B =
@ H o}
240 —H
£ - DB IS(2.1)1) T
@ |34EH: Hasat I|3.ECH:
B oS 1 -10.65d8 || | -7.457 dB | | -8.545 dB
-20
25 3 35 4 45
Frequency (GHz)
P Gain, and Drain Efficiency vs Frequency of the
CGH40010F in the CGH40010-TB
V,, =28V, I, = 200 mA
18 BO

Posr (W), Gain (dB)
Drain Efficiency (%)

~—Draln ER

350 3155 360 365 370 375 380 385 390
Frequency (GHz)

Cres, Inc.

4500 Silicon Drive

‘Copyright € 2006-2011 Oree, Inc. All nights reserved. The Infiormation in this document i subject to change without notice. Cres and Durham, MC 27703
the Cres logo are registered trademarks of Cree, Inc. USA Tel: +1.915.313.5300

Fax: +1.919.868.2733
W Loy wireless
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s L &

e

Typical Performance
—— —

Swept CW Data of CGH40010F vs. Output Power with Source
and Load Impedances Optimized for Drain Efficiency at 2.0 GHz
Voo =28V, I, = 200 mA
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Appendix-H 10W, RF Power GaN HEMT

Typical Performance
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Swept CW Data of CGH40010F vs. Output Power with Source
and Load Impedances Optimized for P1 Power at 3.6 GHz
V,, =28V, I, =200mA

14

7 a4
13 — u

> |-

)
| g
=, 0D
g g \ 5
M
10 / E

T]ae

'/

\

\

3 25 . 23 k| 33 35 v 33 41 43
Pout {dBm)

Simulated Maximum Available Gain and K Factor of the CGH40010F
Vo =28V, I, = 200 mA

ry

kh]
i_-i-DB-cGMm][.(.l] Ly EFRO ] (R { __B.-——E
| CGHA00IOF & CEHH00OF_rE -
' -
25
E 13
(=3
- g
2 rd
= L4
15
-
10 F’- 0
0.5 1.5 2.5 a5 4.5 65 6

Fraquency (EHz)

Cres, Inc.
500 Silicon Dirive:

Copyright & 2006-2011 Cres, Inc. All rights reserved. The Information in this document ks subject to change without notice. Cree and Dwrham, MC 27703
USA Tel: +1.919.313.5300

the: Cree logo are registered trademarks of Cree, Inc.
Fa: +1.915.869.2733
WWW_ e Com wireless

3 CGH40010 Rev 3.1

231



Appendix-H 10W, RF Power GaN HEMT
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Typical Noise Performance
———— ——=—

Simulated Minimum Noise Figure and Noise Resistance vs Frequency of the CGH40010F
V=28V, I, = 100 mA
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Electrostatic Discharge (ESD) Classifications
Parameter Symbaol Class Test Mathodolagy
Human Body Madel HEM 1A > 250V JEDEC JESDIZ A114-D
Charge Device Model DM 1= 200V JEDEC JESD22 C101-C
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Appendix-H 10W, RF Power GaN HEMT
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Source and Load Impedances

= ————— ————

Z Source Z Load

5
Frequency (MHz) Z Source Z Load
500 20.2 + j16.18 51.7 + J15.2
1000 8.38 + [9.46 414+ 285
1500 FIT+0 28.15 + |29
2500 3.19 - .76 19+ j9.2

3500 3.18 - j13.3 14.6 + |7.46
Note 1.V, = 28V, I, = 200mA in the 440166 package.
Note 2. Optimized for power, gain, P, and PAE.
Note 3. When using this device at low frequency, series rasistors

should be used to maintain amplifier stability.

CGH40010 Power Dissipation De-rating Curve

= e —— e e
e e
18 . - - . . . + - -

Power Dissipation (W)

| .

0 26 5 T 100 126 180 176 200 26 260
Maximum Case Temperature (°C)

Note 1. Area exceeds Maximum Case Operating Temperature (See Page 2).
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Appendix-H

10W, RF Power GaN HEMT

CREE®

CGH40010-TB Demonstration Amplifier Circuit Bill of Materials

= —————

R1,RZ RES,1/16W,0603,1%,0 OHMS 1

R3 RES, 1/16W,0603, 1%, 47 OHMS 1

R4 RES, 1/16W, 0603, 1%, 100 OHMS 1

CE CAP, 470PF, 5%,100V, DE03 1

ci7 CAP, 33 UF, 20%, G CASE 1

Ci6 CAP, 1.0UF, 100V, 10%, X7R, 1210 1

CB CAP 10UF 16V TANTALUM 1

ci4 CAP, 100.0pF, +/-5%, 0603 1

Cci CAP, 0.5pF, +/-0.05pF, 0603 1

cz CAR, 0.7pF, +/-0.1pF, 0603 1

C10,C11 CAP, 1.0pF, +/-0.1pF, 0603 2

c4,C12 CAP, 10.0pF, +/-5%, 0603 2

5,013 CAP, 39pF, +/-5%, 0603 2

e CAR,33000FF, D805, 100V, X7R 2

13,14 CONN SMA STR PAMEL JACK RECP 1

12 HEADER. RT>PLZ.1CEN LK 2 POS 1

n HEADER RT>PLZ .1CEN LK 5P0S 1

= PCE, RO4350B, Er = 3.48, h = 20 mil 1

o1 CEHA40010F ar CGHA400108 1

CGH40010-TB Demonstration Amplifier Circuit

= ——

Cree, Inc.
$500 Sllkcon Dirive:
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Appendix-H 10W, RF Power GaN HEMT
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CGH40010-TB Demonstration Amplifier Circuit Schematic
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Appendix-H 10W, RF Power GaN HEMT

Typical Package S-Parameters for CGH40010
(Ssmall Signal, VDS = 28V, L, = 100 mA, angle in degrees)

— e e e 0 O e, S e S

mmmmmmmm
500 MHz -123.34 17.19 108.22 2136 0.343
600 MHz 0.302 -133.06 14.85 101.82 0.028 15.60 0.329 -8B.65
700 MHz 0.897 -140.73 13.04 96.45 0.028 10.87 0.321 -104.84
800 MHz 0.8%4 -146.96 11.58 91.78 0.029 6.84 0.317 -109.84
900 MHz 0.891 -152.16 10.41 B7.61 0.029 333 0.316 -113.95
1.0 GHz 0.890 -156.60 9.43 B3.82 0.029 0.19 0.318 -117.42
1.1 GHz 0.889 -160.47 8.62 80.31 0.028 -2.66 0.321 -120.40
1.2 GHz 0.888 -163.30 7.33 77.02 0.029 -5.28 0.326 -123.02
13 GHz 0.887 -166.99 7.34 73.90 0.029 -7.72 0.332 -125.36
1.4 GHz 0.887 -163.80 6.82 70.52 0.029 -10.01 0.338 -127.51
1.5 GHz 0.887 -172.39 6.38 68.05 0.029 -12.18 0.345 -129.50
1.6 GHz 0.887 -174.80 5.98 65.28 0.028 -14.24 0.353 -131.37
1.7 GHz 0.887 -177.07 5.63 62.59 0.028 -16.21 0.360 -133.15
1.8 GHz 0.887 -179.22 532 59.97 0.028 -18.09 0.389 -134.87
1.8 GHz 0.887 178.73 5.04 S7.41 0.028 -19.91 0.377 -136.54
2.0 GHz 0.888 176.76 478 54.89 0.027 -21.66 0.385 -138.17
2.1 GHz 0.888 174.86 455 52.42 0.027 -23.35 0.393 -139.77
2.2 GHz 0.888 173.02 4.34 49,98 0.027 -24.98 0.402 -141.34
2.3 GHz 0.888 171.23 415 47.60 0.026 -26.56 0.410 -142.90
2.4 GHz 0.889 169.48 197 45.24 0.026 -28.08 0.418 -144.45
2.5GHz 0.889 167.76 181 42.90 0.026 -29.55 0.426 -145.99
2.6 GHz 0.890 166.07 1.66 40.59 0.025 -30.98 0.434 -147.53
2.7 GHz 0.890 164.39 ERx] 38.30 0.025 -32.36 0.442 -149.06
2.8 GHz 0.890 162.74 3.40 36.03 0025 -33.69 0.450 -150.598
2.9 GHz 0.891 161.10 1.28 33.78 0.024 -34.97 0.458 -152.12
3.0 GHz 0.891 159.46 317 31.55 0.024 -36.20 0.465 -153.65
3.2 GHz 0.892 156.21 2.97 712 0.023 -38.51 0.479 -156.72
3.4 GHz 0.893 152.96 279 22.73 0.022 -40.63 0.493 -159.80
3.6 GHz 0.893 149.69 2.64 18.38 0022 -42.52 0.505 -162.90
3.8 GHz 0.894 146.38 250 14.05 0.021 -44.17 0.517 -166.03
4.0 GHz 0.8%4 143.03 238 9.72 0.020 -45.56 0.527 -169.19
4.2 GHz 0.894 138.61 228 5.40 0.019 -46.67 0.537 -172.39
4.4 GHz 0.895 136.11 218 1.07 0.019 -47.46 0.546 -175.64
4.6 GHz 0.895 132.53 209 -3.29 0.018 -47.90 0.554 -178.95
4.8 GHz 0.895 128.85 m -7.68 0017 -47.96 0.561 177.69
5.0 GHz 0.895 125.06 1.94 -12.10 0017 -47.61 0.568 174.25
5.2 GHz 0.895 121.15 1.88 -16.58 0.016 -46.84 0.573 170.72
5.4 GHz 0.895 117.11 182 -21.12 0.016 -45.67 0.578 167.10
5.6 GHz 0.895 112.94 L77 -25.73 0015 -44.12 0.582 163.38
5.8 GHz 0.895 108.62 172 -30.42 0015 -42.30 0.586 159.54

5.0 GH: 0.895 104 15 1 ﬁB —15 20 0.015 —lEI 33 0. 559 155.56

Download this s-parameter file in ".s2p" format at http:/fwww.cres . com/products/wireless_s-parameters.asp
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Appendix-H 10W, RF Power GaN HEMT
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Typical Package S-Parameters for CGH40010
(small Signal, VDS = 28 V, I,, = 200 mA, angle in degrees)

— "_———_. — e e o ——— e ——
mmmmmmmm
500 MHz 0.511 -130.62 1B.41 105.41 19.44 0.303 -112.24
600 MHz 0.906 -139.65 15.80 99.47 0.023 14.31 0.293 -119.83
700 MHz 0.902 -146.70 13.B0 94.50 0.023 10.17 0.298 -125.50
800 MHz 0.89%9 -152.41 12.22 290.19 0023 B.68 0.293 -129.85
900 MHz 0.898 -157.17 10.96 B6.34 0.024 367 0.302 -133.28
1.0 GHz 0.896 -161.24 9.92 B82.82 0.024 0.99 0.305 -136.05
1.1 GHz 0.896 -164.79 9.06 To.56 0.024 -1.41 0.309 -138.34
1.2 GHz 0.895 -167.95 8.33 76.49 0.024 -3.62 0.314 -140.30
13 GHz 0.895 -170.80 7.70 73.57 0.023 -5.66 0.320 -142.01
1.4 GHz 0.894 -173.41 7.17 70.78 0.023 -7.56 0.326 -143.54
1.5 GHz 0.894 -175.82 6.70 68.08 0.023 -9.35 0.332 -144.94
1.6 GHz 0.894 -178.09 6.28 65.47 0.023 -11.05 0.338 -146.24
1.7 GHz 0.894 173.78 5.92 62,92 0023 -12.66 0.345 -147.48
1.E GHz 0.894 177.75 559 60,43 0.023 -14.19 0.352 -148.68
1.9 GHz 0.894 175.81 5.30 57.99 0.023 -15.65 0.358 -149.84
2.0 GHz 0.894 173.94 5.04 55.58 o.oz2 -17.05 0.365 -150.99
2.1 GHz 0.894 172.13 4.80 33.23 .02z -1B.39 0.372 -152.12
2.2 GHz 0.894 170.37 4.58 50.91 0.oz2 -19.67 0.373 -153.26
2.3 GHz 0.895 16B.65 4.38 48.61 0.022 -20.90 0.386 -154.39
2.4 GHz 0.895 166.96 4.20 4633 0.021 -22.08 0.393 -155.54
2.5 GHz 0.895 165.30 4.03 44.08 0021 -23.20 0.400 -156.69
2.6 GHz 0.895 163.66 388 41.54 0.021 -24.27 0.407 -157.85
2.7 GHz 0.895 162.04 3.74 39.63 0021 -25.28 0414 -159.03
2.B GHz 0.895 160.43 3.60 3743 0020 -26.25 0420 -160.22
2.9 GHz 0.896 15B.83 3.48 35.24 0.020 -27.16 0.427 -161.42
3.0 GHz 0.896 157.24 3.37 33.06 0.020 -2B.02 0.433 -162.64
3.2 GHz 0.896 154.06 3.16 2B.74 0019 -28.57 D445 -165.13
34 GHz 0.896 150.87 298 24.44 0019 -30.88 0.457 -167.69
3.6 GHz 0.896 147.66 2.82 20.16 QLO1B -31.95 0468 -170.31
3.E GHz 0.857 144.41 2.68 15.89 0.01B -32.76 0478 -173.00
4.0 GHz 0.897 141.10 2.56 11.61 0Lo17 -33.30 0.488 -175.77
4.2 GHz 0.897 137.72 245 7.33 0.017 -33.55 0497 -178.61
4.4 GHz 0.897 134.26 2.35 3.03 0.017 -33.50 0.505 178.47
4.6 GHz 0.857 130.71 2.26 -1.31 0.016 -33.18 0.512 175.46
4.8 GHz 0.896 137.06 217 -5.68 0.016 -32.58 0.518 172.36
5.0 GHz 0.896 123.30 2.10 -10.09 0016 -31.74 0.524 169.16
5.2 GHz 0.896 119,42 2.04 -14.57 0.016 -30.72 0.523 165.86
5.4 GHz 0.896 115.41 1.38 -19.10 0.016 -29.60 0.534 162.44
5.6 GHz 0.896 111.26 1.32 -23.71 0016 -2B.46 0.537 158.89
5.B GHz 0.895 106.97 1.87 -2B.40 0017 -27.41 0.540 155.20

6.0 GH.: 0.895 102 53 1 82 -13 19 CI.DI? -26.. 54 0. 543 151.36

Download this s-parameter file in ".s2p" format at http:/Vwwe.cree.com/products/wireless_s-parameters.asp
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Appendix-H 10W, RF Power GaN HEMT
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Typical Package S-Parameters for CGH40010
(Small Signal, V¢ = 28 V, I,, = 500 mA, angle in degrees)

———— =

mmmmmmmm

500 MHz 0.914 -135.02 1B.58 103.70 0.300 -126.80
600 MHz 0.509 -143.57 15.68 SB.05 0.020 13.67 0.302 -133.51
70D MHz 0.906 -150.23 13.83 93.33 0.021 9.90 0.304 -138.40
800 MHZ 0.904 -155.61 12.23 89.23 0.021 677 0.307 -142.08
900 MHz 0.903 ~160.09 10.95 B5.56 0.021 4.08 0.311 -144.94
1.0 GHz 0.502 -163.93 2.9 82.21 0.021 171 0.314 -147.23
1.1 GHz 0.501 -167.29 .04 79.09 0.021 -0.41 0.319 -143.10
1.2 GHz 0.901 -170.29 831 76.15 0.021 -2.35 0.323 -150.69
13 GHz 0.900 -173.00 7.69 73.35 0.021 4,12 0.328 -152.07
1.4 GHz 0.500 -175.50 7.15 70.66 0.021 -5.78 0.333 -153.29
1.5 GHz 0.900 -177.81 6.69 6B.07 0.021 -7.32 0.338 -154.41
1.6 GHz 0.900 -179.98 6.27 65.54 0.021 -B.77 0.344 -155.44
1.7 GHz 0.900 177.96 5.91 63.08 0,020 -10.15 0.34% -156.43
1.8 GHz 0.859 176.00 5.59 60.67 0.020 -11.45 0.355 -157.38
1.9 GHz 0.83%9 174.12 5.30 5B.30 0.020 -12.68 0.361 -158.30
2.0 GHz 0.8%9 17231 5.04 55.97 0,020 -13.85 0.366 -159.22
2.1 GHz 0.899 170.54 4.80 53.67 0.020 -14.96 0.372 -160.14
2.2 GHz 0.900 168.83 4.58 51.40 0.020 -16.01 0.378 -161.06
2.3 GHz 0.900 167.15 4.39 49.16 0.019 -17.01 0.384 -161.99
2.4 GHz 0.900 165.49 4.21 46.94 0.019 -17.95 0.390 -162.93
2.5 GHz 0.900 163.87 4.04 44.73 0.019 -18.85 0.396 -163.88
2.6 GHz 0.500 162.26 3.89 42.54 0.019 -19.69 0.402 -164.86
2.7 GHz 0.900 160.66 375 40.37 0.019 -20.48 0.407 -165.85
2.8 GHz 0.500 155.08 3.62 3B.21 0.019 -21.341 0.413 -166.86
2.9 GHz 0.900 157.51 3.50 36.05 0.018 -21.89 D418 -167.89
3.0 GHz 0.900 155.93 339 33.91 0.018 -22.52 0.424 -168.95
3.2 GHz 0.900 152.79 3.18 29.65 0.018 -23.61 D435 -171.12
3.4 GHz 0.900 149,64 3.00 25.40 0.017 -24.48 D445 -173.38
3.6 GHz 0.500 146.45 2.85 21.17 0.017 -25.11 0.454 -175.73
3.8 GHz 0.900 143.23 271 16.93 0.017 -25.51 0.463 -178.17
4.0 GHz 0.900 135.94 2.58 12.69 0.017 -25.67 0.471 179.30
4.2 GHz 0.500 136.58 2.47 B.43 0.016 -25.60 0.479 176.67
4.4 GHz 0.8%9 133.14 238 4.15 0.016 -25.32 D486 173.94
4.6 GHz 0.8359 179.61 239 -0.17 0.016 -24.85 0.492 171.12
4.8 GHz 0.859 125.97 221 -4.53 0.016 -24.24 0.498 168.18
5.0 GHz 0.8%a 122.23 213 -B.94 0.016 -23.54 0.503 165.13
5.2 GHz D.8%a 118.36 .07 -13.41 0.016 -22.80 0.507 161.96
5.4 GHz 0.8%a 114.36 201 -17.95 0.017 -22.11 0.511 158.66
5.6 GHz 0.837 110.22 1.95 -22.56 0.017 -21.54 0.514 155.22
5.8 GHz 0.897 105,54 1.90 -27.26 0.018 -21.16 0.517 151.63
6.0 GHz 0.897 101.51 1.86 ~-32.04 0.019 -21.04 0.51% 147.87

Download this s-parameter file in ".s2p"” format at

Cres, Inc.
4500 Silicon Drive:
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Product Dimensions CGH40010F (Package Type — 4401606)
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Appendix-H 10W, RF Power GaN HEMT
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Disclaimer
[ —————

Specifications are subject to change without notice. Cree, Inc, believes the information contzined within this data shest

to be accurate and reliable. However, no responsibility is assumed by Cree for any infringement of patents or other
rights of third parties which may result from its use. No license is granted by implication or etherwise under any patent
or patent rights of Cree. Cree makes no warranty, representation or guarantee regarding the suitability of its products
for any particular purpose. "Typical” parameters are the average values expected by Cree in large quantities and are
provided for information purposes only. These values can and do vary in different applications and actual performance
can vary over time. All operating parameters should be validated by customer's technical experts for each application.
Cree products are not designed, intended or authorized for use as components in applications intended for surgical
implant inte the body or to support or sustain life, in applications in which the failure of the Cree preduct could result
in personal injury or death or in applications for planning, construction, maintenance or direct operation of a nuclear

facility.

For more information, please contact:

Crae, Inc,

4500 Silicon Drive
Durham, NC 27703
www . cree.com/ wireless

Ryan Baker
Marketing

Cree, RF Components
519.407.7816

Tom Dekker

Sales Director

Crae, RF Components
919.407.5639
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Proceedings of the 6th European Microwave Integrated Circuits Conference

An Enhanced Modulated Waveform Measurement
System for the Robust Characterization of Microwave
Devices under Modulated Excitation

M. Akmal, J. Lees, S. Jiangtao, V. Carrubba,
Z. Yusoff, S. Woodington, J. Benedikt, P. J. Tasker

Centre for High Frequency Engineering
Cardiff University
Cardiff, United Kingdom
AkmalM1 @Cardiff.ac.uk

Abstract— This paper presents a refined modulated waveform
measurement system for the robust characterization of nonlinear
microwave devices when driven by broadband multi-tone stimuli.
This enhanced system has the ability to present specific, constant
impedances, not only to a large number of baseband (IF)
components, but also to signals located around the carrier and
significant harmonic frequencies. Achieving such comprehensive
impedance control across wide modulation bandwidths is critical
in allowing the 'emulation' of new power amplifier modes and
architectures, and the subsequent waveform characterization of
devices operating in these complex and often dynamic impedance
environments. The enhanced system is demonstrated through a
number of applications: firstly the experimental investigation
and baseband optimization of a 10W GaN HEMT under nine-
tone excitation, and secondly, the emulation of a modulated
Class-J impedance environment that interestingly highlights the
presence of separate optimum baseband impedance conditions
necessary for the reduction of individual IM products.

I INTRODUCTION

The recent rapid development of mobile communications
standards has resulted in a growing motivation to develop
measurement systems capable of characterizing microwave
power devices under realistic modulated stimuli. This is
particularly relevant in the context of the highly dynamic RF
envelopes that result from the use of modulation schemes such
as multicarrier code division multiple access (CDMA) and
orthogonal frequency division multiplexing (OFDM), where
the coexistence of static and dynamic nonlinear distortion
sources in microwave devices and circuits can severely
compromise performance, not only in terms of general
linearity, but also in terms of how easily such systems can be
linearised. The minimization of effects that lead to such
problematic distortions relies heavily on the accurate
characterisation of the microwave power devices used.

It is now widely accepted that the linearity performance of
a microwave device is effected by, not only the impedance
environment presented at the fundamental and higher
harmonic frequencies, but also at much lower baseband
frequencies [1]-[3]. In reality, and in response to a simple
two-tone excitation, the baseband spectrum constitutes not
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only the significant baseband components (IF1 and IF2) but
also the higher baseband components (IF3, IF4), the presence
of which can present a significant design challenge in
achieving adequate broadband baseband impedance
termination for high linearity. Previous work has highlighted
the fact that the variation of baseband impedance over
bandwidth is an important problem that needs further
investigation to pave the way for the development of future
high-efficiency, high-linearity and high-bandwidth
communication systems [3]-[4].

The first part of this paper explains the significant
measurement system enhancements performed to allow
dynamic baseband impedance characterization under complex
modulated excitations and quantifies the persistent influence
of baseband impedance variation on ACPR performance. It is
shown for instance that when a device is subjected to complex
9-tone excitation, a significant linearity improvement can be
achieved by synthising specific baseband signals,
characterised by specific nagative baseband impedances, as
has already been shown for the two-tone case in [3].

The second part of this paper shows how it is possible to
control all significant out-of-band frequency components,
particularly at baseband, fundamental and 2" harmonic,
through the significant modification of the measurement
system RF architecture and enhancement of measurement
dynamic range. These capabilities are then demonstrated
through the active synthesis of the fundamental and second
harmonic RF loads necessary to emulate a class-J impedance
environment under modulated excitation. This new RF load-
pull functionality has been achieved using a very-high
bandwidth, dual channel arbitrary waveform generator - the
Tektronix AWG7000. One motivation behind this analysis is
to investigate the effectiveness of using the baseband
linearisation for novel PAs where the fundamental and
harmonic loads presented to the device can be highly reactive.

II. THE ENHANCED MODULATED MEASUREMET SYSTEM

Earlier work has generally focused completely on
understanding the effects of baseband impedance variation
over bandwidth, and the active load-pull systems used have
been capable of presenting specific baseband impedances to the
two most significant baseband components (IF1 and IF2), and
measuring RF modulation envelopes generated as a result of
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simple modulated excitation [4]-[6]. Although effective, these
systems are generally limited to two or three-tone excitations
due to complexities in the triggering and averaging of complex
modulated signals using high-speed sampling oscilloscopes.

A. Improving Dynamic Range - Triggering and Averaging

When measuring CW signals, the sampling oscilloscope is
usually triggered from the input signal itself. This sub-
sampling approach becomes impractical for multi-tone signals
as each cycle of RF within the modulation envelope is no
longer identical, and the waveform pattern no longer repeats on
each rising edge of the RF waveform. In order to achieve high
measurement speed and a useful dynamic range in the region of
60dB, it was critical that the enhanced modulated measurement
system should be able to utilize the on-board averaging
capability of the oscilloscope (Tektronix DSA8000).

Amplitude[V]

25-Tones Signal
T T T T T I
0.0 0.2 04 06 08 1.0
Time[ns]
Fig. 1 Complete modulation cycle of on oscilloscope averaged 25-Tones signal
at a carrier frequency of 2GHz with 500KHz tone separation.

When measuring complex modulated signals for the
applications presented in this paper, it becomes critical to
capture detailed features, both in the individual RF cycles, and
the modulated RF envelopes, which can be difficult to achieve
using sampling oscilloscopes where the number of horizontal
points is limited. Folded and interleaved sub-sampling
techniques have been developed and effectively compress the
spectra of the captured waveforms, and reduce the number of
RF cycles per cycle of modulation. Whilst these maintain the
integrity of the captured signal [7], they were found to be
problematic for capturing complex modulations.

The accurate triggering of the 4-channel sampling
oscilloscope has been achieved here using an Agilent 120MHz
arbitrary waveform generator (AWG) to generate high-quality,
low-jitter repetitive trigger pulses at the modulation frequency
of interest. When established correctly and synchronized with
a multi-tone modulated source, complex modulated waveforms
can be accurately captured, as depicted in Fig. 1.

B. Multi-Tone Measurements

In order to capture multi-tone signals using a standard
sampling approach, the high-accuracy trigger was provided at
the repetition rate of the modulated sequence. The DSA8000
has only 4000 measurement points making it impractical to
capture, in one waveform, all of the relevant information
present in a complex multi-sine modulation, so, a new
technique was introduced that allowed the sequential capture
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of 'sections' of a complete modulation cycle, referred to here
as “windowing”. In this approach, the oscilloscope is caused
to repeatedly trigger at a specific points within the modulation
cycle, and by varying precisely the trigger delay and record
length, it is possible to isolate and average specific parts of
even complex modulation envelopes. Thus, it is possible to
step through the modulated waveform, and accurately capture
one complete modulation cycle in sufficient detail and
accuracy for meaningful analysis.

Each captured, 4000 point window is typically averaged
500 times before being downloaded to a computer ready for
assembly and analysis. The formulation given in (1) defines
the number of windows (W) required to capture one complete
cycle of modulation.

W=Q2-H+1)-f,)/P-1, )

In the above equation, H is the number of required

harmonics, f. is carrier frequency, f;,, is modulation frequency
and P is number of points used, here limited to 4000.
As well as improving dynamic range, this technique has
allowed measurement time to be dramatically reduced - for
example, it now takes less than 1 minute to completely capture
a device’s non-linear response (including baseband and five
harmonics) to a 1 MHz modulated 2GHz carrier. The
frequency of the tones used to generate the modulation need to
be considered carefully however to avoid waveform 'stitching'
problems and subsequent spectral re-growth. To demonstrate
the improved dynamic range of the enhanced measurement
system, a thru measurement was conducted using a 9-tone
stimulus with a notch created by progressively suppressing the
central tone. For this case, and as can be seen from Fig. 2, the
measurement system can measure this tone to approximately
50 dBc. From the same plot, the out-of-band dynamic range is
closer to 60 dB, and this is perfectly sufficient to be able to
measure the relatively low distortion levels of interest here.
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Fig. 2 Measured output spectrum for thru standard using 64 averages with the
lowest spectral information.

A closer analysis of measurement system dynamic range for
modulations using different numbers of tones, and using 64
averages is shown in Table-1. Increasing averaging beyond
this has little effect on the in-band dynamic range as this is
eventually limited by the leakage distortion properties of the
modulated source. Increased averaging does however reduce
the noise floor. One important observation to note is that when
the phases of the tones used in the excitation are randomised,



the dynamic range of measurement system is slightly reduced.
For all measurements, the tone amplitudes were adjusted to
ensure a constant peak envelope power.

TABLE I
Dynamic range of measurement system for different multi-tone excitations

Fixed Amplitude | 2-Tone 5-Tone 9-Tone 25-Tone
(dB) (dB) (dB) (dB)
Fixed Phase 64 62 60 45
Randomised Phase 61 59 56 39

C. Broadband Active RF and IF Load-pull

Achieving broadband, baseband load emulation, required
significant modification to the active load-pull architecture to
account for the presence of higher baseband harmonics. This
functionality was achieved in the time domain through the
addition of a phase synchronised 80 MHz arbitrary waveform
generator (AWG). The generated waveforms comprise
frequency components that are multiples of the baseband
fundamental frequency, and by controlling the relative
magnitude and phase of these, constant and specific baseband
impedance scenarios can be presented to a device and
maintained across a wide bandwidth. The resulting
waveforms are fed directly to the output of device through a
200W baseband power amplifier, increasing the signal
amplitude to the levels required for load-pull.

RF Load-pull

RF
Bias Tee

Input Signal CH1

RF
Coupler

RF
Coupler

RF
Bias Tee

4-Channel Microwave Sampling
Oscilloscope

IF
Bias T
4l

1 seilg

(:/505:)
o Baseband Load-pull
AWG
Fig. 3 Enhanced modulated waveform measurement system with the
capability of active RF and IF load-pull.

The RF synthesizer used in the modulated waveform
measurement system depicted in Fig. 3 is a two-channel
Tektronix AWG7000 Arbitrary Waveform Generator, and its
two independent yet coherent channels have been used here to
synthesize both the modulated fundamental excitation and the
complete modulated RF load-pull signal (comprising both
fundamental band and harmonic band components)
simultaneously, in the time domain. Through the addition of
this instrument, the waveform measurement system is able to
maintain independent and constant impedance control for each
individual tone present across both IF and RF impedance
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environments, and over a wide modulation bandwidth. The
enhanced modulated waveform measurement system depicted
in Fig. 3 has been demonstrated in the first instance using
wideband multi-sine stimuli to investigate the bandwidth
dependent behavior of a CREE CGH40010 10W GaN HEMT
device.

I1I.

The device was characterized at using a 1 MHz modulated
2GHz carrier, and measurements were performed using a fully
vector calibrated measurement system. The input stimulus
comprised nine equally spaced tones of equal amplitude but
with randomised phase. This was necessary to approximate a
real wideband signal [8] with a peak-to-average power ratio
(PAPR) of 9.54dB. The device was driven to deliver 39.5dBm
peak envelope power (PEP) at approximately 1.5dB
compression, and active IF load-pull was used to present the
constant baseband impedance to all the significant baseband
components (IF1-IF5) whilst in the first instance, the RF was
actively terminated into a nominal impedance of 50Q. The
optimum IF impedance for the best linearity for this particular
device, as has been identified using two-tone escitation in [3],
lies outside the smith chart.

Fig. 4 illustrates a measurement where the broadband IF
impedance was held constant for all baseband tones and swept
over a measurement grid that includes the short circuit
condition, and extends some way outside the Smith chart. For
each of the measurement points, the bias and drive level was
maintained constant. The optimum loads for ACPR, and
ACPRy lie on the real axis and are almost identical in terms of
their position and the degree of linearization they offer. The
contours of ACPR| are plotted in Fig. 4 and show that at point
B, the performance is found to be -43dBc, which is
approximately a 25dB improvement over the classical short
circuit case (point A).

MULTI-TONE MEASUREMENTS AND INVESTIGATIONS

|Baseband Load Co-ordinates

35 40

ACPR,_ (dBc)

Fig. 4 Measured lower adjacent channel power linearity contours as a function
of IF reflection coefficient (I'L).

The optimum load conditions for best linearity identified
using this new sampling approach agree closely with the
earlier documented results [3] on the same device, hence
validating the approach. Fig. 5 depicts the baseband voltage
and current waveforms required to present the device with the



IF impedance of point B in Fig. 4. These relatively complex
linearising waveforms are clearly in-phase due to the purely
real negative nature of the baseband termination and contain
five baseband harmonics.
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Fig. 5 Measured output baseband voltage and current at for best linearity at
point —B.

IV. EMULATION OF CLASS-J IMPEDANCE ENVIRONMENT

To further demonstrate the enhanced broadband load-pull
capabilities of the measurement system, a class-J mode was
emulated by presenting established impedances [9] at the
device package plane. The device was deep class-AB biased,
and driven approximately 2dB into compression with a two-
tone modulated excitation centred at 2GHz with a 4MHz tone
spacing. An optimum reactive fundamental impedance was
presented to all fundamental tones and a suitably phased
reactive second harmonic impedance termination was
presented to the tones around the 2™ harmonic. The third
harmonic components were terminated arbitrarily.

+ Wi
+ 2W1

+ W2
+ 2W2

IM(dBc)

Fig. 6 Measured IM linearity contours as a function of IF reflection coefficient
(T'v) for a class-J emulated RF impedance environment.

This analysis was specifically designed to investigate the
effectiveness of baseband linearization techniques for novel
PA modes and architectures, so as in the previous analysis, the
impedance presented to all baseband tones was swept over a
measurement around the short circuit condition. Selected
inter-modulation distortion (IMD) contours are plotted in Fig.
6, which in this case show an interesting result - different non-
real optima for different IMD terms. The ability of the system
to maintain broadband baseband, fundamental and second
harmonic loads is critical. This capability is evident in Fig.6
where the second and fundamental loads for all 40 baseband
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points are overlaid on the same smith chart - the variation and
dispersion in these loads can be seen to be minimal and in
terms of normalised Cartesian coordinates, this was measured
to be in the region of 0.6%(1SD) for both fundamental and
second harmonic loads.

V.

An enhanced modulated waveform measurement system has
been demonstrated that allows the emulation of novel PA
modes and architectures, including for example class-J and
envelope tracking respectively. Direct observation of the
effects of baseband impedance variations is now possible over
wide bandwidths, and under complex multi-sine excitations.
Measurement speed and dynamic range have both been
dramatically improved through the adoption of a new
technique, here referred to as 'windowing', that allows the
capture of a complete modulation cycle in a time efficient way
and whilst employing the full capabilities of the sampling
oscilloscope used.

The enhanced measurement system has been verified and
validated through comparison with previous observations
using earlier systems; relating to identification of optimal
baseband impedances for linearity [3]. The true benefit of this
enhanced system becomes apparent through the broadband
emulation of a class-J mode of operation however, where
initial results suggest that there exist separate optimum
impedances for suppression of IM distortion products, and it is
felt that this key observation may have significant implications
for modern broadband PA design approaches.

CONCLUSION
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Abstract — This paper demonstrates how the linearity
performance of a 10W GaN HEMT can be dramatically improved
by actively engineering the baseband impedance environment
around the device. An important refinement to existing active
load-pull measurement capability is proposed that allows the
precise and independent control of all significant baseband and
RF components that result from the amplification of a complex 9-
carrier multi-sine modulation. The synthesis of constant,
modulation  frequency independent negative baseband
impedances, resulting in specific baseband voltage waveforms has
delivered a 24dB improvement in ACPR compared to the classical
baseband short case, even when the device is operating with RF
components terminated into a non-optimal 50Q RF environment.
This linearization concept is further investigated through the
broadband emulation of a class-J impedance environment around
a single device. Using this enhanced system and a two-tone
modulated excitation, optimum baseband loads are identified
that result in a 18.5dB and 24dB improvement in IM; and IM;
inter-modulation products respectively, again relative to the case
of a traditional IF short circuit. The significance of this last
observation is that unlike the 50Q case, the optimum class-J IM;
and IM;s baseband impedances disperse, becoming reactive and
moving away from the real axis.

Index Terms — Active load-pull, memory effects, baseband,
harmonics, power device.

I. INTRODUCTION

The continuing evolution of the wireless standards such as
WiMAX and Long Term Evolution (LTE) is driving the need
for power amplifiers (PAs) to be able to accommodate
multiple modulation schemes at multiple frequencies, and also
demands spectral efficiency to meet ever-increasing linearity
requirements. These standards invariably impose higher peak-
to-average power ratios (PAR), which typically require
increasing degrees of back-off to maintain good linearity, thus
reducing the efficiency of the power amplifier considerably.
As an example, the PAs used in LTE systems, employing
orthogonal frequency division multiplexing (OFDM) need to
accommodate scalable bandwidths ranging between 1.4 MHz
and 20 MHz, with PAR in the region of 10dB [1].

In such wideband applications, any variation in baseband
impedance over bandwidth can cause adverse effects in terms
of device linearity performance where intermodulation
distortion (IMD) levels can vary asymmetrically with signal
bandwidth - these problems are generally termed memory

effects [2]. In such case, filtering because it is too close in
frequency to the desired signal cannot generally reduce the
resulting IMD. Additionally, the reduction of IMD through
simple pre-distortion linearization can become rather difficult
when the side-bands become asymmetrical, since the simple
pre-distorter assumes symmetrical IMD characteristics
according to tone spacing. With the increasing signal
bandwidth and PAR associated with modern wireless
communication standards; it is frequently observed that pre-
distortion linearization becomes very PA and modulation
standard specific [3]. In addition, when PAs are driven into
compression, pre-distortion algorithms have difficulty in
capturing the true compression characteristics of the PA as the
memory effects increase [3]. This highlights the fact that these
bandwidth dependent baseband impedance effects on memory
behavior are an important problem that needs further
investigation. To further investigate such effects and their
influence on the linearity performance of a device, a high-
power modulated waveform measurement system has been
developed and demonstrated in [4-8].
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Baseband Load-pull
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Fig. 1 Modulated waveform measurement system with the capability
of active RF and IF load-pull.

The effects of varying the impedance presented to the two
most significant baseband components; IF1 and IF2 that are
generated as a result of 2-tone excitation has been shown in
[4-7], where the device is driven at a relatively backed-off
level, 1dB below the 1dB compression point. However, when
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the device is driven more deeply into compression with more
complex excitations, significantly more mixing terms are
generated, and in order to achieve a sufficiently broadband IF
termination, significant modification of the load-pull
measurement system has been required in order to accurately
account for higher order baseband components. For this
work, this impedance control is being achieved in the time
domain using a single wide-band arbitrary waveform
generator (AWGQG) to synthesise the necessray waveforms that
result in a constant and specific IF impedance environment
across a wide IF bandwidth. The RF synthesizer used in the
modulated waveform measurement system depicted in Fig.1 is
a Tektronix AWG7000 Arbitrary Waveform Generator, and is
used to synthesize both fundamental excitation and harmonic
load-pull signals simultaneously, in the time domain. Using
this instrument and its two independent yet coherent channels,
the waveform measurement system is capable of maintaining
independent and constant impedance control for each
individual tone across both the IF and RF impedance
environment, and over a wide modulation bandwidth. The
approach adopted in this work is to actively engineer the
baseband signal environment in order to achieve specific,
modulation frequency independent impedances over a
bandwidth of at least ten times the modulation bandwidth. The
first part of this paper confirms and demonstrates that
substantial linearity improvement can be achieved using this
approach, when using a complex 9-tone excitation, as has
already been shown for case of two-tone in [8]. As expected,
for the GaN device considered, and for this degree of
compression, the measured linearity significantly improves
when specific negative baseband impedances are presented.
The second part of this paper demonstrates the emulation of a
modulated class-J PA, through the application of modulated
RF active load-pull. This has been done to investigate the
effectiveness of using this baseband linearising approach in
improving PA linearity when the fundamental and reactive
harmonic loads presented to the device become highly
reactive. It is worth mentioning that although such 'negative’
baseband impedances are non-realiseable using conventional,
passive designs, this is not the case when considering active,
baseband injection architectures such as Envelope Tracking
(ET).

II. LINEARITY MEASUREMENTS AND ANALYSIS

All the measurements presented in this section are for a
CREE CGH40010 discrete 10W GaN HEMT device,
characterized at the centre frequency of 2GHz, within a
custom built 50Q test fixture. This fixture was calibrated over
a relatively wide 50 MHz baseband bandwidth, and over 100
MHz RF bandwidths centered around the fundamental, second
and third harmonics, with both baseband and RF calibrated
reference planes established at the device's package plane.
This allowed the accurate and absolute measurement of all the
significant voltage and current spectra generated at the input
and output of the device. Modulated measurements under nine

tone stimuls at PAR of 9.54dB were performed using a 2MHz
modulation frequency, with the device class-AB biased.
Respective drain and gate bias voltages of 28V and -2.05V
resulted in a quiescent drain current of 250mA (Ipgq = 5%
Ipss). The device was driven into approximately 1.5dB of
compression whilst delivering a peak envelope power (PEP)
of 41dBm with fundamental and harmonic components
terminated into a nominal impedance of 50Q, at both input
and the output. It should be noted that the broadband 50Q
load was used in this case to simplify the required
measurement architecture. Although this is a non-optimal
load condition, it was considered sufficiently representative
for the linearity anaylysis presented here. Active IF load-pull
was then used to synthesize a range of IF reflection
coefficients in order to quantify the effects of the broadband
baseband load impedance environment on the non-linear
behavior of the DUT.

The optimum IF impedance for the best linearity, as has
been identified in [8], lies some way outside the Smith chart.
Fig. 2 illustrates a set of measurements where the broadband
IF impedance was held constant for all baseband tones and
swept over a measurement grid, including the short circuit
condition. For each of the measurement points, the bias and
drive level was maintained constant.

|ACPHL Contours as a function of Baseband Impedance
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Fig. 2 Measured lower adjacent channel power linearity contours as a
function of IF reflection coefficient (I'}).
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Fig. 3 Measured output power spectrum as a function of IF reflection
coefficient (I'y).
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The optimum loads for ACPR; and ACPRy lie on the real
axis and are almost identical in terms of their position and the
degree of linearization they offer. The contours of ACPR| are
plotted in Fig 2 and show that at point-B, the linearity is found
to be -43dBc, which is approximately a 25dB improvement
over the classical short circuit case (point-A). From the output
power spectrum depicted in Fig. 3, it can be clearly seen that
terminating all the significant IF components at point-B
significantly improves the device’s linearity over a 10MHz
bandwidth, to a level of approximately -43dBc. This confirms
that this method of baseband linearization is not only
applicable to two-tone excitations, but can also apply to far
more complex, multi-sine signals with high degrees of PAR.
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Fig. 4 Envelope domain [5] representation of gain as a function of IF
reflection coefficient (I'L) at the indentified points, alongside RF and
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Fig. 5 Measured envelope phase (£b2-Zal) as a function of IF
reflection coefficient (I'L) at the indentified points with linearized
output RF voltage at point-B inset.

Fig. 4 shows the dynamic changes in gain over the
modulation cycle for the three cases of baseband load
reflection co-efficient, identified by points A, B and C in Fig.
2. It is clear from this graph that the negative IF impedance
presented at point-B results in an increased and almost
constant gain and improved linearity. The effect of the
baseband voltage at point-B in shaping and 'positioning' the

output voltage waveform can clearly be seen. Setting the
baseband load at a short circuit (Point-A) results in a
significant depression in the dynamic gain envelope. Whilst
point-C delivers almost the same envelope gain as point B, the
linearity is reduced by approximately 13dB.

The phase shown in Fig.5 is defined here as the difference
between measured a; and b, modulation envelopes, and its
dependency on negative baseband impedance is shown in Fig.
5. It should be noted that the discontinuities observed in both
the envelope gain and phase traces are measurement artifacts
that occur due to the effect of linear delay as the magnitude of
the modulation envelope approaching zero. Interestingly,
there is a phase variation of approximately 18° between point-
A and point-B, and this remains relatively constant over the
entire period of the modulation cycle. The peak envelope
efficiency is depicted in Fig. 6, and shows a maximum
improvement of 8.1% for point-B compared to the short
circuit case. This observation shows that presenting a
negative impedances at point-B increases the achievable peak
output power and has thus enables a higher efficiency than is
possible at point-A.
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Fig. 6 Dynamic peak efficiency envelopes at an identified baseband
loads.

III. EMULATION OF CLASS-J MODE OF POWER AMPLIFIER

In order to further investigate the suitability of this
efficiency enhancing and linearizing technique under a
realistic PA mode of operation, a class-J RF impedance
environment was emulated. The device was biased in deep
class-AB, driven into approximately 2dB of compression and
excited using a 4MHz spaced two-tone modulated excitation
centred at 2GHz. With knowledge of the device's intrinsic
and extrinsic parasitics, the required class-J impedances were
emulated and presented to the package plane [9]. This
involved maintaining constant, specific impedances for both
fundamental tones as well as the tones (2wj, 2wy) located
around the 2" harmonic.

The measurement results documented in the previous
section clearly indicated that significant linearity benefit can
be gained by optimizing the baseband impedance
environment, as opposed for example to simply presenting a
short circuit. For this class-J investigation, the IF impedance

978-1-61284-757-3/11/$26.00 C2011 IEEE



presented to all significant baseband tones was swept over a
similar measurement grid, again including the short circuit
condition, and again extending outside the Smith chart. The
IMD contours are plotted in Fig. 7, and similarly show that the
optimum IF impedance for reduction of IMD resides outside
the Smith chart. Importantly in this case however, the
measurement shows that optimum baseband impedances are
different for IM3;, IM3y, IM5; and IM5y and these are not, as
was the case in the previous 50Q measurement, co-located on
the real axis. The optimum IM3_ and IM3yz baseband
termination is found to be -43.2dBc and -45.5dBc
respectively, and is approximately 18.5dBc better than the
case where usual short circuit is provided to all the significant
baseband components. But from an IM5 perspective, the
optimum IM5; and IMS5y showed the minimum distortion
products which were found to be -59.3dBc and -61.1dBc
respectively.

IM3L IM5H |Baseband Load Co-ordinatﬂ

20 30 40 50 60

IM(dBc)
2

Fig. 7 Measured IM linearity contours as a function of IF reflection
coefficient (I').

Fig. 8 shows the baseband voltage waveforms that result
when the IF impedances for best IM3 low and high linearity
are presented to the device. Although the magnitude and shape
of both waveforms is similar, the phase is clearly different.
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Fig. 8 Baseband voltages that resulted for the best IM3 linearity
performance.

VII. Conclusion

Linearity investigations and analysis of 10W GaN HEMT

under complex multi-tone excitations have shown that the
optimum impedance for best linearity lies some way outside
the Smith chart. The results show that for a 9-tone stimulus,
the presentation of specific baseband loads can deliver a
linearity improvement of 24dB and an efficiency
improvement of 8.1%, relative to the baseband short-circuit
case.
To investigate the suitability of this baseband linearizing
approach to real-world PA architectures, the measurement
system was used to emulate a class-J impedance environment,
and the results suggest that although linearity can be
improved, the optimum impedances become dispersed and
move away from the real axis. This important observation
may have large implications for the linearization of emerging,
broadband PA architectures, especially when these involve
efficiency enhancing techniques such as envelope tracking.
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ABSTRACT — This paper presents a rigorous way to quantify
the role played by higher baseband impedances in determining
baseband electrical memory effects observed in power
transistors under two-carrier excitation. These effects typically
appear not only as asymmetrical distortion terms in the
frequency domain, but also more reliably as a recognizeable
hysteresis or looping in the dynamic transfer characteristics
extracted from measured input voltage and output current
envelopes of a power device. Investigations have been carried
out using a commercially available 10W GaN HEMT device
characterised at 2GHz within a high-power modulated wavefor
measurement system. Active IF loadpull has been employed to
present specific baseband impedance environments, allowing the
sensitivity of IMD symmetry to baseband impedance variations
to be investigated.

Index Terms — Baseband, Gallium Nitride (GaN), active IF
load-pull, hysteresis, memory effects, power amplifiers.

1. INTRODUCTION

Memory effects are recognised as a major obstacle in the
design of highly linear power amplifiers for current and
future wireless communication systems [1]. 'Memory' in this
context is evident from variation in the magnitude and
symmetry of intermodulation distortion (IMD) levels, as a
function of signal bandwidth. These problematic effects can
and do lead to significant difficulties and complexities in
meeting the required power amplifier (PA) linearity
requirements with standered linearization techniques often
proving to be inadequate[1,2].

Electrical memory effects are generally caused by varying
impedance across baseband (often significant) as well as RF
modulation bandwidths. In classical PA design, the
dependency of IMD on the envelope frequency is minimized
by engineering baseband impedances to be as small as
possible, for example less than 1Q over a baseband frequency
range significantly larger than the operational bandwidth [3].
In reality, this is difficult to achieve over increasingly large
baseband impedance ranges, and the result can be drain bias
modulation effects that contribute significantly to the PAs
overall spectral distortion with increased magnitude and
asymmetry in measured IMDI[4].

Previous work clearly demonstrates the realistic scenario
where high-power devices can have significant asymmetrical
IMD behaviour, the consequence of which is that the
modulated RF emerging from the output of the power device
does not respond instantaneously to the applied excitation,
leading to unwanted quasi-static memory effects.
Intermodulation distortion suppression can be achieved by

Copyright 2010 IEICE

exploiting the second-order nonlinearity and the presence of
second-order distortion signals at the second-harmonic or
baseband (difference) frequencies. This has been achieved
based on Volterra series and second-order signal injection
[5,6]. Although quantitative measures have previously been
proposed that attempt to capture the essence of memory
effects [7], these tend to describe the causes of baseband
electrical memory in terms of the impact only upon inter-
modulation product asymmetry [7] and leaving the effect on
transfer characterstic hysteresis undemonstrated. Once
examined, it is clear that this measured hysteresis, originating
from the device’s inherent nonlinearity, can be very sensitive
to variations in baseband impedance, and this reinforces the
importance of optimization of broad baseband impedance
termination at the device output.

This paper focusses on demonstrating that baseband
electrical memory effects have the most significant influence
on intermodulation products and are the dominant cause of
observed hysteresis in the measured dynamic transfer
characteristics of a device. The techniques developed in [8,9]
are used to achieve the required broadband baseband
impedance termination. Nevertheless, through the
application and enhancement of an active IF load-pull
arrangement, these baseband impedances have been
controlled over a significant bandwidth; in this case at least
eight times of modulating frequency.

II. MODULATED WAVEFORM MEASUREMENT SYSTEM

To support the successful control of the out-of-band
frequency components, particularly at baseband, a dedicated
measurement setup has been developed and demonstrated in
[8] to evaluate the device linearity performance under
modulated excitations. In earlier work [9,10] only the
impedance presented to the two most significant baseband
components (IF1 and IF2) generated as a result of 2-tone
excitation were controlled. This was achieved by combining
two, phase coherent arbitrary waveform generators (AWGs)
whilst the device was driven at a relatively backed-off level at
1dB below the 1dB compression point. However, when the
device is driven more deeply into compression, significantly
more distortion components are generated, and in order to
achieve a sufficiently broad baseband termination, significant
modification of the baseband load-pull measurement system
was required in order to accurately control the higher
baseband components. The integrated measurement



architecture is shown in Fig. 1 and provides the ability to
present independent impedances to all the baseband
components that result from a multi-tone excitation.
Enhancements performed as part of this work allow this now
to be achieved in the time domain, using a single 80 MHz
arbitrary waveform generator (AWG) to synthesise the
necessray waveforms to allow a constant and specific
baseband impedance environment to be maintained across a
wide bandwidth.
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Fig. 1 Modulated waveform measurement system with broadband
active IF load-pull.

III. MODULATED MEASUREMENTS AND ANALYSIS

The system was calibrated using a custom 50Q test fixture
over a bandwidth of 50MHz at baseband, and over 180 MHz
RF bandwidths. This fully vector error corrected system can
account for any errors introduced due to losses, mismatches
and imperfect directivities in the system and allows for the
measurement of the complete modulated voltage and current
waveforms that exist at the DUT plane. In this set of
measurements, RF fundamental and associated harmonics
were terminated into a nominal impedance of 50€2, whilst the
IF components were actively load-pulled. The investigations
were performed on a 10W GaN device biased in class-AB
and characterized at a fundamental frequency of 2 GHz, for
different values of tone spacing. Respective drain and gate
bias voltages of 28V and -2.05V resulted in a quiescent drain
current of 250mA (Ipsq = 5% Ipss). The device was driven to
approximately 1.5dB of compression resulting in 39.5dBm
peak envelope power (PEP).

To understand the effects of baseband impedance,
particularly the significant baseband components IF1 (twice
the modulation frequency) and IF2 (four times the
modulation frequency), the higher baseband components IF3
(six times the modulation frequency) and IF4 (eight times the
modulation frequency) on memory effects and dynamic
transfer characteristics, the baseband impedance environment
was optimized. Generally, terminating baseband components
into nominal 50Q impedance will cause a ripple to appear on
the DC drain voltage present at the device plane, which
effectively results in additional modulation or re-modulation
of the RF signal. Therefore, the IF active load-pull capability
was employed as a means to control all of the baseband

components. The magnitude of the synthesized reflection
coefficient for all baseband components was set to unity
whilst the phase was varied in the area of the short circuit at
the edge of the Smith chart. Fig. 2 shows the variation of the
four most significant baseband load impedances (I'jg) that
result form a tone separation frequency of 2MHz. It can be
seen that I'r =1£150° clearly corresponds to an inductive
baseband termination and I =1£210° corresponds to
capacitive baseband termination.

U T T

IF1 @ 2MHz Tone Spacing
IF2 @ 2MHz Tone Spacing
IF3 @ 2MHz Tone Spacing
IF4 @ 2MHz Tone Spacing

~—/
Te=1£150"

0000

[e=12180"

Te=12210°

Fig. 2 Measured baseband impedances at 2MHz tone spacing for
different baseband reflection coefficient (I'g).

Working in the envelope domain, and using the measured
RF voltage and current envelopes extracted from the
measured magnitude and phase of all significant tones around
the carrier, it is possible to begin to investigate the causes of
envelope asymmetry.
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Fig. 3 Measured dynamic input voltage and output current envelopes
for 2MHz tone spacing at I'ig=1.£150°

Fig. 3, 4 and 5 show the input voltage and output current
envelopes for each of the three cases of IF load shown in
fig.2, and illustrate how terminating the baseband
components with reactive impedances dramatically changes
the shape of the output current envelopes and result in the
different types of induced memory effects, observable in the
dynamic transfer characteristics; it is this asymmetrical
envelope shape that determines which IMD3 product (2w,-
®1) or (2m-m,) will have the greater magnitude. Explicitly,



fig. 4 depicts the case where a short circuit impedance was
maintained for all four of the baseband components
considered, at a 2MHz tone-spacing, this results in
symmetrical input voltage and output current RF envelopes.
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Fig. 4 Measured dynamic input voltage and output current envelopes
for 2MHz tone spacing at I'j[p=12180°
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Fig. 5 Measured dynamic input voltage and output current envelopes
for 2MHz tone spacing at I'jp=1£210°
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Fig. 6 Dynamic transfer characteristics at different baseband
reflection coefficients for 2MHz tone spacing.

Fig. 6 presents the dynamic transfer characteristics
obtained for the same three cases of [z. In the cases where
the baseband impedance presented to the transistor’s output is
no longer a short circuit, the presence of the inductive or
capacitive reactance causes the baseband current and voltage
waveforms to become phase shifted and as a consequence the
output RF current envelope to become asymmetrical,
appearing as a phenomenon of hysteresis in the V;,-Ioy
dynamic transfer characteristic. However, when short circuit
impedance (I'r =1£180°) was maintained, then negligible

hysteresis was observed. The asymmetrical current envelopes
and hence hysteresis in the transfer characteristic can be
explained by the fact that at higher drive levels, the RF
dynamic load line begins to interact with the knee boundary
region, and the degree and nature of the interaction becomes a
strong function of the baseband impedance environment. In
the case of baseband short circuit termination (I'jz=1£180°),
the IF load-line (achieved by plotting baseband current vs
baseband voltage) remains completely vertical with no
looping observed, as shown in fig.7.  This particular
behaviour of the IF load-line ensures that the RF load-line
expands and contracts along the same trajectory, both in the
linear region and when it interacts with the knee boundary.
As a result, no hysteresis is observed in the dynamic transfer
characteristics.

For the induced reactive baseband impedances conditions,
there is a significant looping in the IF load-lines, both of
which will cause an asymmetrical interaction with the knee
boundary condition, as shown in fig.7. The impact of this
interaction is clearly visible on either the rising edge or
falling edge of each half of the modulation cycle. This
behaviour causes the RF load-line to follow a different path
in-to and then out-of the knee region. As a consequence
asymmetrical output current envelopes emerge.
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Fig. 7 Dynamic RF load-line and IF load-lines at different baseband
reflection coefficients (I'fg).

IV. MINIMIZATION OF BASEBAND ELECTRICAL MEMORY

The electrical memory-effect originating from the baseband is
not only a function of IF1 (w,-®,), IF2 (2w,-2m,) but also the
higher baseband components (IF3 and IF4). In terms of
suppression of baseband electrical memory effects, it is clear
that all significant baseband frequencies need to be
terminated with near short circuit impedance [11] - a common
practice for envelope termination in order to achieve
symmetrical IMD terms. This is indeed critical under
realistic test signals which may have baseband components
that extend from zero up to 100 MHz. The overall
suppression of baseband components using active IF load-
pull, can be used to emphasize the importance of broadband
termination of the measurement setup when performing
linearity analysis of an active device. The bandwidth of the
active IF load-pull was limited to approximately 20MHz by
the baseband power amplifier used to amplify the signal



generated by the arbitrary waveform generator (AWG). This
means that it becomes impossible to actively control the
higher baseband components (IF3 and IF4) for tone
separations above 5 MHz. This can be seen by the scattering
of these components in the Smith chart plot of fig 8.

Fig. 8 Measured baseband impedances at different tone spacing after
IF active load-pull.

Fig. 9 depicts the IMD; and IMDs behavior for different
tone-spacing values ranging between 1MHz and 7MHz, at a
constant drive level. The behavior of the two output tones W,
and W, is clearly observed to be almost independent of the
tone-separation frequency. The reduction in IMD; and IMDs
asymmetry confirms that if a frequency independent constant
short circuit baseband impedance termination is utilized in
the power amplifier drain bias network no modulation
frequency sensitivity in IMD responses should be observed.
The IMD; and IMDs responses are found to be modulation
frequency independent only from 1MHz to 5 MHz.
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Fig. 9 Measured fundamental and IMD power for different values of

tone spacing at a constant drive level of 1.5dB compression point.

It is important to note that the variations in the magnitude
of IMD; and IMDs components above SMHz tone spacing are
related to variation in base-band impedance, since it was
difficult to present the short circuit impedance to the higher
baseband components (IF3 and IF4) due to the bandwidth
limitation of active IF load-pull power amplifier.

VI. CONCLUSION

The suppression of electrical memory has been achieved by
the synthesis and presentation of frequency invariant IF
impedances to significant baseband components through
active IF load-pull. The measurements show that hysteresis
behavior in the dynamic transfer characteristics can be
significantly improved by providing short circuit impedances
to all significant baseband components.

The results also suggest however that IMD behavior in
10W GaN HEMT is not only dependent on the most
significant IF component (IF1 and IF2), but is also sensitive
to higher order IF components. In order to obtain the
frequency independent response, the bandwidth over which
the base-band impedances must be engineered should be
extended to at least eight times the modulated bandwidth.
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Abstract— This paper demonstrates the significant effect of
baseband impedance termination on the linearity performance of
a 10W GaN HEMT device driven to deliver a peak envelope
power of approximately 40dBm. The paper also proposes a
further refinement to a state-of-art active IF load-pull
measurement system to allow the precise independent control of
all significant baseband components generated as a result of the
multi-tone excitation used. The presentation of specific baseband
impedances has delivered a 20dBc and 17dBc improvement in
IM; and IM; inter-modulation products respectively, relative to
the case of a classical, ideal short circuit. As expected for this
device, this was achieved by emulating appropriate negative
impedances lying outside of the Smith chart, and when this
observation is considered alongside the Envelope Tracking PA
architecture, this raises the interesting possibility of significantly
improving PA linearity using the very mechanisms that are
employed to improve PA efficiency.

I. INTRODUCTION

The advent of fourth generation (4G) wireless systems,
namely Long Term Evolution (LTE) and mobile WiMAX, has
significantly increased the demand on Power Amplifier (PA)
linearity requirements. For example, the PAs used in LTE
systems, employing orthogonal frequency division
multiplexing (OFDM) for downlink need to accommodate
scalable bandwidths ranging between 1.4 MHz and 20 MHz
[1]. In such wideband applications, any variation in baseband
impedance over bandwidth can cause adverse effects in terms
of device linearity performance where intermodulation
distortion (IMD) levels can vary asymmetrically with
instantaneous signal bandwidth - these problems are generally
termed memory effects [2], [3].

Such problematic effects can lead to significant difficulty in
achieving PA performance that meets the required linearity
specifications. Indeed, if the intermodulation distortion
becomes asymmetrical, then this can lead to different digital
pre-distortion compesation requirements for lower and upper
sideband IMD signals, which itself can be problematic. As a
result, some common linearization techniques can be rendered
ineffective because their success relies upon constant and
equal intermodulation levels over the signal bandwidth [3].
Thus, it is of prime importance to understand these anomalous
baseband impedance variation effects. To further investigate
such baseband impedance effects on the linearity performance

978-2-87487-016-3 © 2010 EuMA

1046

of a device, two distinct measurement systems have been
developed [4], [5] that can provide independent baseband
impedance control. The general approach adopted in this
work is to engineer actively the base-band impedance
environment in order to achieve a modulation-frequency-
independent impedance environment over a bandwidth of at
least eight times that of the modulation bandwidth.

In earlier work [5]-[7], only the impedance presented to the
two most significant baseband components (IF1 and IF2)
generated as a result of 2-tone excitation were controlled.
This was achieved by combining two, phase coherent arbitrary
waveform generators (AWGs) whilst the device was driven at
a relatively backed-off level at 1dB below the 1dB
compression point. However, when the device is driven more
deeply into compression, significantly more mixing terms are
generated, and in order to achieve a sufficiently broadband IF
termination significant modification of the baseband load-pull
measurement system was required in order to accurately
account for higher baseband harmonics.
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Fig. 1 Modulated waveform measurement system with active
baseband load-pull.
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The integrated measurement architecture depicted in Fig. 1
provides the ability to present independent, baseband
impedances to all the significant IF frequency components
that result from a multi-tone excitation. This is now achieved
in the time domain using a single arbitrary waveform
generator (AWG) to synthesise the necessray waveforms to
allow a constant and specific IF impedance environment to be
maintained across a wide IF bandwidth.

The initial aim of this paper is to confirm and demonstrate
that baseband electrical memory effects can be greatly
reduced by terminating the baseband impedance into ideal
short circuits: an impedance environment that would result
from conventional design and the use of video bypass
capacitors. The second part of the paper considers 'if and
'how' this situation can be improved by considering alternative
baseband impedance conditions. As expected, for the GaN
device considered, and for this degree of compression, the
measured linearity significantly improves when negative
baseband impedances are presented. Although such
impedances are non-realiseable using conventional, passive
designs, this is not the case when active, baseband injection
architectures such as Envelope Tracking (ET) are employed.

II. LINEARITY INVESTIGATION AND ANALYSIS

All the measurements presented in this section are for a
CREE CGH40010 discrete 10W GaN HEMT device,
characterised at the centre frequency of 2GHz, within a
custom 50Q test fixture. This fixture was calibrated over a
relatively wide 50 MHz baseband bandwidth, and over 100
MHz RF bandwidths centred around fundamental, second and
third harmonics, with both baseband and RF calibrated
reference planes established at the device's package plane.
This allowed the accurate and absolute measurement of all the
significant voltage and current spectra generated at the input
and output of the device.
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Fig. 2 Measured IF impedances at 2MHz tone spacing using IF active load-
pull.

Two-tone measuremens were performed using a 2MHz tone
spacing, with the device class-AB biased. Respective drain
and gate bias voltages of 28V and -2.05V resulted in a
quiescent drain current of 250mA (Ipsq = 5% Ipss). The
device was driven into approximately 1.5dB of compression
whilst delivering 39.5dBm output peak envelope power (PEP)
with fundamental and harmonic components terminated into a
nominal impedance of 50€, at both the input and the output.It
should be noted that braodband 50Q2 load is used to simplify
the required measurement architecture. Although this is non-
optimal, but is considered sufficiently representative for the
linearity anaylysis presented here. Active IF load-pull was
then used to synthesise a range of IF reflection coefficients in
order to quantify the effects of the low frequency, broad-band
IF load impedance termination on the non-linear behaviour of
the DUT.

Fig. 2 illustrates a measurement where the phase of the IF1,
IF2 and IF3 loads were varied simultaneously, in steps of 15°
around the perimeter of the Smith chart, whilst keeping the
magnitude of IF reflection co-efficient at unity. The results
depicted in Fig. 3 clearly show that, as expected, there exists a
strong dependence of IM3 and IMS5 magnitude on the phase of
the baseband impedance. The results explicitly identify an
expected optimum phase in the region of 180° for IF1, IF2
and IF3 loads, where IM3 and IMS5 distortion products are
minimised.
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Output Power[dBm]

100 120 140 160 180 200 220 240 260
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Fig. 3 Measured fundamental and IMD magnitudes at 2MHz Tone Spacing as
a function of IF1, IF2 and IF3 phase.

The measured inter-modulation distortion products
presented in Fig. 3 show that when a perfect short impedance
(Tg=1£180°) is presented to the significant baseband
components, the measured IM3 and IM5 magnitudes can be
seen to be -24dBC and -38dBC respectively.

Active load-pull however has an important advantage in
that it is able to seamlessly synthesise both positive
impedances within the Smith chart, as well as negative
impedances outside the Smith chart. So, in order to explore
further the optimum baseband impedances for best linearity
conditions, the broadband IF impedance was swept over a
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measurement grid, including the short circuit condition, and
extending some way outside the Smith chart. IM3; and IM5,
contours were then plotted and are shown in Fig. 4 and Fig. 5
respectively, and in both cases show a purely resistive
negative optimum impedance. The optimum IM3g
performance (point B) is found to be -43.5dBc, and is
approximately 19.5dBc better than the case where usual short
circuit is provided to all the significant baseband components
(point A).

| IF, ,IF,and IF;Load Co-ordinates

-

L —

-25 -30 -35 ‘40 -45
IM3L (dBc)

Fig. 4 Measured IM3L linearity contours as a function of IF1, IF2 and IF3
loads.

With regard to the IM5, and IM5y, an improvement of
17dBc was achieved at an optimum termination (point C) as
compared to the short circuit case (point A). As the contours
for IM3;, and IM3y were found to be almost identical, as was
the case for IM5; and IM5y, only IM3; and IM5, contours are
presented here.

[IF, IF,and IF;Load Co-ordinates

e

IM5L (dBc)

Fig. 5 Measured IMSL linearity contours as a function of IF1, IF2 and IF3
loads.

If we consider the behaviour of IM3 and IM5 components
for the cases of IF loads only located along the real axis, it can
be seen that with regard to Fig. 6, the real baseband
impedances required to minimize IM3 and IM5 are different,
and located at points B and C respectively. Establishing the

broadband IF load at point B leads to an approximate 11 dB
degradation in the established IM5 optimum. Conversely,
fixing the IF load at point C results in an approximate 7dB
degradation from the established IM3 optimum. Having said
this, it can be seen that adopting a broadband IF load
impedance between points B and C offers a significant
improvement in linearity when compared to the usual short
circuit termination located at point-A.
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Fig. 6 Measured IM3 and IMS5 linearity as a function of baseband reflection
coefficient (I").

Fig. 7 shows the baseband voltage waveforms that result
when the IF impedances for point A, B and C are presented to
the device.
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Fig. 7 Baseband voltage that result for the two cases of IF load impedances
for minimum IM3 and IMS5.

III. OPTIMIZED DEVICE LINEARITY PERFORMANCE

From the previous two-tone measurements, it was clear that
for this device, the optimum baseband impedance for linearity
resides outside the Smith chart. To investigate this observation
further and specifically, to explore the possibility of
linearization through the direct application of an ET voltage
waveform, additional measurements were carried out for three
different cases of DC drain voltage (V4.): 28V, 24V and 16V.
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The device was deep class-AB biased, and driven
approximately 2.5dB into compression with fundamental and
harmonic components again terminated into a passive 500
load. Using a symmetrical 3-tone, 100% AM excitation signal
cantered at 2 GHz with an envelope frequency of 2 MHz, a
different IF load condition was used for each case of V.. for
the case of V4=28V, an ideal short circuit termination was
synthesised for each of the four significant baseband
components, resulting in a near static supply rail. The slight
ripple' that remained was associated with IF5, but this was
very small and in the order of 200 mV_,, so was considered
not to be of concern. For the second case of V=24V, a
sufficiently negative resistance was presented to all four IF
components to result in an 8V,, baseband voltage being
developed. For the third case of V4.=20V, the IF load was
again adjusted such that a 16V,,_,. baseband voltage waveform
was developed.

Fig. 8 shows how in each case, the injected baseband
signals track the RF input signal envelope and provide an 'ET-
like' variable supply voltage to the device. It is also clear that
for the three cases, the peak baseband voltage is the same at
28V, thus allowing meaningful comparison. For the case of
V4= 28V, an average drain efficiency of 38.1% was achieved
at a peak envelope power (PEP) of 39.72dBm. For the case of
V=24V, the average drain efficiency was 41.5% at a PEP of
40.3dBm.
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Fig. 8 Measured dynamic IF voltage envelops in-phase with input RF voltages

A slightly better performance in terms of efficiency and
output power was achieved with V4 =20V. Therefore,
applying a dynamic drain voltage has increased the achievable
peak output power, and has thus enabled a higher efficiency
than was possible with a fixed supply voltage of 28V.
Linearity performance is summarized in Table-1, where it is
shown that for the case of V4=20V, IM3 and IM5 distortions
are suppressed by 10dBc and 3dBc respectively compared to
the static V4.=28V case where a short circuit impedance was
maintained for all four IF components. For the case where

V=24V, only a small improvement in IM3 distortions was
observed along with an 8 dBc improvement in IMS5 distortion.

TABLEI
THREE TONES MEASURED LINEARITY RESULTS FOR
THREE DISTINCT DRAIN VOLTAGES

Supply IMSL | IM3L | W1 We W2 | IM3H | IMSH
Voltage(V) dBc dBc dBm | dBm | dBm dBc dBc
28 -35.68 | -12.83 | 27.85 | 35.69 | 28.02 | -13.12 | -36.47
24 -43.05 | -15.86 | 28.08 | 35.18 | 28.15 | -16.37 | -43.26
20 -38.95 | -22.81 | 28.39 | 34.39 | 2849 | -22.57 | -39.41

VI. CONCLUSION

Linearity investigations of 10W GaN HEMT under
modulation excitations have shown that for the device
considered, the optimum impedance for best linearity lies
outside the Smith chart. Interestingly, the results also suggest
that there exists separate optimum impedances for suppression
of IM3 and IM5 distortion products.

Additionally, application focused measurements with non-
optimal load (50€2) have shown that efficiency as well as
linearity can be improved at reduced drain supply voltages:
for V4=20V, the average drain efficiency is improved by
approximately 5% together with an improvement of 10dBc in
IM3 when compared to the static Vg4, where short circuit
impedance was maintained for all four baseband components.
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Abstract — The inter-modulation distortion products can vary
both in terms of amplitude and asymmetry due to the effects of
baseband and 2™ harmonic impedance. This paper presents an
investigation into the relationship between the IMD asymmetries
caused by baseband impedance variation and the looping or
hysteresis that can sometimes appear in the dynamic transfer
characteristics of microwave power devices when subjected to
modulated excitation. The investigation is carried out using a
2W GaN HFET bare die device characterized at 2.1GHz, and
using IF active load-pull to clarify the role of baseband
impedance on observed hysteresis in the dynamic transfer
characteristics. Analysis is performed using the envelope domain
in order to more effectively reveal the DUT’s sensitivity to
impedance environments and specifically electrical baseband
memory effects.

Index Terms — Envelope domain, GaN, hysteresis, IF active
load-pull, inter-modulation, memory Effects.

I. INTRODUCTION

It is widely reported how electrical memory effects are
caused by baseband, fundamental as well as 2™ harmonic
impedance variation as a function of modulation frequency [1]
and can cause significant variation in the symmetry and
magnitude of inter-modulation products generated within a
signal bandwidth. This spectral asymmetry leads to, and in
some cases can be considered a direct consequence of an
asymmetrical output modulation envelope that results in an
observed hysteresis in the measured dynamic input voltage -
output current transfer characteristics of the device - an effect
often attributed to the presence of memory.

The third order inter-modulation (IMD3) products are of
most interest, and for simple two-tone excitation comprise
several contributors, some of which are mixed to IMD3 from
different frequency bands. The interest here is mainly in the
2" order non-linearity that causes components to mix to
IMD3 from the baseband and 2™ harmonic band, and which
can be affected by manipulating the impedances presented to
these frequency bands [1]. Although the optimization of
IMD3 terms is possible by controlling both the baseband and
the second harmonic frequency components, in this work only
load-pull of the low frequency baseband components is
considered. In practical design, critical baseband impedances
are usually determined by bias insertion networks, and
typically extend from DC up to five times the modulation
bandwidth. These impedances are notoriously difficult to
maintain constant and as a consequence, are recognized as the

978-1-4244-7412-7/10/$26.00 ©2010 IEEE

main cause of bandwidth dependent memory effects observed
in microwave power devices [1, 2]. The first part of this paper
focuses on probing the presence of nonlinear memory effects
by examining both the input voltage and output current
modulation envelopes and the resulting dynamic transfer
characteristics obtained for modulated two-tone stimulus using
various tone-spacings. The second part focuses on the use and
application of active 'TF' or baseband load-pull measurements
in order to control baseband impedances and to remove
'conventional' electrical memory. Finally, the effect of device
inherent linear delay reported in [3] is removed to allow the
residual hysteresis in the device’s output characteristics to be
analysed.

II. MODULATED MEASUREMENT SYSTEM

Until recently, there has been a lack of measurement
systems that can support comprehensive non-linear device
investigations under the modulated excitations. The majority
of systems focus either upon the magnitude of the frequency
spectra or upon in-band spectral components using
instruments such as Vector Signal Analysers. Although these
are extremely valuable approaches, they generally fail to
capture all of the out-of-band information contained within
both the base-band (IF) and around the harmonics that is
essential for accurate envelope domain representation and
analysis [3].

The developed measurement system is capable of handling
IF and RF power levels in excess of 100W which makes
particularly relevant to the characterization of devices used in
both mobile handset and base-station applications. The
measurement system itself is shown in fig. 1 and consists of
two main entities: the RF test-set and the IF test-set which are
identical both in terms of component architecture and
principle of operation. The architecture incorporates combined
IF and RF capabilities allowing critically, the simultaneous
collection of all four travelling waves at both IF and RF
frequencies.

The simultaneous combining of coupled RF and IF
components of the signal prior to the measurements is a key
feature, and ensures phase coherence between the measured IF
and RF components. The system is fully vector-error
corrected, and can therefore account for any errors introduced
due to losses, mismatches and imperfect directivities in the
system, thus allowing for the measurement of the complete



modulated voltage and current waveforms and impedances
that exist at the DUT plane [2, 3]. The modulated
measurement system shown in fig. 1 was used to perform the
measurements where the significant baseband IF1 and IF2
components were actively suppressed. These 'active' IF loads
were supplied via two phase coherent arbitrary waveform
generators, which when amplified are capable of delivering
100W over a bandwidth of 10 KHz to 12 MHz.
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Fig. 1 Modulated waveform measurement system

IIT. MEASUREMENT RESULTS AND ANALYSIS

The measurements presented here were carried out on a 2W
GaN HFET bare die supplied by CREE. For baseband
electrical memory investigations, a two-tone stimulus signal
with a centre frequency of 2.1GHz was used and the tone-
spacing was varied between 1 and 10MHz. The device was
biased at approximately 20% IDSS in Class-AB at a quiescent
current of 130mA, and all significant RF signals were
passively terminated into 50Q. The characteristics were
measured dynamically and found to be strongly dependent on
the separation frequency.

A(cos @t +coS Wyt)
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Where the modulation frequency, o, is given by
®,=() —@,)/2 @)

To observe the dynamic behavior of the device whilst
operating within a realistic operational environment, and in
response to an applied modulated input stimulus signal,
envelope domain analysis is used [3]. Fig 2 shows the
fundamental current and voltage modulation envelopes for a
P4g-3dB backed-off drive level , and clearly show that there is
a significant phase delay between the input and output of the
device at a tone spacing of SMHz, whereas at IMHz tone

spacing, negligible phase delay was observed . At this backed-
off drive level, the output power spectrum illustrated the low-
level of baseband and near absence of 2™harmonic distortion;
a condition which unsurprisingly resulted in symmetrical
IMD3 behaviour.
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Fig. 2 Input voltage and output current envelopes at SMHz tone spacing.

Fig. 3 shows a broadening in the dynamic transfer
characteristic due to linear device delay as reported in [3]. It
can be seen however that when the device is driven 1dB into
compression, the observed nonlinearities are much more
significant and appear as a soft, asymmetrical clipping of the
output current envelope, which significantly increases the 2™
harmonic signal level and causes a significant baseband signal
components to develop.
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Fig. 3 Dynamic transfer characteristics at different tone spacings with input
voltage and output current inset at 1MHz tone-spacing.

The asymmetrical envelops are shown in fig. 4 which are an
explicit manifestation of presence of nonlinear memory effects
at higher drive levels. The baseband signal generated from the
device also includes higher order terms, and it is the
asymmetric envelope shape that determines which IMD;
product (2m,-m,) or (2w;-m,) will have the greater magnitude.
The presence of these asymmetrical spectral current
components manifest themselves as recognizable electrical
memory effects and can be clearly seen in the envelope
domain as significant looping at the top-end of the input
voltage / output current transfer characteristic. The hysteresis
in the dynamic transfer characteristics worsen with the
increasing tone spacing and can be seen explicitly from fig. 5.
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Fig. 4 Input voltage and output current envelops at SMHz tone-spacing.

In this first case, the significant baseband frequency
components are to be expected and are due to the fact that the
significant baseband current components are termination into
a relatively high broadband impedance of 50 Ohms. These are
clearly the most significant contributor towards the observed
electrical memory effects.
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Fig. 5 Dynamic transfer characteristics at different tone spacings for
compressed drive level.

IV. APPLICATION OF IF ACTIVE LOAD-PULL

In a practical PA design, the first instinctive step is to
nullify or cancel these unwanted baseband voltage
components, preventing any contamination or 're-modulation’
of the output bias supply. Therefore, the termination of these
frequency components into short circuits is usually desirable
and the normal course of action. For the measurements
presented in this paper, active IF load-pull has been used as
means of controlling the contribution of the significant
baseband components (IF1 and IF2). The validity of this
approach in maintaining a constant low-frequency impedance
environment is reported in [2] where IF1, which is twice of the
modulation frequency and IF2, which is four times the
modulation frequency were actively load-pulled. In the work
presented here, frequency independent IF1 and IF2 short
circuit impedances were maintained for different tone
separation and at a single drive level. The observed variation
in impedanc is very small and can be seen from Fig. 6 to be

less than 0.005 in magnitude and approximately 0.1degrees in
phase over the entire IF bandwidth.

Fig .6 Measured IF, and IF, impedaces on Smith chart at different tone-
spacing.

The behaviour of the carrier tones (F1 and F2) is clearly
independent of the tone spacing as shown in Fig. 7. It is also
evident that a reduction in IMD; components appears to have
been possible by providing the IF short circuit impedance for
frequency ranging from 1MHz to 10MHz. This is due to the
fact that the non-negligible baseband electrical memory
effects are greatly reduced.
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Fig. 7. Measured fundamental and IMD3 power for different tone-spacing at
constant drive level of 1dB compression point.

Measurements under such conditions show a notable
reduction in IMD; asymmetry and confirm the validity of IF
active load-pull in maintaining a constant baseband impedance
for the two significant baseband components IF1 and IF2 over
the bandwidth of at least four times the modulation frequency.
The baseband voltage components are greatly suppressed
whilst maintaining the short-circuit baseband impedance for
significant baseband components. Under such conditions, the
IF load-line was almost completely vertical with only slight
current variation present. This condition resulted in negligible
looping in IF load-lines as the RF load-line follows the same
trajectory in and out of the boundary conditions; consequently
this reduced the hysteresis in the dynamic transfer
characteristics.
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V.DELAY ADJUSTMENT ESTIMATION

The device's linear propagation delay has to be accurately
computed so that the input and output envelopes can be time
aligned. The delay is computed and applied to the output
envelope, and fig. 9 shows that the envelopes can be perfectly
aligned at their minima. There appears non-quasi static
envelope distortion however even after terminating the
significant baseband components into short circuits. This
alignment changes the shape of the transfer characteristics
such that the broadening at the bottom is diminished whilst the
looping in the upper part of the characteristic remains.
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Fig. 9 Delay compensated output current envelope at SMHz tone spacing.

200 —

< 160 —

£

E 120

‘5 -

g 80 — —— 01MHz Tone Spacings
a B —— 05MHz Tone Spacings
>

@]

—— 10MHz Tone Spacings

T T T T T T T T T
0.2 04 0.6 08 1.0 1.2 14 1.6 1.8
Input Voltage[V]

Fig. 10 Delay compensated dynamic transfer characteristics at different tone
spacings for slghtly different drive level at SMHz tone spacing.

Interestingly however, in the case of IF short circuit
termination, it was observed that the approach of shorting
these low-frequency voltage components is effective in

influencing the IMD asymmetry, suggesting that the hysteresis
in the dynamic transfer characteristics can also be minimized
by terminating the significant baseband components IF1 and
IF2 into short circuits. The residual spread remains in the
dynamic transfer characteristics as can be seen from fig. 10 for
certain bias conditions, and is most probably attributable to
non-linear device delay or other sources of memory,
specifically trapping effects, thermal effects [4][5], and in this
case, is not due to electrical baseband memory effects.

VI. CONCLUSION

In this paper, envelope domain analysis is performed for
different drive levels and is used to investigate the effect of
baseband electrical memory on envelope distortion and on the
measured dynamic transfer characteristic.

At a backed-off drive level with the device operating
linearly, symmetrical modulation envelopes are observed.
When driven into compression, these envelopes become
asymmetrical however. Using IF active load-pull to control
the behaviour of the significant baseband components, IMD;
asymmetry can be significantly improved, an effect due to the
suppression of baseband electrical memory. The causes of this
‘electrical’ effect may be understood by analysis of the IF
dynamic load-lines - any significant looping in the IF load-line
will result in different trajectories of the RF load-line through
the static IV characteristic, for different parts of the
modulation cycle. The suppressed baseband voltages translate
to greatly reduced hysteresis for lower tone spacing,
significant hysteresis remains for higher tone spacing.
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Abstract —  Low-frequency, baseband effects in Power
Amplifiers can become particularly important when steps are
taken to improve operational efficiency through the application of
‘envelope' based approaches such as Envelope Elimination and
Restoration (EER) and Envelope Tracking (ET). The aim of this
paper is to demonstrate how a broadband modulated time-domain
measurement system, when used in combination with active IF
load-pull, can be employed to gain valuable insight into the
behaviour of high-frequency power transistors whilst operating
under modulated conditions. Also considered is the interesting idea
of how PA linearity can be improved using the very mechanisms
that are employed to improve efficiency.

Index terms — Amplifier distortion, Amplifier linearity,
Amplifier efficiency, Modulation, Power amplifier

I. INTRODUCTION

In order to achieve truly broadband, highly efficient
linearization of increasingly complex PA architectures,
baseband as well as RF effects must be carefully considered and
taken into account [1]. This can be particularly important when
working with complex, multiple-device architectures such as the
Doherty PA, where successful design relies upon the precise and
highly optimised interaction between two or more active devices,
both in terms of both RF and baseband frequency components.
One interesting approach presented in [2] exploits this
interaction and connects the drain bias nodes of two similar PAs
via a baseband processing circuit in such a way that the effects
of baseband impedance on distortion are cancelled over a wide
bandwidth.

The devices used within these types of structures and
architectures may well be configured in different efficient or
efficient-linear modes of operation such as inverse class-F or
class-J, as well as using different types or versions of device.
Such designs become challenging when steps are made to
improve efficiency by the application of 'envelope' based
approaches such as Envelope Elimination and Restoration (EER)
and Envelope Tracking (ET). The latter has recently gained
popularity and relies upon dynamically modifying the
instantaneous DC applied to a device in response to a
modulation envelope. Considered another way, these
approaches directly modify the baseband impedance
environment presented to a device through active baseband
injection - an approach that through earlier work has already
been shown to be able to significantly improve linearity [1][3].

It is worth considering therefore the idea of improving PA
linearity using the very mechanisms that are employed to
improve PA efficiency.

Whereas classical modulated analysis of active devices and
power amplifiers usually involves observing the magnitude and
symmetry of inter-modulation products as a function of varying
tone-spacing excitation and drive [4][5], observing modulation
envelopes directly - envelope domain analysis - offers an
alternative approach to exposing problematic effects, and
involves plotting the dynamic behaviour of key parameters such
as gain, output power, efficiency and others in response to the
modulation envelope. This representation can be highly
intuitive and sometimes more representative of a device’s
behaviour whilst operating within a realistic environment.
Analysis of time varying behaviour in the envelope domain,
especially in comparison to CW equivalents, can often provide
significant insight into a number of dynamic, non-linear
processes including the presence or otherwise of PA or device
related ‘memory’[6].

II. MODULATED WAVEFORM MEASUREMENT SYSTEM

Continuous Wave (CW) waveform measurement and
engineering has established itself as a highly effective design
solution for the development of power amplifiers [7][8][9].
However, modern modulation schemes such as CDMA and
OFDM demand characterisation over extended instantaneous
bandwidths of up to 100 MHz. In order to cater for these
evolving requirements, existing CW waveform measurement
and engineering capabilities have been extended into the
modulated domain. This allows not only for the optimisation of
traditional parameters such as output power and efficiency, but
also the direct and simultaneous observation of linearity,
memory and the sources of memory. Until recently, there has
been a lack of measurement solutions that support
comprehensive investigations into the full consequences of
modulated excitation, with the majority of systems focusing
either upon the magnitude of the frequency spectra using
Spectrum Analysers, or upon magnitude and phase of in-band
spectral components using Vector Signal Analysers (VSAs).
Although these are both extremely valuable approaches, they are
not able to completely describe the devices full operating state
as they do not capture out-of-band information that exists at
both the base-band (IF) and around the harmonics of the carrier

978-1-4244-6689-0/10/$26.00 ©2010 Crown



frequency (RF). It is after all the vector summation of these
individual components that results in the actual voltage and
currents that develop at the nonlinear device's input and output
terminals. The accurate capture of these waveforms is essential
to develop accurate envelope domain representation and
analysis. The approaches investigated in this paper have been
made possible by the development of a modulated waveform
measurement approach that allows the observation and control
of all the frequency components (RF, IF' and DC) [10]
produced by the device under test. The system architecture is
capable of handling both low and high power IF and RF signals
(ImW to 100W), which makes it relevant to the characterisation
of devices used in both mobile handset and base-station
applications. A simplified schematic of the measurement system
itself is shown in Fig. 1

Modulated Source

RF Load
pull

RF Source
pull

4-channel Microwave Sampling
Oscilloscope

Input Output
DC bias DC bias

IF Loadpull IF loadpull
Fig. 1 Schematic of the modulated measurement system

The modulated measurement system consists of the RF test-
set and the IF test-set, which are identical in terms of both
component architecture and principle of operation.  This
combined IF and RF architecture allows the collection of the
four travelling waves both at IF (a{F S biF s aIZF and b‘zF) and RF (
al , b, air and b5F) frequencies.
coupled RF and IF components of the signal prior to
measurement by the broadband sampling oscilloscope is
achieved using diplexers, and is a key feature that ensures phase
coherence between measured IF and RF components. The
system is fully vector-error corrected and can therefore account
for any errors introduced due to losses, mismatches, imperfect
directivities and delay in the system, thus allowing the
measurement of the complete modulated voltage and current
waveforms and impedances that are presented at the input and
output of the DUT. For the measurements shown in this paper,
the system was calibrated over a bandwidth, of 50 MHz at
baseband and around the fundamental and first three harmonic
frequencies.

Combination of the

! Here, the term IF refers to the frequency components that exist in the
baseband as a result of modulation. These may exist as a result of
mixing, or be actively injected using active IF load-pull.

The specific focus of the measurement activities discussed in
this paper was to investigate the impact of active baseband
impedance conditions upon device linearity. For this reason, the
fundamental and all harmonic frequency components were
terminated into 50 Ohms. The IF load-pull architecture used
here provided active impedance control of the most significant
IF components; IF1 and IF2. This was achieved using an 80
MHz arbitrary waveform generator in combination with a high-
power (200W), 1-10 MHz power amplifier. All measurements
were performed on a CREE CGH40010 10W GaN device
within a custom 50 Ohm test fixture. Calibrated reference planes
were established at the package plane using a two-tier approach
with error terms initially generated using a TRM coaxial
calibration and then embedded with the extracted s-parameters
of each half of the test fixture.

III. APPLICATION OF THE MEASUREMENT SYSTEM

Building upon previous work [7][12], the aim of this
measurement activity was to explore in more detail the impact
of baseband impedance upon linearity, and specifically 3rd
order inter-modulation product magnitude and symmetry.
Whereas previous work focussed primarily upon emulating
passive baseband impedances inside the smith-chart, such as
those that may be presented by an actual bias insertion network,
this work was carried-out with an ET application very much in
mind, where both positive (inside the Smith chart) and negative
(outside the Smith chart) baseband impedances can be presented
to the significant IF components.

The first investigation involved biasing a CREE CGH40010
10W GaN device in class AB (IDQ=250 mA), using a drain bias
voltage of 16V and exciting with a symmetrical 2-tone
modulation centred at 2.1 GHz. A reduced value of Vd was
used to represent a typical ET application, and the magnitude of
the excitation limited to emulate a backed-off drive condition. In
this way, the device remained largely linear with no significant
load-line / knee boundary interaction occurring.
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Fig. 2 measured modulated output voltage waveform and supply voltage.

Fig. 2 shows the measured voltage waveform present at the
device plane®, where the ‘backed-off’ and linear operating
condition is evident from the limited voltage peak-to-peak

Note that folded sampling approach used [5] allows individual cycles of RF to
be visible inside the modulation envelope.



swing between 8V and 28V - well away from the device's knee
voltage at approx 4V.

IF1 and IF2 loads were then actively synthesised and swept
together over the measurement grid shown in Fig. 3 and Fig. 4.
The supply voltages comprising DC+IF, that correspond to the
cases of IF1 and IF2 load along the real axis are shown as the
upper traces in Fig. 2. These are plotted relative to the right-
hand axis, and are not to scale. The reference case is shown as a
central, solid red line where both IF1 and IF2 are terminated
into short circuits. The most negative IF1 load point results in
approximately a 2V p-p IF waveform established on a 16V
supply rail.

For each of the measurement points, the bias and drive level
was maintained constant, and the IM3 behaviour measured. Due
to the linear operation of the device and the dynamic range
limitations of the system (60dB), it was not possible to
accurately measure the IMS behaviour.

Contours of IM3 high and low are shown in Fig. 3 and Fig. 4
respectively, and indicate that interestingly, separate local
optimum IF loads for linearity exist some way outside the Smith
chart, and that for this device, a 15-20 dB improvement in IM3-
high magnitude exists for this load in comparison to the
reference case where IF1 and IF2 are terminated into short
circuits, as may be the case for example when using a
conventional video bypass bias network arrangement. A slightly
smaller improvement and different optimum load is observed
for IM3-low.
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Fig. 3 IM3-high contours as a function of IF1 and IF2 load

IF,and IF,load

IM3L {dBc)

Fig. 4 IM3-low contours as a function of IF1 and IF2 load

Access to the envelope domain allows the dynamic analysis
of other device parameters such as gain and drain efficiency as a
function of the applied modulation envelope. Fig. 5 shows for
example how the gain changes throughout the cycle of
modulation for the three cases of IF1 & IF2 load identified by
points A, B and C in Fig. 4: point A - significant IF ‘ET-like’
component, point B — the identified optimum for minimum
IM3L and point C — a near IF short circuit.

It is clear from this graph that the negative IF impedance
presented at point-A results in the higher gain, yet the load at
point-B offers improved linearity, at least in terms of IM3
behaviour. The load at Point-C causes significant distortion in
the dynamic gain envelope, which is unsurprisingly reflected in
the poor linearity performance.
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Fig. 5 Envelope gain profiles for IF1 and IF2 loads in positions A, B and C
identified in on Fig. 4. RF voltage envelope is also shown for reference

IV.EXTENDING SYSTEM APPLICATION TO ENVELOPE TRACKING
EMULATION

The analysis in the previous section is interesting from a
linearity perspective, yet it is limited in that it explores
performance only in a backed-off condition. Synthesising
negative IF impedances does allow us to understand however
how this investigation can be extended from simple linearity
investigations to full ET emulation. In this next measurement
sequence, the same device has been excited, this time using a
symmetrical 3-tone signal centred at 2.1 GHz, resulting in 100%
AM modulation with an envelope frequency of 1 MHz. The
Device was driven into approximately 2dB of compression with
fundamental and harmonic output components terminated into a
passive 50 Ohm load. At this frequency, the optimum output
impedance for power is approximately 25+j10 Ohms, and
although the device is not operating into the optimal
fundamental load impedance, it is considered sufficiently
representative for this analysis.

Three separate measurement cases were considered; case-1
(reference case): Vd=24V and IF1 and IF2 components actively
terminated into short circuits, case-2: Vd=20V, injected
IF1=8Vp-p and IF2 terminated into a short circuit, and finally
case 3: Vd=16V, injected IF1=16Vp-p and IF2 again terminated
into a short circuit.
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Fig. 6 measured supply voltages for the three cases of IF load, together with RF
output voltage waveform - note that different scales are used.

These combinations of static DC supply and injected IF1
component ensure that the peak supply voltage remained as
close as possible to a static 24V, as shown in Fig. 6, thus
allowing meaningful comparison between the three cases.

Plotting the measured (RF, IF & DC) time-domain voltage vs.
time-domain current yields a complete dynamic load-line which
can be used to describe the trajectory of the modulated envelope
relative to the device’s DC characteristic. This intuitive view
shows the actual voltage and current behaviour at the calibrated
reference plane, and importantly, the nature of any interaction
between the envelope and device boundary conditions. This is a
familiar plot in CW waveform engineering yet adds an extra
dimension to modulated analysis as it can show interesting
effects such as self-bias, and in the case here of an emulated ET
environment, the proximity of the load-line to the knee region.
Fig. 7 below shows the full dynamic load-lines for the three
cases considered, along with the IF load-line trajectories, which
have been added by plotting and overlaying the baseband
current vs. the baseband voltage waveforms. These clearly show
the degree of baseband voltage (horizontal) and current (vertical)
variation throughout the modulation cycle. The IF load-line
itself can be considered as the component that 'pushes’ or 'pulls’'
the dynamic RF load-line, in the case of electrical memory,
asymmetrically into the knee region, and in the case of ET, into
more efficient parts of the characteristic. A Perfect IF short
would result in a straight, vertical IF load-line, and the shape of
the IF load-line allows scope for baseband waveform
engineering and optimisation for example of the proximity of
dynamic RF load-line to knee boundary region.
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Fig. 7 RF and IF dynamic load-lines overlaid on DCIV characteristic for
Case-3

Fig. 8 shows the extracted gain envelopes for the three cases,
and how at the central point in the envelope where the DC
supply voltage is the same at 24V, the gain is the same, albeit
compressed. This plot also shows however that for other parts of
the envelope, the dynamic gain can be very different. This effect
is consistent with previous, CW based observations, where the
gain for this device has been seen to reduce with reducing drain
voltage.
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Fig. 8 Comparison of gain envelopes for the three cases

As with gain, it is possible to show the efficiency as a
function of the envelope, and Fig. 9 shows a comparison of the
three cases. Although it is clear from this graph that the applied
ET does improve the average efficiency, it is also clear that the
improvement is surprisingly small. In trying to explain this, it
must be remembered that in each case, the device is driven



fairly hard into compression, and no improvement can be
expected in this region of the envelope. Although improvement
is apparent around the envelope 'skirts', as mentioned, it maybe
isn't as large as one would expect. This is again probably
explained by the fact that for this device, the gain, output RF
power and hence efficiency reduces with reducing drain voltage.
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Fig. 9 Comparison of drain efficiency envelopes for the three cases

The linearity in terms of measured IM3 and IMS5 mixing
terms is shown in Table 1, which indicates that there is an
approximate 10dB improvement in IM3 for case 1 compared to

the reference IF1=IF2=short case, and only a slight
improvement in IMS5 for case 2.
M5 | IM3I | wi* we w2 | IM3h | IM5h
case
1 | 31.93 | 23.62 24.43 | 31.23
2 | 4746 | 16.32 16.53 | 43.57
3 | 41.57 | 12.77 12.94 | 41.02

Table 1 - linearity for the three cases

V. CONCLUSIONS

The aim of this paper has been to demonstrate that a
broadband modulated time-domain measurement system, when
used in combination with active IF load-pull, can be employed
to gain valuable insight into the behaviour of high-frequency
power transistors when operating under realistic conditions.
With the increasingly popular application of ET in mind, the
specific objective has been to question the impact of both
positive and negative baseband impedance upon measured
linearity, and to examine the idea of how PA linearity can be
improved using the very mechanisms that are employed to
improve efficiency.

In the case of a 'backed-off' device, contours of IM3-high and
IM3-low indicate separate local optimum IF loads that lie some
way outside the Smith chart, and for this particular device, a 15-
20 dB improvement in IM3-high magnitude is observed in
comparison to the reference case, where IF1 and IF2 are
terminated into short circuits.

Whereas dynamic RF load-lines are a familiar plot in CW
waveform engineering, the inclusion of baseband voltage and
current to these plots adds an extra dimension that shows
interesting and useful modulated behaviour, such as self-bias,

and in this case of an emulated ET environment, the proximity
of the load-line to the knee region, which may of course be
optimised. For the ET analysis, where significant a significant
IF component is injected, it is shown how plotting the envelope
efficiency and gain can be useful in understanding device
behaviour. In this case, it is clear from these time domain plots
that there is an overall reduction in gain and hence output power
with the application of an envelope tracking voltage - an effect
that is largely explained by the fact that for this device, the gain
reduces with reducing drain bias voltage.
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Abstract — This paper reports that significant linearity
improvement can be obtained in gallium nitride (GaN) RF
power amplifiers (RFPAs) in comparison to laterally diffused
metal oxide semiconductor (LDMOS) RFPAs through the use of
a modulated drain supply. It is shown that the gain
characteristic of a GaN RFPA has significant variation with the
drain bias voltage and this results in a 10-20dB reduction in
intermodulation (IM) levels. The LDMOS RFPA was measured
and the result showed that the gain of LDMOS did not change
substantially with drain bias voltage. As a consequence, when
the LDMOS RFPA is measured using modulated drain bias, the
IM levels showed only a much smaller improvement. These
results appear to indicate that GaN devices have an important
advantage over LDMOS in linear RFPA applications.

Keywords-component; Gallium nitride (GaN), Linearity,
Power amplifiers, Intermodulation.

L INTRODUCTION

In today’s advanced wireless communication technology,
such as WCDMA and Long Term Evolution (LTE), linearity
performance has been an important aspect in designing the
RF power amplifiers (RFPAs). Future applications such as
mobile TV and multimedia streaming will also require high
spectral efficiency and linear output power. Currently, the
expected adjacent channel interference requirement for both
standards is about -30dBc to assure that two adjacent
frequency operators to operates without any interference [1-
2]. There are three methods of power amplifier linearization
mentioned in [3] which are categorized by the way the
RFPA’s input signal, output signal or bias signal is being
modified. The most popular method is by modifying the input
signal (e.g. pre-distortion), secondly by modifying the output
signal (e.g. feed forward) and the least popular is by
modifying the amplifier characteristics dynamically (e.g.
adaptive bias). This paper explores the last method by
investigating the gain characteristic of GaN HEMT and Si-
LDMOS RFPAs at different drain bias voltages and
measuring the linearity performances of the RFPAs by
supplying modulated signal to the drain bias.

RFPAs based on LDMOS technology have been widely
used in to the communication industry. The short channel
length of the LDMOS structure provides a high current
handling capability and low doping on drain side of this FET
contributes to high blocking voltage [4]; this combination is a
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desired property for high power RFPAs. The low cost of
LDMOS technology has resulted in it becoming the
technology of choice for RFPA. However, as the LDMOS
device operation reaches its limit, GaN technology represents
the future for microwave power amplifiers. As compared to
LDMOS technology, GaN is a wide band gap material thus it
offers high breakdown voltage, higher carrier mobility and
high temperature applications [5]. The high power density
property of GaN contributes to reduced parasitic capacitance
thus offering wider bandwidth in RFPA broadband matching
design as compared to LDMOS. GaN also offers higher
operating frequency because LDMOS performance degrades
when operating frequency is greater than 3 GHz [6]. All of
these advantages towards high power broadband RFPA
design have therefore attracted a large amount of recent
attention, both in research and industry.

In this paper, GaN RFPA linearity characteristics are
compared to corresponding LDMOS RFPA performance. It is
shown that the GaN RFPA gain characteristic has possibility
for linearity improvement using a modulated drain supply
voltage. An earlier investigation of linearity on the same 10W
GaN device using an advanced active IF load pull
measurement setup has been presented in [7] where IM3 and
IMS5 distortions were observed to improve significantly by
emulating appropriate negative baseband impedance
terminations. Such negative impedance terminations can be
implemented in practice by using a suitably modulated supply
voltage.

II.  GAIN CHARACTERISTIC OF GAN AND LDMOS PA

A 10W GaN Class J RFPA that was reported in [8] and a
20W LDMOS Class AB RFPA were used in this
measurement. GaN HEMT is a depletion mode device,
therefore, the 10W GaN Class J PA is biased with negative
voltage at the gate of the RFPA. Both RFPAs are however
biased in deep Class AB region. In the CW measurement at 2
GHz, the RF power was swept at different drain bias voltage
from 16V to 28V. The output power was measured and the
gain in dBs versus output power was plotted. The
measurement of GaN RFPA showed that the gain varied
significantly from 8dB to 12dB as shown in Figure 1. At
drain voltage of 16V, the gain measured was linearly around
8dB but compresses as the peak output level was reached.
The behavior of gain at different drain bias voltage was



almost similar but at each higher drain bias voltage, the gain
increased by about 0.5dB.
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Figure 1. GaN PA gain characteristic as drain voltage was varied

In order to show the gain variation clearly, the gain in
decibel scale was then plotted at a linear level of output
power, 30dBm. The logarithmic gain was observed to change
approximately linearly with the drain bias voltage as shown
in Figure 2. As observed in Figure 1, the rate of change of this
linear gain in decibel in Figure 2 is about 0.5dB per Volt.
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Figure 2. GaN PA gain characteristic at 30dBm output power

CW measurement was also done on the 20W LDMOS
Class AB RFPA. The same RF power was swept at drain bias
voltage from 16V to 28V. The output power was measured
and the again the logarithmic gain was plotted against the
output power. This measurement result is presented in Figure
3. The figure shows that the gain was linear but compressed
towards peak output level. The gain behavior of LDMOS
RFPA was almost similar for all drain bias voltages.
However, it is observed that the gain varied much less
significantly with drain bias voltage in comparison to the
GaN measurements. In order to see clearly the insignificant
rate of change in the logarithmic gain versus drain bias
voltage, the LDMOS gain was plotted at a linear level of
output power, 30dBm. As shown in Figure 4, the gain was
seen to be almost constant with the drain bias voltage.
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Figure 3. LDMOS gain characteristic as drain voltage was varied.
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Figure 4. LDMOS PA gain characteristic at 30dBm output power

The measurement results above show that the GaN RFPA
has an expansive gain characteristic with increasing drain
voltage. Theoretically, when the device reaches the peak
power level the device compressive behavior can be
linearized by the expansive gain characteristic if the drain
bias voltage is suitably increased. In order to visualize the
linearizing effect, an imaginary linear line is drawn in Figure
1. From this figure, as we increase a suitable drain bias
voltage in the compressive area at the peak power level, a flat
gain can be achieved. As we improve a linear gain at its peak
power level, the linearity of the RFPA will be observed as
well. We have called such drain voltage adjustment
“Auxiliary Envelope Tracking (AET)”, inasmuch as the
voltage tracking is primarily intended to linearize the PA,
rather than improve its efficiency.

III. IMD MEASUREMENT FOR GAN AND LDMOS PA

For intermodulation distortion (IMD) investigation, the
GaN RFPA and LDMOS were measured on two experimental
setups. The first experimental setup was used to measure the
IMD of the RFPA when the RFPAs were biased by a fixed
drain supply as shown in Figure 5 (a). This IMD
measurement using fixed drain supply is needed to make
comparison to RFPA when biased with modulated signal. The
second experimental setup was used to measure the IMD
when the RFPAs were biased with a modulated drain supply



voltage as shown in Figure 5(b). In the first setup, the 2-
carrier input signal at 2GHz with frequency separation of
IMHz was generated by two signal generators. The input
signal is then amplified before the input signal was fed into
the gate of RFPA. The drain of the RFPA was biased from a
fixed supply.

In this second experimental setup, there were three signal
generators used for this measurement. Two signal generators
generated a 2-carrier input signal for the RFPA at 2 GHz with
frequency separation of 1MHz. The input signal was
amplified by a driver amplifier before inserted to the gate of
RFPA. The drain bias of the RFPA was provided with the
sinusoidal signal at the 2-carrier signal envelope frequency of
IMHz by the third signal generator. This 1MHz sinusoidal
signal was then amplified by an amplifier that we termed
Envelope Amplifier and the DC component is inserted
through a diplexer. The combined signal that we called AET
signal was then fed to the RFPA drain supply, which of
course has to have all bias decoupling components
disconnected.
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Experimental setup for intermodulation distortion measurement

Figure 5.
(a) Fixed drain supply (b) Modulated drain supply

In the 2-carrier signal measurement for GaN RFPA, RF
power was swept and the third-order intermodulation (IM3)
and average output power were measured. For the GaN
RFPA, on the first experimental setup for fixed drain bias
measurement, the GaN RFPA was measured at fixed drain
bias of 37V. On the second experimental setup; the peak
voltage that was provided to the drain bias, (that is the sum of
the fixed and sinusoidal components) was 37V. The values
were chosen to make a very fair comparison between the
fixed drain supply and the drain modulated bias results
measured on the modulated drain supply setup. For the
LDMOS RFPA, the fixed drain bias voltage on the first setup
was 28V and the peak voltage of the combined fixed and

sinusoidal signal that was provided to the drain bias on the
second setup was 28V.

For both fixed and drain modulated bias measurements,
the IM3 performance were plotted. In Figure 6, the IM3
performance of the GaN RFPA when biased with fixed drain
supply showed that the IM3 value of lower than -30dBc for
average output power lower than about 36dBm. A ‘null’
effect was observed around average output power of 31dBm
but greater than 36dBm average output power, the IM3 level
was worsening. The IM3 performance of GaN RFPA under
modulated drain supply however showed that the IM3 level
was below -30dBc even at its maximum average output
signal. This is a promising performance for WCDMA and
LTE technology that require high linearity. At the maximum
measured output power level, the IM3 performance under
modulated drain supply as compared to fixed drain supply
was improved from -22dBc to -33dBc, and an IM3
improvement between 10dB and just over 20dB was observed
over a 3dB power backoff (PBO) range, and significant
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In Figure 7, the LDMOS performance in IM3 is
presented and it is observed that the LDMOS, as expected
from the gain measurements, did not show substantial IM3
improvement. The IM3 performance of LDMOS RFPA for
fixed drain supply was less than -30dBc for average output
power greater than 33dBm. The IM3 performance of this
LDMOS RFPA under modulated drain supply showed a
slight decline for average output power lower than 33dBm
but showed a slight but insignificant improvement for average
output power greater than 33dBm.

CONCLUSIONS

It has been shown that the gain variation of GaN device
has a potential to contribute substantial linearity improvement
using drain modulation, an effect which is absent in an
LDMOS device. The improvement in linearity using the AET
system showed that the GaN RFPA can be useful for modern
communication systems that require the RFPA to be
optimized at highest power rating while maintaining the
linearity and spectrum purity of the signal. Future work on
this research program is to investigate the gain characteristic
on higher power GaN devices and at different bias point, and
also to explore the possibility of this drain modulation method
to improve efficiency.
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Abstract — A rigorous, systematic, measurement-founded
approach is presented that enables the design of highly efficient
power amplifiers. The identified process allows the designer to
quickly identify the parameters necessary for completion of a
design whilst ascertaining their flexibility and impact on
performance degradation. The investigation continues to consider
the impact of the higher harmonics and gate bias as design tools
on the performance of the design and proposes a strategy that
utilizes their positive effect as well as considering the subsequent
impact on device scaling. This was carried out on GaAs pHEMT
devices from commercial processes that obtained measured peak
efficiencies of 90.1% at P43 in a class-B bias.

Index Terms — Power amplifiers, microwave measurements,
load-pull, class-F, inverse class-F.

I. INTRODUCTION

In recent years, the focus of the wireless communication
industry has shifted towards energy conservation due to
environmental and consumer demands. This is especially true
of microwave power amplifier (PA) design for the mobile
market, where minimizing DC power consumption is critical.
In order to achieve this, harmonically-engineered amplifiers,
such as class-F [1][2], inverse class-F [3][4] and class-J [5][6],
are of increasing interest.

The class-F and inverse class-F designs in particular provide
excellent performance in terms of output power and efficiency
whilst operating at 1 dB compression levels. By providing
higher peak efficiencies they lend themselves to extended high
efficiency topologies such as in envelope tracking (ET) or the
Doherty PA. Various prior publications have utilized a
developed measurement-based strategy [4][7][8], but were
unable to investigate more deeply into the dependencies on
higher harmonics and their impact on efficiency due to a lack
in measurement speed and time; this will be addressed here.

This paper moves away from the CAD and simulation
environment to a purely measurement based strategy for the
design of these highly-efficient modes of operation, that has
the capability of including analysis for the optimization of
higher harmonic content as well as assessing other simple
design tools available, other than load termination. The
measurements for this investigation were carried out using an
envelope load-pull based system [9] at a fundamental
frequency of 900 MHz. This system allows the necessary
waveforms to be captured in addition to the ability of rapidly
establishing fundamental and harmonic impedances — a key
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requirement for this type of exhaustive, in-depth investigation.
Analyses carried out at these frequencies provide the PA
designer with critical information on the capabilities of the
device and its relative performance, whilst narrowing down the
number of measurements and investigation time required for
designs at higher frequencies. Devices used throughout this
paper were from the TriQuint TQPED GaAs Foundry process,
specifically 6x50um depletion mode pHEMTs.

II. BACKGROUND AND THEORETICAL ANALYSIS

The overall efficiency can be described by the product of the
fundamental RF waveform efficiencies, #yoiage and #eyrrent, and
the physical limitations imposed on the waveform extensions
by the excitation boundaries, #youndary- It is known that band-
limiting, e.g. limiting the positive effect of higher harmonic
content, in a class-F or inverse class-F design will yield less
than the theoretical 100% drain efficiencies through the
production of non-ideal waveforms [10].

The boundary efficiency, described by (1), for the devices
used in this investigation for class-F at Vp = 6 V and inverse
class-F at Vp =4 V were 0.95 and 0.925 respectively.

nbuundarv =(1_ me ](1 - Im‘“ J (1)
' VD ID

Therefore, the overall theoretical efficiencies for class-F
operation are 80.1% with 3 harmonics utilized, 90.1% with 5
harmonics, and 95% with ideal waveform shaping.

III. CLASS-F INVESTIGATION AND ANALYSIS

A. Optimization Strategy

Following a class-F design procedure similar to [7], the
starting point is to establish the optimum input bias at a
suitable power level that will ensure a null in the odd-
harmonic current content. To investigate this, the device input
bias was swept for conduction angles, a., of 90° < a, < 270°,
over a range of input power levels, whilst maintaining constant
active harmonic loads, in order to engineer the appropriate
current magnitude spectrum for the class-F mode. Provision of
this type of design information has not been previously viable
due to the volume of measurements required and the speed of
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previous measurement systems. Fig. 1 displays the resultant
information in contour form.

Through direct device measurement, it is clear that
harmonic current levels are dependant on both the drive level
as well as input bias. Using this analysis, the PA designer has a
continuum of bias and drive levels available to achieve their
goal; in the case of class-F, nulling the third harmonic current,
whilst only considering the first 2 harmonics, 2f; and 3f;.
Although, it is important to note that the archetypal class-F
state, of square voltages and half-sinusoid currents, only
occurs when enough harmonic content is generated to ensure
waveform shaping. Fig. 1 indicates that this is only at higher
input drive levels when the current waveform would be
compressed [2], therefore it would be prudent to select the
gate bias level based on these power levels. Here a gate
voltage, Vg, was chosen to be -0.85 V, close to pinch-off, for a
third harmonic minimum in mild compression.

The methodology employed here does not try to force the
device into the class-F state solely through the given harmonic
states, but tries to ‘relax’ it into the condition through the
correct biasing of the device.

To ensure that the voltage waveform is a full sinusoid, the
second harmonic is required to be terminated into a short. This
is from the fact that the natural starting point for class-F is a
class-B state, where all harmonics are ideally shorted.

The classic class-F procedure involves terminating the third
harmonic into an open circuit, although it has been shown that
the resulting efficiency is relatively insensitive to the

978-1-4244-7732-6/10/$26.00 ©2010 IEEE 1115

4
SRR
\ 8
24w 7
g,V
5
= 04
D_m
o 3
B -2 - o
g 14
R e
6 Third Harmonic Current (mA)I
FrpTE— T T
-1.0 -0.8 -0.6 -0.4 -0.2
Gate Voltage, Vg (V)
4 —~
0809 0.6=0.9
0.6-0.7 0.6
=T 0.4 4
E 0.5 <
° 0:3%
= 7 0.4
= 0.3 )
3 - 0.4
2 27 : 0.3 —__|
;;’ 0.2 0.2~
3 01 -
\ |Fifth Harmonic Current (mA)|
-6 — n

T T T T
-1.0 -0.8 -0.6 -0.4 -0.2
Gate Voltage, Vg (V)

Measured second, third, forth and fifth harmonic current magnitudes as a function of gate bias and drive power, at Vp =6 V.

magnitude of the load, so long as the third harmonic resistance
(Zsg0) is at least 10 times greater than that of the fundamental
[2]. Although this does not take into account the effect of the
output capacitance, Cg, which offsets the harmonic impedance
by the susceptance, B, at that frequency. By experimentally
sweeping the third harmonic, the required phase was shown to
be arg(Zsp) = 15°.

90 —
88 —
86 —
84 —
82 —
80 —
78 —
76 —

Efficiency (%)

| | | | | | |
0.7 0.8 0.9 1.0 1.1 1.2 1.3
Z,1 2, Ratio
Fig. 2. Measured efficiency as a function of [Zg : IZyy! ratio for
constant output power.

opt

With the natural increase in RF voltage at the third
harmonic, due to the high impedance presented, it is required
that the fundamental RF voltage also increase to maintain the
required fy/3f; voltage ratio. Usual practice is to increase the
impedance seen by the fundamental; the increase being a
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and current waveforms at the current-generator plane.

factor of 4/n for fully harmonic terminated class-F. A design
that only considers waveform engineering to the third
harmonic requires a smaller increase in Zg of 1.154 [11].
Although this is an assumption based on the complete absence
and non-interaction of higher harmonics, which in reality
cannot be achieved easily. Therefore it cannot be assumed in
the design routine that an increase of 1.154-Z,, is the optimum
termination for a realistic class-F operation. In order to
explore this, the fundamental load was swept along the contour
of constant susceptance, corresponding to the effect of Cy;,
whilst maintaining a constant output power. Fig. 2 plots the
variation in efficiency as the ratio of |Zgl to IZyyl is increased,
and indicates that the optimum fundamental impedance
environment is 1.21-Z,, = 210 Q. This is a marked increase
over what theory predicts for a 3 harmonic situation.

B. Results

The result of this optimization is achieved drain efficiencies
of 90.1% at P4 and 90.3% at P;4p. Fig. 3 displays a power
sweep for the device in the established class-F mode, along
with select de-embedded waveforms. As can be seen in the
final power sweep, a very high efficiency for this device has
been obtained, greater than the theory predicts for a three
harmonic emulation. The RF voltage and current waveforms
are very close to those expected, with only a small amount of
voltage clipping apparent in the final current waveforms.
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IV. INVERSE CLASS-F INVESTIGATION AND ANALYSIS

A. Optimization Strategy

A similar procedure to the class-F design was adopted for an
inverse class-F emulation. This mode produces output voltage
peaking in the order of m Vpc; knowing that the voltage
breakdown of the device is in the region of 12 V it is necessary
to reduce the drain voltage to 4 V, which will also help
facilitate higher efficiencies [8].

Again, as a starting point, the gate bias was swept as well as
the input power; the harmonic currents being shown in Fig. 4
as contours. Considering that the third harmonic current was
nulled in the class-F approach, aiding its half-rectification, it is
logical that in the inverse class-F case the 2™ harmonic current
be minimized. Thus relaxing it into the squaring of the current
waveform with only odd harmonic content; inherently around
the class-A bias point. The inverse class-F mode builds upon
the inverted class-B mode, where all the harmonic impedances
are set to open, producing an initial inverted, half-rectified
voltage waveform and a sinusoid current, also having a class-A
bias point. Fig. 4 suggests that the optimal bias condition is
Vg = -04 V for the higher-end power levels. The harmonic
impedance environments were set as required, Z,p to an open
and Zsp to a short with the second harmonic requiring the
optimization for the C, offset. Again, the fundamental load
was optimized along the contour of constant susceptance.

B. Results

Fig. 5 displays the power sweep of the inverse class-F
emulation with select de-embedded waveforms inset. It can be
seen that at 1 dB of compression a drain efficiency of 81.0%
was achieved, 82.3% at P54, near predicted values. Although
the RF waveforms are not as ideal, with significant peaking in
the voltage waveform and a deep notch forming in the current.

V. COMPARATIVE ANALYSIS OF RESULTS

On first comparison of the final results, it is particularly
interesting that the class-F emulation is by far the better
performer both in terms of drain efficiency and output power,
with 9 percentage-points increase over the inverse class-F
efficiency at an excellent 90.1% at Py4p.
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Second and forth harmonic current magnitudes as a function of gate bias and drive power, at Vp =4 V.
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According to the band-limited theory, it is not possible to
operate these devices with greater efficiency than 80.1% in
class-F with an engineered 3 harmonic content, yet here this
was managed. Viewing the 4™ and 5™ harmonics, it was found
that they were terminated into Z;n = 29.4-j34.8 Q and
Zsp = 95+j35 Q. When considering that these GaAs devices
are low-power, requiring a high impedance termination at the
fundamental (in the order of 210 Q) these upper harmonic
impedances appear relatively low. As the class-F starting
condition is from a class-B mode, where all harmonic content
is ideally shorted, the small upper harmonic impedances can
be seen to be beneficial to a class-F design. Now, given that
the inverse class-F design has an inverted-class-B starting
point, where the harmonic content is desired to be terminated
into open circuits, the relatively small upper harmonic
impedances have a negative impact in terms of efficiency.

The correct shaping of the squared current waveform
through bias control is more important in the inverse class-F
mode, as seen, due to the fact that greater control of the higher
harmonics is required to shape the waveform without
distortion, as load engineering plays little part in this. By
examining the harmonic content in Fig. 4, it can be seen that
whilst trying to achieve a second harmonic null, a significant
forth harmonic exists, degrading the quality of the squared
current waveform. The minimum of the forth component
existing nearer a gate voltage of Vg =-0.2 V. The solution to
increased performance could lie in a trade-off in favor of
minimizing the higher, forth harmonic with a bias greater than
the optimum class-A, which was seen to be necessary in [4].

VI. CONCLUSION

The emulated class-F and inverse class-F modes on the same
GaAs pHEMT device has shown how the higher harmonics
can play a large part in the achieved overall performance.

This becomes important when considering the mode of
operation necessary for a specific device to obtain efficiencies
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in excess of 85%. For low-power devices with a high Z, it is
sensible to focus on a class-F design where the higher
harmonics have relatively more freedom to be terminated into
lower impedances. The reverse is true for high-power devices
which have a low Z; this has been seen with a class-F design
in [7] and an inverse class-F in [4]. Device scaling would also
be affected by this observation, so where a class-F design
would provide increased efficiency for the lower power, this
performance does not necessarily scale up with higher power,
where inverse class-F terminations would be more beneficial.

This conclusion has been reached through a measurement
based approach that culminated in a design with a measured
drain efficiency of 90.1% in 1 dB compression, which to the
authors’ knowledge is the highest efficiency reported without
requiring the trade-off of a class-C bias.
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