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Abstract

The need for an efficient power amplifier (PA) is one of the most demanding
requirements in the design process for a wide spectrum of applications nowadays. In
communication systems, low operational cost and high data-handling capability are
considered as cornerstones in the targeted specifications. Since a large portion of total
power consumption in the system occurs at the PA stage, the strictness of the PA design
specifications becomes unquestionable in order to minimize the power losses and thus
improve the system performance.

Communication systems and standards undergo tremendous developments and
modifications, as a result of the extensive research conducted in this field to meet the
outstanding demands of the novel applications, which subsequently requires the
enhancement of the initial hardware blocks that constitute such systems. Cognitive
radio (CR) is one of such cutting edge technologies that have evolved as a result of
such developments and needs. Yet, implementation of CR systems requires innovative
design methodologies, on both the system and the components levels, so that the
developed CR system can compete commercially. Such requirements are imposed as
well on the PA design, requiring specific constraints to be achieved namely; wide
bandwidth, high efficiency, good linearity, proved stability and high output power
capabilities.

In this work, after conducting an in-depth research in the available PA classes as
well as new techniques suggested in the recent few years, a broadband, high efficiency
Class-J PA is proposed as a part of the RF front-end of a CR system operating in the
TV band, for the first time that such class is used in this band. The proposed PA design
covers the frequency band from 0.4 GHz till 1 GHz, reaching a percentage bandwidth
of 85.7%, which is the highest to be achieved with a Class J PA in the literature so far,
and with efficiency above 60% over that whole bandwidth of operation.



Chapter 1 : Introduction

A power amplifier (PA) is one of the most common blocks in electronic circuits
and serves in countless applications, be it industrial, military, civilian or even scientific.
Such applications range from communication systems, television broadcasting, radar
systems, networking, electromagnetic applications as plasma generators, laser exciters
and RF heating, passing through testing passive elements, such as antennas, to active
devices such as limiter diodes.

For wireless communication systems, key requirements are low operational
cost and high data-handling capability. Due to the continuously increasing frequencies
at which modern communication systems operate, microwave design techniques lend
themselves to the design of circuits for such applications, and consequently the
performance of microwave active and passive circuits in wireless communication
systems has become extremely advanced. Since a large portion of the total power
consumption in the system occurs at the PA stage, an efficient PA design is crucial.
High efficiency guarantees lower power consumption, longer battery life, longer time-
to-failure for the device, and convenient thermal management. These characteristics
contribute to the reduction of the manufacturing cost and the required maintenance.

As the system requirements vary, the specific constraints on the amplifier design
also vary considerably. There are, however, common requirements for nearly all
amplifiers, including frequency range, gain flatness, output power, linearity, matching
and stability. Often there are design trade-offs required to optimize any parameter over
the other, and performance compromises are usually necessary. Different classes and
modes of operation were defined, each achieving certain criteria in such performance
metrics. Popular examples are the basic classes such as Class A, B, C, D, E and F PAs.
Because of their highly versatile circuit function, PAs have always been the first to
benefit from developments in the device and semiconductor technologies, which helped
in defining even new techniques for operation like the Doherty amplifiers and Class J
PAs to meet the requirements imposed on PAs due to the evolution of new
communication systems and standards. Among the latest emerging technologies are CR
systems.

CR is a promising technology offering tremendous opportunity for providing
affordable broadband wireless access to more users. Designing a CR network poses
many unique challenges among which are the problems of spectrum sensing, dynamic
resource allocation, ultra wideband transceivers, tight front end specifications,
interference coordination... etc.

In this work, a broadband, high efficiency Class J PA is proposed as a part of the
RF front-end of a CR system operating in the TV band, for the first time that such mode
is used in this band. The proposed PA is designed using extensive simulations followed
by prototyping to obtain high quality PCB design using low-loss substrates. The
prototype is tested and the output power is measured along with the efficiency and gain.
Obtained results show superior fractional bandwidth relative to other designs in the
literature.

This thesis falls in six chapters. In Chapter 2, a review on CR systems and its main
definitions and concepts is briefly discussed.



In Chapter 3, a review on PAs is presented, where a brief study of the classical
classes of PAs (Classes A, B, C, D, E and F) is presented. Novel techniques in the
design of PAs, as Class J, will also be examined, and the rationale behind choosing this
class for the application at hand is presented.

In Chapter 4, the design proposed to reach the targeted performance will be
presented. The design methodology is briefly explained, and an accurate model
following such methodology is implemented on the CAD tool, and then its layout is
fabricated.

Chapter 5 presents the results obtained from the designed Class J PA. The circuit
model simulation results will be discussed. Afterwards, the measured results of
fabricated circuit will be presented and compared with the simulated ones to verify the
design.

Conclusions along with suggested future work are provided in Chapter 6.



Chapter 2 : Review on Cognitive Radio

In this chapter, the main definitions and concepts of CR will be briefly discussed.
Capabilities and features of a CR system will be investigated as well. Afterwards, an
introduction to the application at hand along with the objectives of this project will be
presented.

2.1. History

There were many factors that led to the development of CR technology. One of the
major drivers has been the steady increase in the demand for more radio spectrum along
with a drive for improved communications and speeds. In turn this has led to initiatives
to make more effective use of the spectrum, often with an associated cost dependent
upon the amount of spectrum used. In addition to this, there have been many cases
where greater communications diversity has been required.

With spectrum becoming a more scarce resource, many radio regulatory bodies
started to look at how it might be more effectively used. CR technology [1] would lend
itself to more efficient spectrum management as it would be able to utilize bands that
were temporarily free and thereby maximize the use of particular bands. Similarly,
others had been working on the possibility of self-configuring radios [2].

From the first glance at the radio spectrum allocation chart [3], it falsely appears as
if the spectrum is fully allocated to different applications, and that a full utilization of
the available spectrum is reached, yet this is not precisely true. In fact, this chart gives
information about how the spectrum is “allocated” for different applications, rather than
how such spectrum is really “utilized”. Therefore the need for efficient scheme for
spectrum management was crucially needed, and CR stood out as a possible solution
for such dilemma.

2.2. Definition

Since CR is a recently developed technology [1], there is no exact definition for
what a CR is; however, there were several trials to give a general definition for a CR
according to its nature.

In 1999, the term CR was first defined by Joseph Mitola Il and Maguire as “A
radio that employs model based reasoning to achieve a specified level of competence in
radio-related domains.”[1]. However, in [4], another definition for CR was introduced,;
“An intelligent wireless communication system that is aware of its surrounding
environment (i.e., outside world), and uses the methodology of understanding-by-
building to learn from the environment and adapt its internal states to statistical
variations in the incoming RF stimuli by making corresponding changes in certain
operating parameters (e.g., transmit-power, carrier frequency, and modulation strategy)
in real-time, with two primary objectives in mind:

e Highly reliable communications whenever and wherever needed,;
e Efficient utilization of the radio spectrum”,



Coming from a background where regulations focus on the operation of
transmitters, the Federal Communications Commission (FCC) [5] has defined a CR as:
“A radio that can change its transmitter parameters based on interaction with the
environment in which it operates.”

Meanwhile, the other primary spectrum regulatory body in the USA, the National
Telecommunication and Information Administration (NTIA) [6] adopted the following
definition of CR that focuses on some of its applications: “A radio or system that senses
its operational electromagnetic environment and can dynamically and autonomously
adjust its radio operating parameters to modify system operation, such as maximize
throughput, mitigate interference, facilitate interoperability, and access secondary
markets.”

The IEEE tasked the IEEE 1900.1 group to define CR which has the following
working definition [7]: “A type of radio that can sense and autonomously reason about
its environment and adapt accordingly. This radio could employ knowledge
representation, automated reasoning and machine learning mechanisms in establishing,
conducting, or terminating communication or networking functions with other radios.
Cognitive radios can be trained to dynamically and autonomously adjust its operating
parameters.”

Likewise, the Software Defined Radio Forum (SDR) [8] participated in the FCC’s
efforts to define CR and has established two groups focused on CR. The Cognitive
Radio Working Group focused on identifying enabling technologies uses the following
definition: “A radio that has, in some sense, awareness of changes in its environment
and in response to these changes adapts its operating characteristics in some way to
improve its performance or to minimize a loss in performance.”

However, the SDR Forum Special Interest Group for Cognitive Radio [8], which is
developing CR applications, uses the following definition: “An adaptive, multi-
dimensionally aware, autonomous radio (system) that learns from its experiences to
reason, plan, and decide future actions to meet user needs.”

Finally, the Virginia Tech Cognitive Radio Working Group [9] adopted the
following capability- focused definition of CR: “An adaptive radio that is capable of the
following:

e Awareness of its environment and its own capabilities

e Goal driven autonomous operation,

e Understanding or learning how its actions impact its goal.

e Recalling and correlating past actions, environments, and performance.”

However, in order to develop a satisfactory general definition for a CR system,
taking into consideration the previously mentioned trials, the capabilities of the system
need to be investigated first. Consequently, the CR system can then be more generally
defined according to its main functionalities that it should be capable of performing.
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Fig. 1: Dynamic spectrum re-allocation, showing the mobility of the SU within the
spectrum in order to capture the available spectrum holes.

2.3. Cognitive Radio System Capabilities

To aid in understanding the CR system, two important definitions should be
introduced:

e Primary User (PU): is the main user of the spectrum, often is allowed to use
this part of the spectrum and has the higher priority to be served. In other words,
the PU must be served efficiently in his assigned part of the spectrum.

e Secondary User (SU): is any user that is not assigned this part of the spectrum
specifically, but is allowed to use it as long as the PU permits him to do so.

Thus the one aim for a CR system is to efficiently utilize this part of the spectrum
that is assigned to a PU, by allowing other SUs to use the same band and monitoring
such utilization to guarantee that no interference occurs between the PU and the SUs.

From the above and through deducing the main functions that a CR system should
be capable of performing from the definitions previously explained, the main features
of a CR system can be concluded as follows [2][7][10]:

e Spectrum Sensing: Detecting the unused spectrum and sharing it without
harmful interference with other users.

e Spectrum Management: Capturing the best available spectrum to meet user
communication requirements. CRs should decide on the best spectrum band to
meet the Quality of Service (QoS) requirements over all available spectrum
bands.

e Spectrum Mobility: is defined as the process when a CR user exchanges its
frequency of operation to capture a spectrum hole, as shown in Fig. 1, where a
spectrum hole is defined as a spectrum band that can be utilized by unlicensed
users, or the potential opportunity for non-interfering use of spectrum, and can
be considered as multidimensional region within frequency, time and power.

5



e Spectrum Sharing: Providing the fair spectrum scheduling method to allow the
SUs to co-exist.

2.4. TV Band Cognitive Radio System

After the problem of efficient utilization of the available radio spectrum became
obvious, the NTRA in Egypt believed in the urgency of developing novel techniques
and standards to solve such problem. Expectedly, CR was one of these adopted
techniques. As a part of a research project, it was decided to test the abilities of CR over
a part of the TV band; mainly in the spectrum from 0.5 GHz till 1 GHz.

Obijectives of this research project include studying the problems of SU access
rules, and scheduling algorithms for SU access and coexistence to assist the NTRA in
writing rules concerning the existence of SUs. This will include a study of the rules of
SUs that exists in various parts of the world such as the power levels that can be
produced by various secondary transmitters depending on the placement of broadcast
stations and on the population density, e.g. urban or rural. The study will include as
well whether to allow low power, e.g. portable, SUs to transmit in the same band as an
existing TV channel and the relationship of this to the SUs’ location relative to a
protection contour for the broadcast station.

The second track in this project is concerned with the challenges in building the RF
front end; including the PA and the antenna. Most PAs are designed for a particular
application and do not need to cover such a wide bandwidth, thus developing an
inexpensive, efficient, and broadband PA requires adopting new design techniques,
which is the scope of this thesis.

Last, an innovative antenna design based on meta-materials concepts will be
considered to pave the way for sub-wavelength antennas that will cover the bandwidth.



Chapter 3 : Overview on Power Amplifier Technology

In this chapter a brief study of the classical classes of PAs (Classes A, B, C, D, E
and F) is presented. Novel techniques in the design of PAs, namely Class J, will also be
examined, and the rationale behind choosing this class for the application at hand is
presented together with a review for the previously designed class-J PAs in the
literature.

3.1. Historical Background

The triode electronic valve was used to develop amplifier and oscillator modules,
that were associated with very limited applications and were mainly used for civil
purposes, from the late 19™ century to as early as 1930. However, radio communication
witnessed extreme development since then, which required in return parallel
enhancement in the PAs used, yet the technology was constrained at that time by the
electronic valve [11-16]. A spectacular technological advancement was achieved in the
early 1960s by transferring the tube-valve technology to the junction transistor
technology. Amplifiers design in general thus improved due to the advance of
semiconductor diodes and transistors [11-13]. Moreover, for broadband amplifier
technologies, new methods and techniques for broadband matching were established
[11] [14-15] [17]. All these factors helped in improving the PA performance through
enhancing the efficiency, minimizing the reflections, improving the gain and increasing
the percentage bandwidth that could be realized.

Classical PAs were then developed. However, the concept of obtaining a highly
efficient RF amplifier by biasing the active device to a low quiescent current and
allowing the RF drive signal to swing the device into conduction (used in Classes B,
AB and C) is very old, dating back to the earliest days of vacuum tubes. It was assumed
that all higher harmonics will be shorted at the output of the PA device. This simplifies
the analysis and was a much easier condition to realize in the days of tube amplifiers.
This has led to some confusion regarding the kinds of matching topologies which
should be used for today’s transistor counter parts, taking into consideration the internal
capacitances of the transistor. Such confusing ideas will be the pillars that recent
techniques in PAs design will successfully make use of. However, approximate results
have always been obtained for classical PAs through the straightforward simplified
analysis explained above, thus these approximate results can be correctly used in
comparison between such classes.

3.2. Basic Power Amplifier Parameters

Fig. 2 shows the general block diagram for any PA circuit. The active element,
typically a transistor, is considered to be the amplifying component in the circuit, and
thus the selection of such element is a crucial step in the design process. A biasing
circuit is then needed for the appropriate selection of the mode of operation of such
transistor through the determination of the corresponding quiescent voltages and
currents. After the selection of the suitable biasing, the matching circuits are then
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Fig. 2 : General block diagram, showing the main blocks that constitutes a PA
circuit.

designed according the requirements of each application and mode of operation [11-12]
[15].

Throughout the following review on the different classes of PAs, elementary
parameters will be used to identify such classes and compare between them. These
parameters are

e The Conduction Angle (20): The portion of the input signal cycle during which

the amplifying device conducts.

e FEfficiency (n): The ratio of the RF output power to the DC input power.

e Power Added Efficiency (PAE): The ratio of the RF output power (after

subtracting from it the RF input power) to the DC input power.

3.3. Classical Power Amplifiers

Since the early development of PAs and its different applications, certain classical
modes of operation were used to identify PA circuits and their corresponding
performances. From Fig. 2, it is clear that classification of PAs depends mainly on the
selected quiescent point (biasing) and the nature of the matching circuits used (mainly
the output matching circuit). Accordingly, the classical modes of operation for PAs
were defined as follows:

Group I: where the transistor acts as a dependent current source and this group
includes:

e Class A
e ClassB
e Class AB
e ClassC

Group I1: where the transistor acts as a switch and this group includes:

e ClassD

e ClassE
And the last mode in the classical modes of PAs is Class F, which can fit in both the
above groups, depending on how the transistor is operated to obtain specific output
waveforms.
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Fig. 4 : Simple circuit used for the analysis of Classes A, B, AB and C, with the
main PA functional blocks identified.

3.3.1. Class A, B, AB and C Power Amplifiers

In Classes A, B, AB and C PAs, the transistor is operated as a dependent current
source where the DC operating point of the transistor determines the class of the
amplifier, as shown from Fig. 3. Such DC biasing is realized upon the proper selection
of the gate-to-source voltage (V) and the corresponding drain current (I,) , So as to
force the active element ( the transistor) to opearte in the desired mode.



Fig. 5: Class A power amplifier wave forms [15], including the input and output
voltages, drain current, output current, instantaneous output power (Py(wt)) and
the instantaneous dissipated power in the transistor (Pp(wt) waveforms.

For the ease of comparison, and to properly highlight the main differences between
these four modes of operation, the circuit shown in Fig. 4 will be used, where the main
PA’s building blocks are clearly identified.

3.3.1.1. Class A Power Amplifiers

Where efficiency is not a consideration, most small signal linear amplifiers are
designed as Class A since it is more linear and less complex than all the other types.
However, a significant drawback for class A is its degraded efficiency, which is the
worst among all other PAs.
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Fig. 6: Efficiency np of Class A PA as a function of the output voltage amplitude
V. [15].

In order to force the transistor to operate in the Class A mode, the DC component
of the gate-to-source voltage V. is selected to be higher than the transistor threshold
voltage V. . To keep the transistor in the active region during the whole cycle, the
following condition needs to be satisfied:

VGS - Vt > l(gsm (l)

where Vs, is the amplitude of the ac component of the gate-to-source voltage v,s. The
waveforms that characterize Class A PA are plotted in Fig. 5.

From these waveforms, the main advantages and disadvantages of Class A can be
deduced. Being “ON” the entire cycle means that Class A PA achieves the best
linearity, as the conduction angle (20) for the drain current is 360°(2m). Yet, for this
same reason, it suffers from the worst efficiency among all PAs, as during the whole
cycle, the transistor is always ON thus power is dissipated in the transistor all the time,
degrading its efficiency significantly. In Fig. 6, the efficiency n, is plotted as a
function of the output voltage amplitude V},,. Maximum efficiency is reached when
Vi =V, (V1 supply voltage), where such ideal maximum efficiency (n) is 50 %.

3.3.1.2. Class B Power Amplifiers

The operating point of the transistor is located exactly at the boundary between the
cut off region and the active region (pinch off or the saturation region) as clear from
Fig. 7. The DC component of the gate-to-source voltage Vs is chosen to be exactly
equal to the transistor threshold voltage V; , thus the conduction angle (20) of the drain
current is 180° (1) as shown in Fig. 8. Being “ON” for half cycle only means that
power dissipation in the transistor will be reduced than that in the case of Class A,
which is the main reason why the efficiency of Class B can reach up to 78.5% ideally
as shown in Fig. 9. Meanwhile, this is achieved on the expense of the linearity, which is
much worse than in Class A. As a way to improve such degradation in linearity, push-
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Fig. 8: Waveforms of Class B, showing the drain current’s conduction angle
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Fig. 9: Class B efficiency as a function of the output voltage amplitude V,,, [15].
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Fig. 11: Class C waveforms, showing the drain current’s conduction angle (less
than 180°) [15].

-pull topology can be used in Class B, but such topology may suffer from cross-over
distortion, a fact which should be taken into consideration in the design process to
guarantee that it will be accounted for.

3.3.1.3. Class AB Power Amplifiers

Class AB PAs emerged as a compromise between the previous two classes (A and B).
The DC component of the gate-to-source voltage Vs is biased at an intermediate value
between classes A and B, yielding a conduction angle (20) for the drain current
between 180° (7r) and 360°(27). A tradeoff is now achieved between both linearity ,
which is now better than class B yet still worse than class A, and efficiency that is
improved compared to class A but not as high as in the class B case.

3.3.1.4. Class C Power Amplifiers

The operating point of the transistor is located in the cut off region, as shown in Fig. 10.
The DC component of the gate-to-source voltage Vi is selected to be less than the

13
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Fig. 12: Block diagram for switching power amplifiers.

transistor threshold voltage V, , leading to a conduction angle (20) for the drain current
less than 180° (m) as shown in Fig. 13, and thus improving the efficiency of this PA
over Class B, yet linearity will be much degraded. Efficiency will be function in the
conduction angle, which is determined in return by the DC biasing. Ideally, efficiency
of a Class C PA can reach up to 100% in case of 0°(vanishing) conduction angle, which
is a nonrealistic case meaning that no output would exist.

3.3.2.  Switching Power Amplifiers

In switching PAs (Classes D, E and special cases in Class F), the transistor is mainly
operated as a switch. Such topology helped in reaching very high efficiencies for power
conversion, where ideally 100% efficiency can be obtained for these PAs. A block
diagram showing the main theory of operation for these classes is shown in Fig. 12. The
RF source is used in turning the transistor ON or OFF, such that the output of the PA is
an approximate square wave. An appropriate resonant circuit should then be designed,
as a part of the output matching circuit, to obtain the desired output wave forms. The
nature of such resonant circuit is the main criteria that distinguish the classes of this
group of PAs from each other as will be discussed in the following sections.

3.3.2.1. Class D Power Amplifiers

Class D power amplifiers were introduced in 1959 by Baxandall [11] and have
been widely used in various applications to convert DC energy into AC one. Class D
amplifiers can be classified into two groups:

- Class D voltage-switching amplifiers

- Class D current-switching amplifiers.

Class D voltage-switching amplifiers are fed by a dc voltage source, and use a series
resonant circuit at its output. Whereas the Class D current switching amplifiers are fed
by a dc current source and uses a parallel resonant circuit. Depending on the topology
selected, the waveforms of the currents and voltages vary respectively; for example, for
the voltage switching class D PAs, the current waveform through the resonant circuit
will be sinusoidal (assuming that the loaded quality factor is high enough) and through
the switches will be a half sine wave, while the voltages wave forms across the
switches will be square waves.

An example for a class D voltage switching PA circuit is shown in Fig. 13, where its
equivalent circuit is provided in Fig. 14. The circuit consists of two n-channel
MOSFETS, the source V; , a series resonant circuit and the load R. The transistors are
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Fig. 14: Equivalent circuit for the Class D PA circuit in Fig. 13.

driven by non-overlapping rectangular-wave voltages V;g; and Vs, thus turning the
switches S1 and S2 alternatively on and off.

The concept behind the operation of the Class D amplifier can be explained by the
waveforms plotted in Fig. 15. If the loaded quality factor of the resonant circuit is
sufficiently high, the current i through this circuit is nearly a sine wave. Only at f = f,
the MOSFETSs turn on and off at zero current, resulting in zero switching losses and an
increase in efficiency. In this case, the antiparallel diode never conducts.

However, if the operating frequency f is not equal to the resonant frequency the
MOSFETS will turn on and off at non-zero currents, thus resulting in switching losses
as sketched in Fig. 15 (a) and (c). The tolerance of the gate-to-source voltage turn-on
time is indicated by the shaded areas.

From the above, Class D PAs can be used to achieve very high efficiency (ideally

100%). It is more suitable for lower frequencies (100s of MHz) because it assumes that
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Fig. 15: Class D voltages and currents waveforms, showing different cases for the
operating frequency (f): (a) for f < fo, where f, is the resonant frequency, (b)
for f = fo and (c) for f > f, [15].

the output capacitance of the transistor is zero (i.e.

transistor is an ideal switch) as clear

from Fig. 14 (Cps = 0). Meanwhile at higher frequencies, the power losses caused by
the output capacitances of the active devices (leading to undesired current and voltage
waveforms overlap) must be considered. Switching time is also one of the important
limitations for the use of class D at higher frequencies.

3.3.2.2. Class E Power Amplifiers

Class E PA depends on a principle of operation

which is very similar to that of Class

D, yet with some modifications to overcome the drawbacks of Class D at high
frequencies [18]. Class E utilizes the device output capacitance as shown in Fig. 16, and
does not require it to be small, as in Class D, that is why it can work at higher
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Fig. 17: Class E voltage and current waveforms, showing the concept of operation
where the waveforms (i, vg) of the switch do not overlap [15].

wt

frequencies. In the simple class E PA circuit in Fig. 16, C; includes the transistor output
capacitance, choke parasitic capacitance and the stray capacitances. Similar to the
concept of operation adopted in class D, the current and voltage waveforms of the
switch do not overlap, which can be observed from the class E waveforms sketched in
Fig. 17, resulting in low power dissipation in the transistor. In particular, the switch
turns on at zero voltage (in case of Class E zero-voltage switching PA) or at zero
current (in case of Class E zero-current switching PA) if the component values of the
resonant circuit are properly chosen. Since the switch current and voltage waveforms
do not overlap during the switching time intervals, switching losses are virtually zero,
yielding high efficiency (can ideally reach 100%).
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Fig. 18: Ideal odd harmonics Class F PA circuit, showing the resonant circuits
added to allow the existence of the drain-to-source voltage odd harmonics only.

3.3.3. Class F Power Amplifiers

Class F PAs are always one of the best solutions whenever excellent efficiency is
needed over a narrow band. Class F circuits utilize multiple harmonic resonators in the
output network to allow some harmonics to be generated in the final output waveforms.
Such output network is used in shaping the output waveforms such that the transistor
loss is reduced and the efficiency is increased. Class F PAs are designed in a manner to
guarantee that the drain current flows when the drain-to-source voltage is flat and low,
and the drain-to-source voltage is high when the drain current is zero. Therefore, the
product of the drain current and the drain-to-source voltage is low, reducing the power
dissipation in the transistor. There are two groups of Class F PAs:

— Odd harmonic Class F PAs

— Even harmonic Class F PAs.

In Class F PAs with odd harmonics, the drain-to-source voltage contains only odd
harmonics and the drain current contains only even harmonics. Such conditions are
achieved through forcing the input impedance of the output matching circuit to
represent an open circuit at odd harmonics and a short circuit at even harmonics. A
simple circuit representing the idea of an ideal odd harmonics Class F PA is shown in
Fig. 18, with the corresponding voltage and current waveforms plotted in Fig. 19. On
the other side, for Class F PAs with even harmonics, the drain-to-source voltage
contains only even harmonics and the drain current contains only odd harmonics.
Consequently, the output matching circuit represents an open circuit at even harmonics
and a short one at odd harmonics. Similarly, a circuit representing the idea of an ideal
even harmonics Class F PA is shown in Fig. 20, with the corresponding voltage and
current waveforms sketched in Fig. 21. One point of strength in the principle of
operation for Class F PAs is that although harmonics are allowed to appear in the
current and voltage waveforms, no real power is generated at these harmonics because
there is either no current or no voltage present at each harmonic frequency.

18



Fig. 19: Waveforms of the ideal odd harmonics Class F PA circuit in Fig. 18 [15].
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Fig. 20: Ideal even harmonics class F PA circuit, with infinite number of resonant
circuits added to allow the existence of the drain-to-source voltage even harmonics
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Fig. 21: Waveforms of the ideal even harmonics Class F PA circuit in Fig. 20 [15].

3.3.4. Summary for the classical Power Amplifiers

From the previous discussion concerning the different classical classes for PAs
including the circuit models, theory of operation, performance, advantages and
disadvantages, a brief comparison between them can be deduced, taking into
consideration the performance metrics that are of importance for this work as clear in
Table 1. It is now clear how the correct decision of the appropriate PA depends greatly
on the application. If linearity is targeted then Classes A, B and AB is the best choice,
however, this decision will be over the expense of the efficiency which will be highly
degraded. On the other hand, if efficiency is more desired, as long as acceptable
linearity is achieved, then switching PAs as Classes D and E, as well as Class F, will be
the convenient choice for such applications.
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Table 1: Summary for the classical modes of operation for PAs

Class Efficiency (%) Comments
A 50 360 conduction angle
B 78.5 180 conduction angle
C 100 0 conduction angle
D 100 Device operated as an ideal
switch (low frequency)
E 100 Transistor output
capacitance considered
F 100 Infinite number of
resonators

Bandwidth is another important requirement that would also affect the choice of
the PA class. For example, broad band applications are not convenient for Class F PAs
due to the complexity of the output matching (resonant) circuit that requires the
presence of harmonics resonant circuits for every frequency of interest, which would
increases the circuit complexity severely.

3.4. Class J Power Amplifiers

For all the previously explained classes, it was always assumed that the output
matching circuit is either short at the frequencies of interest or open at the other
frequencies, such that the transistor would always experience a pure resistive load at the
frequencies of interest. However, some PA circuits show certain behavior that could not
be explained. When load-pull systems, which will be explained later in this chapter,
were used to obtain the constant contours for some performance metrics like the Power
Added Efficiency (PAE), gain, output power...etc., through varying the value of the
load that is connected to the transistor and calculating the performance parameters at
each case, it was observed that certain loads, that were not purely resistive but had
some reactive components, showed excellent performance results. Such cases were
frequently observed, but not well explained and did not fit in any of the pre-defined PA
classes.

Trials followed in order to find a scientific explanation for such a phenomenon
hoping to utilize such explanations in the design process to make use of the achieved
performance improvements. Some progress was achieved in [19-20], where the term
“Harmonic Manipulations” was first introduced. It was shown that adopting some
waveform engineering techniques, through allowing certain harmonic components to
appear and with certain calculated ratios with respect to the fundamental component;
the circuit performance can be clearly enhanced.

S. C. Cripps then made use of such observations and described Class J PA for the
first time [11]. Class J was then defined as: “A mode in which the voltage has harmonic
components which make it tend asymptotically towards a half-wave rectified sine-
wave. This in practice can be usefully approximated by a suitably phased second
harmonic component” [21].
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Fig. 22: Class J DC biasing, being the same as Class B or deep Class AB.
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Fig. 23: Class J current and voltage waveforms, showing the phase shift between
both of them, as well as the existence of harmonic components [21].

3.4.1. Class J Power Amplifier features

The starting point in Class J design methodology is the linear Class B (or deep
Class-AB) as shown in Fig. 22, thus, the Class J PA can be expected to have the same
linear performance as a Class AB PA operating at the same conduction angle. Class J
[21-28] has shown the theoretical potential of obtaining linear PAs that have the same
efficiency and linearity as conventional Class AB designs but do not require a band-
limiting harmonic short, instead it uses second harmonic voltage enhancement. The key
difference between Class J and Class A, AB and F modes is the requirement for a
reactive component at the fundamental load.
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Yet, this new proposed PA poses an immediate problem as much as the device
generates second harmonic power. Techniques such as current waveform clipping or
wave-shaping the input signal have been proposed in an attempt to null the second
harmonic component. The Class J approach utilizes a phase shift between the output
current and voltage waveforms, as shown in Fig. 23, to render the second harmonic
termination into the purely reactive regime. This enables significant possibilities into
the realizable bandwidth-efficiency performance of the Class J PA.

The Class J voltage waveform engineering is realized by using appropriate passive
fundamental and second harmonic terminations, whose values are usually obtained
using the load-pull measurements. In this way, a higher fundamental component can
significantly compensate for the loss in power implied by the reactive load.

3.4.2. ClassJ State of the Art Implementations

The first successful realization for a Class J PA was published in 2009 [21-22]. The
design targeted the BW from 1.5 GHz till 2.5 GHz. Using a 10 W GaN HEMT in this
design, and using waveform engineering techniques as well as load pull measurements,
it succeeded in achieving a PAE of 60% - 70% over the band 1.4 — 2.7 GHz (percentage
BW= 63.4%), with power gain between 10.2 — 12.2 dB and providing 39.5+0.5 dBm as
output power.

In the same year as well, another successful realization for a Class J PA was
reported [28]. This PA achieved PAE between 42 — 72% over the band 1.5 — 2.25 GHz,
with gain 16-18 dB and output power of 40 — 41 dBm.

In 2010 [23], an optimized, saturated version of Class J PAs was developed using
GaN HEMT as well. The PA achieved a PAE of 77.3 % at 2.14 GHz and saturated
power of 40.6 dBm.

These implementations, as well as other successful realizations for Class J are
summarized in Table 2.

Table 2: Summary for recent implementations for Class J

Operating Percentage Output
Work/Year | Frequency BW (%) PAE (%) Gain (dB) Power
(GHz) (dBm)
[22]/2009 1.4-27 63.4 % 60 — 70 10.2 -12.2 | 395+0.5
[28]/2009 15-2.25 40 % 42 72 16 - 18 40-141
[24]/2009 2.6-2.7 3.77% 60 — 68 11.2 45 - 46
[23]/2010 214 | e 77.3 17 40.6
[26]/2011 2.3-2.7 16% 57 - 65 Average 15 | 40-40.79
64.5at 2.13
[27]/2011 2 | e GHz 10.7 39.7
74.4
Dual band: 56.6 (1.75 ~
[25)/2012 | "o g 19 | T GHz) (Drain |~ =46
Efficiency)




Fig. 24: Load Pull Contours with maximum optimum power indicated, as well as
the -1 dB and -2 dB power contours [11].

From the above review for the pervious Class J PA implementations, it is obvious
that none of them covered the band of interest for this work, thus a new Class J PA
circuit is required whose design will depend on the knowledge gained and the design
rules developed for the realization of Class J PAs throughout these recent
implementations.

3.4.3. Load Pull Contours

In the design process of the Class J PA, load-pull measurements are extensively
used. Load-pull measurements [11-12][15] have been of significant importance in RF
and microwave PA design for many years. It gives the designer a well-defined
impedance design target, on which to initialize the strategy for suitable matching circuit
design. It apparently converts an intractable nonlinear problem into one which can be
attacked and solved using linear techniques and even linear simulators. Its main idea
depends on tuning the load seen by the transistor, and calculating the performance
metrics at each of these values. Constant closed contours for each of these metrics can
then be plotted over the smith chart. Such measurement is termed a load-pull
measurement, presumably originating from similar measurements performed on RF
oscillators. An example is shown in Fig. 24. The results show closed contours marking
the boundaries of specified output power levels. It shows the optimum power level as
well as the -1 dB and -2 dB contours (contours for the load values that would all
generate output power less than the optimum one by 1dB and 2 dB respectively), these
representing levels relative to the maximum or optimum power output of the device at
the test frequency. An important observation in looking at the data in Fig. 24 is that the
constant power contours refuse to display a circular profile, no matter how carefully the
equipment is calibrated. The assembly of the hardware setup for collecting such data is
a complicated and expensive process. Moreover, acquiring such data may take days and
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weeks, thus the best realistic solution was to use load-pull wizards available on the
CAD tools. Such wizards are considered a convenient solution to obtain accurate
matching circuit values, to start with in the design process, without the need for the
expensive hardware setup.

3.5. TV Band Power Amplifier

Considering the application at hand, which is to implement a broadband PA
covering the frequency band from 0.5 GHz till 1 GHz with the best achievable
compromise between the performance metrics over such bandwidth, the selection of the
appropriate mode of operation turns out to be the first crucial decision. Being a part of a
CR system also means that a more generic and adaptive design should be adopted to be
compatible with as many applications as possible to maintain the functionalities and
expected features of CR, as was deduced from its previously explained definitions.

Since linearity is one important parameter that cannot be ignored in communication
systems, the first group of classes of PAs where the transistor is operated as a
dependent current source appeared to be more attractive. Bearing in mind the wide
bandwidth targeted, classes E and F were expected to show great complexity and
difficulty in the design of the output matching circuits. And of course Class D was not
recommended for such design due to the high frequency of operation (reaching 1 GHz)
as well as the wide band of frequencies required, which would increase the switching
losses severely in the circuit, thus losing the main advantage of Class D which is high
efficiency.

It can be obviously observed that Class J, with its new promising capabilities of
guaranteed high linearity being initially a Class AB PA, as well as the improved PAE,
gain and output power achieved throughout the adequate selection of the output
matching circuit, is the best applicable compromise for the PA required. Moreover, the
nature of Class J matching circuit accounts for a broadband operation, a requirement
that is given a high priority for the application at hand.
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Chapter 4 : Proposed Class J Power Amplifier Design

The proposed design to reach the targeted performance will be presented in this
chapter. The design methodology is briefly explained, and an accurate model following
such methodology is implemented on the CAD tool. The final layout will then be
fabricated, and tested.

4.1. Design Methodology

Since the PA is generally composed of certain functional blocks, as explained in
the previous chapter, the design steps of the proposed PA will be explained for each
individual block.

4.1.1. The Active Element

The most crucial block in the PA circuit is the transistor that is mainly responsible
for the amplification process; therefore the proper selection of such component should
be given the highest consideration. Basic points to be considered when selecting the
transistor are:

e Reliability (concerning the device failure and parametric degradation)
Bandwidth
Output power capability
Stability
Thermal behavior
Availability of an accurate model on the CAD tool that will be used.

4.1.2. The Biasing Circuit

In this proposed design, it is needed to calculate the biasing voltages required to
have the transistor operating as a deep Class AB PA, which is the starting point in the
Class J PA design [11]. First, the behavior of the I-V characteristics of the transistor
should be studied carefully. The 1-V curves should be plotted at all the possible
conditions (sweeping the value of one parameter as the drain to source voltage in case
of a MOSFET, and plotting the drain current versus the gate to source voltage at each
case). Through obtaining such data, the decision for the biasing values required can be
then accurately taken, thus forcing the transistor to operate in the desired mode of
operation, as explained in the previous chapter.

4.1.3. Output Matching Circuit

Biasing the transistor in the deep Class AB mode satisfies the first part of the
definition of Class J PAs [21-22], explained in the previous chapter. To fulfill the other
part, accurate design of the output matching circuit is a must. From the review of the
implemented Class J PAs, it was clear that each work was trying to develop its unique
relations to formulate the requirements of the output matching circuit that would
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achieve the best performance. However, due to the nature of the matching circuit and
the fact that it depends on the existence of a reactive part, such relations could not be
directly used in this work. A case that can be explained due to two main reasons; first is
the fact that such matching circuits are frequency dependent, due to the requirement of
a reactive part to generate the second harmonic component used in the waveform
engineering. The second reason is the physical properties of the transistor used, among
which is the value of the Cds (output drain to source capacitance of the transistor),
which is a crucial parameter that should be taken into consideration in the calculations
of the output matching circuit design process [29]. Consequently, it was found that the
best procedure to obtain accurate values for the output matching circuit needed is
through using the load pull system explained in the previous chapter.

4.1.4. Input Matching Circuit

The last and final step will be designing the input matching circuit. Design of such
circuits differs from the design of the output matching ones, since the functionality of
each of them varies. Generally, for the input matching circuit, the main task of such
block is to absorb most of the power available from the source by reducing the
reflections as much as possible. Referring back to the smith chart, such requirement is
translated into the necessity of transforming the input impedance of the circuit, over the
band of interest, towards the center of the smith chart. For illustration a simple example
is briefly explained.

In Fig. 25, the input impedance seen from the gate terminal of a GaN HEMT is
plotted at frequency 0.75 GHz (point (1) on the smith chart) using Microwave Office
(MWO) CAD tool. In order to minimize the reflections, in other words trying to have
S11 as small as possible, this plotted value needs to be shifted towards the center of the
smith chart (matching condition). This guarantees that the circuit will be matched to the
input port whose impedance is 50 Ohms. Such goal can be achieved, at this single
frequency, through different possible “input matching circuit” realizations.

A simple solution is explained in Fig. 25 . First, a shunt coil is added, thus the
value seen from the circuit input moves on the smith chart from its position in point (1)
to its new value represented by point (2) The final step is to move such value to the
center of the chart (50 Ohms matching), which was achieved by adding a shunt
capacitor and thus moving to point (3). However, design of the input matching circuit
for a broadband applications isn’t as simple as explained here for a single frequency.

Generally, the matching process for a broadband application is realized by more
than a single stage, and thus more passive components will be required. In such a case,
the design of these circuits should take into consideration any possible losses, due to the
components non idealities, that may be introduced into the PA circuit and consequently
degrading the overall performance (even if S11 was improved). That is why the PAE,
gain and output power should also be monitored during the design of the input
matching circuit. In the previously implemented Class J PAs, the input matching circuit
was used to add more degrees of freedom for the PAE and gain improvements as some
compromises were allowed between both goals; reducing the reflections and improving
the other performance parameters.
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Fig. 25: Input matching circuit design example: point (1) represents the input
impedance seen from the gate terminal of the GaN HEMT at the 0.75 GHz
frequency, point (2) represents the input impedance after the addition of a shunt
coil and finally point (3) represents the matched input impedance after the
addition of a shunt capacitor.

In this proposed design, the same compromise will be followed between obtaining
an adequate S11 and enhancing the other performance metrics.

4.2. Power Amplifier Design Implementation

The first phase in the design was to obtain an accurate model on a CAD tool to
verify the theory of operation of the PA and to monitor its performance. The assembly
of such model requires in return the existence of an accurate library for the components
used in the design, especially for the non-linear ones like the transistor. The CAD tool
used throughout this work is the Microwave Office (MWQO) CAD tool [30], provided
from AWR Corporation, for being a very powerful simulation tool with the availability
of both circuit simulator and EM simulator. Moreover, MWO contains an efficient and
accurate library of models for a wide spectrum of commercial components, which
would be of great help in the design process.

4.2.1. Selection of The Active Element

In this work, Cree CGH40010 RF Power GaN HEMT [31] will be used as the
active element. GaN HEMTSs are known for their high output power capabilities
as well their high reliability. CGH40010 HEMT offers up to 10 watts of output
power, high efficiency, high gain and wide bandwidth capabilities (up to 4 GHz,
which entirely covers the whole band of interest), thus being ideal for broadband,
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Fig. 26: The circuit used in MWO to determine the 1V characteristics for the GaN
HEMT.

linear and compressed amplifier circuits, as illustrated in Appendix A. Moreover, an
accurate transistor model is available; therefore reliable results can be obtained using
the CAD tools directly especially when using the load-pull wizard.

4.2.2. Class J Biasing

In order to investigate the IV characteristics of the CGH40010 GaN HEMT, the
model of the HEMT was used, as shown in Fig. 26, where both Vs and Vs were
varied over the values defined for the transistor. The drain current was thus calculated
and plotted versus V;s and Vpg, as shown in Fig. 27 and Fig. 28 respectively. The
quiescent point was then selected, as summarized in Table 3, to satisfy the deep Class
AB mode.

Table 3: Biasing voltages selected for Class J operation

Ves -2.902 volts

Vbs 36 volts
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Fig. 27: Drain current I, plotted versus the gate-to-source voltage Vs (at
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Fig. 29: Load-Pull setup used on the MWO simulator to draw the constant gain
and PAE contours.

4.2.3. Output matching Circuit

As mentioned in the design methodology section, the load-pull wizard will be used
to obtain the optimum values for the loads that need to be realized by the output
matching circuit. Such loads would guarantee that the transistor will witness the
reactive part that it needs in the output load in order to generate the adequate
fundamental and second harmonic components, thus maintaining the exact operation of
a Class J PA. In order to calculate and plot the load pull contours, the load pull wizard
in the MWO simulation tool was used as clear in Fig. 29. The HBTUNER2 main
function is to fully scan the smith chart with specific adequate resolution, where each
point on the chart represents one possibility for the output load that the transistor will
experience, and thus calculating the performance parameters of interest (PAE, Gain,
Pout ...etc.) at each of these points. The simulator is then able to plot the constant
closed contours for such parameter on the smith chart. It is important to note that the
HBTUNER?2 already includes a built-in Tee to combine both the RF input and the DC
biasing.

An example for the resulting output contours is plotted in Fig. 30, where the load
pull wizard was used to draw the constant PAE contours. The wizard was executed at
frequency 500 MHz and the resulting contours were plotted. As clear from the figure,
the load that provides the maximum PAE is presented by a dot (optimum load point),
achieving a PAE of 72.26%. As we move away from that load, the PAE is degraded.
On this figure, the contours are drawn for all the loads giving the same PAE, with
constant step of 3.25% between one contour and the other.

Since maximizing the PAE is of the highest priority in this work, values of such
optimum loads, which give the highest PAE, were calculated for the whole bandwidth
by applying the load-pull wizard at the different frequencies in the band of interest.
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Fig. 30: PAE constant contours at 500 MHz, with the arrow indicating the
direction of PAE increase.
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Fig. 31: Required loads for achieving maximum PAE over the frequency band
from 0.5 GHz till 1 GHz, calculated using the load-pull wizard.
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Fig. 32: Constant gain contours at the 500 MHz frequency, with the arrow
indicating the direction of gain increase.

The results of such sweep are shown in Fig. 31, where the optimum loads that
would give the best performance concerning the PAE are plotted over the whole
bandwidth. Yet, since the PAE is not the only important parameter in the PA
performance, the same procedure was repeated but for maximizing the gain. The
resulting contours at the 500 MHz are shown in Fig. 32.

From the above results, the first compromise needed can be easily visualized. For
the ease of comparison, both the constant gain contours and the constant PAE contours
are plotted, for the 500 MHz frequency on the same smith chart as shown in Fig. 33. It
is obvious that the output load value that would maximize the PAE for the circuit is
different from the load that would maximize the gain at the same frequency. Thus a
compromise was needed. However, from the plotted constant gain contours, it is clear
that the circuit would still be capable of providing high gain, even if the design process
considered only the load that would maximize the PAE. Therefore, maximizing the
PAE will be given the higher priority, and thus the design will be mainly based on the
results obtained from the PAE load-pull wizard.

The next step was to design the output matching circuit that would realize the load
values obtained from the load-pull wizard.
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Fig. 33: Constant PAE and constant gain contours at 500 MHz, showing the
compromise needed between achieving the maximum PAE and the maximum gain
at the same time due to the different load values needed to achieve each of them.

Different topologies were used including a pi section, a T section, matching
filters...etc. to implement the output matching circuit so as to realize the targeted
values for the load. For each of these topologies, the optimizer tool embedded in the
MWO was used to obtain the components values that would give the best performance
outcome that each topology can offer. The optimizer goals were set; taking into
consideration the results obtained from the load pull wizards. For example, the
optimizer goals included: 80% for the PAE, 20 dB for the gain and 40 dBm for the
output power, which are the results obtained in case the optimum load value calculated
for each of these parameters is realized independently. The circuit topology that closely
met the set goals by reaching the best compromise between the performance metrics is
shown in Fig. 34.

Meanwhile, it is required to make sure that this circuit realizes the values for the
optimum load that were obtained from the load pull measurements. In order to do so,
the input impedance of the circuit was measured, and plotted it the Smith chart, as clear
in Fig. 35, from 500 MHz till 1 GHz. Such results are then compared with those
obtained from the load-pull measurements as indicated in Fig. 36.
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circuit.
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Fig. 35: Input impedance of the proposed output matching circuit over the
frequency band of interest.

Values of the proposed design and those obtained from the load-pull wizard seem
very close to each other as clear in Fig. 36, especially at the middle frequencies, yet
they move apart at the extremes (both the 500 MHz and the 1 GHz), which gives an
indication that the circuit performance at these two extremes will be degraded
compared to the rest of the bandwidth, however, this was the best possible compromise
that could be achieved without degrading the performance over the whole bandwidth
and without increasing the circuit complexity.
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Fig. 36: Comparison between load values obtained from the proposed output
matching circuit and values obtained using the load-pull wizard.

0.5GHz

Fig. 37: Input impedance seen from the transistor terminal over the band of
interest, as well as the targeted trajectory that is intended to be followed through
the design of the input matching circuit to reach the matching condition.

4.2.4. Input Matching Circuit

The main aspects for the design of the input matching circuit were explained in the
design methodology section. The starting point in the design of this block is measuring
the input impedances seen from the transistor gate terminal, over the bandwidth of

operation, which are plotted in Fig. 37, where the trajectory that will be followed in
order to reach the matching condition is indicated.
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Fig. 38: Proposed input matching circuit.

Such targeted trajectory will be realized through the design of the appropriate input
matching circuit. It is required to shift the input impedance values, by adding the
appropriate components or transmission line transformers, to converge towards the
center of the Smith chart. The proposed input matching circuit is shown in Fig. 38.
First, a coupling capacitor (C2) is added to block the DC component from reaching the
RF port. However, this capacitor will also be used as a part of the matching circuit to
reduce the number of required components, and thus reducing the losses. The addition
of C2 will push the load contour to be stretched over constant resistive circles as shown
in Fig. 39 (b). Cascaded and shunt components are then added to move the load contour
towards the center as shown in Fig. 39 .

It was observed that as the load contour approached the center of the Smith chart,
the PAE started to degrade indicating some losses being introduced by the proposed
input matching circuit. A compromise was needed between obtaining less reflections
and avoiding the degradation of the overall performance. Such a compromise is
represented in the shape of the final load contour that is plotted in Fig. 39 (f), which
shows that, although the contour converges towards the center of the Smith chart, yet it
doesn’t tightly close around the center. A fact that maintains the compromise needed
between the PAE and the reflections.

The model of the microstrip lines used is shown in Fig. 40, which is the model for
the substrate that will be used in the fabrication process. The selected substrate is the
Rogers RO3003 RF substrate which has low loss tangent and low di-electric constant, a
characteristic that would enable the fabrication of the antenna on the same substrate.
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Fig. 39: Input impedance seen over the whole bandwidth from 0.5 GHz till 1 GHz
after the addition of the input matching circuit elements: (a) Input impedance seen
from the transistor’s gate, (b) after the addition of the coupling capacitor C2, (c)
after inserting a resistance R1 in cascade, (d) adding the shunt inductor L1, (e)
adding a transmission line transformer TL1, (f) final input impedance seen after
the addition of the shunt capacitor C1.
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Fig. 40: Microstrip line model on the MWO for the Rogers RO3003 RF substrate.
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Fig. 41: Complete Class J PA circuit model.

Now, having finished the design of the input matching circuit, the design of the
four blocks of the PA circuit is thus completed and the whole PA circuit can be
assembled together, as shown in Fig. 41, including the transistor model, the biasing
circuits, the input and the output matching circuits.

P1 and P2 are the 50 Ohms input and output ports respectively, L5 and L6 are the
RF chokes used as a part of the biasing circuits and finally C6 and C7 are the shunt
capacitors used to maintain the AC ground for both the input and output matching
circuits.

4.2.5. Circuit Layout and Optimization

At this point a circuit model with the fundamental circuit components only is
ready; an accurate model for the circuit layout is then needed. Since the layout is the
final stage in the design process, the results obtained from the layout model should
resemble the measurements that are expected to be obtained from the fabricated circuit.
However, there were some points that needed to be taken into consideration before
designing the layout.

The first consideration was the heat generated by the GaN HEMT. Such excess
heat should always be absorbed away to maintain the biasing of the transistor in the
pre-defined quiescent point. The most common solution is the using a heat sink, on
which the circuit should be mounted.

The second consideration was how to assemble the main circuit blocks, the input
matching circuit together with the Vg biasing circuit, the output matching circuit
together with the Vg biasing circuit and finally the transistor, whose source (lower
surface as shown in Fig. 43) should be totally fixed to the ground (heat sink), to absorb
any excess heat generated. There are two possibilities for the circuit design in this case.
The first solution is to fabricate the input and output matching circuits solely, each on a
single board then fixing the transistor between them (will appear as if floating between
the two circuits), then the three parts will be mounted on the heat sink. The second
solution is to design the whole circuit on a single board, and drill an adequate space in
the middle to allow the transistor to be fixed on the board while still being attached to
the heat sink. After considering both scenarios, it was clear that the second choice was
better, to give more accurate results when using the EM simulator in the MWO tool, to
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Fig. 42: GaN HEMT layout and dimensions [31].

take into consideration the mutual coupling effects between all the components of the

circuit.

The last layout consideration was the fabrication tools resolution that would decide
the minimum dimensions for the conductors, minimum distance between any two
conductors, minimum drilling holes dimension ...etc.

Using the Rogers R03003 model on the MWO and taking the above points into
consideration, the layout design process was initiated.

Table 4: Final values for the circuit elements used

Component ID Value Component ID Value
R1 10 Ohms C1l 3.9 pF
R2 10 Ohms C2 18 pF
R3 10 Ohms C3 100 pF
L1 3.3nH C4 3 pF
L2 10 nH C5 3.9 pF
L3 5.6 nH C6 100 pF
L4 6.8 nH C7 100 pF
L5 390 nH L =8.8 mm,
L6 200 nH T W =13 mm
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Fig. 43: Input matching layout circuit schematic.

Fig. 44: Output matching layout circuit schematic.

After adding microstrip lines required for the layout design, the values of the input
and output matching circuits’ components were slightly tuned to account for the
undesired effects introduced to the PA circuit due to these newly added microstrip
lines.

The final input and output matching circuits are shown in Fig. 43 and Fig. 44
respectively. The final values for the circuit elements are given in Table 4, whereas the
whole PA circuit schematic is shown in Fig. 45. The final layout is then shown in Fig.
46.

42



Input Matching Circuit

Output Matching Circuit

Fig. 45: Final circuit Schematic.
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4.2.6. Circuit fabrication

The circuit was fabricated at the Electronics Department at the National
Telecommunication Institute (NTI) [32]. The coils were purchased from Coilcraft
Company and the capacitors from ATC (American Technical Ceramics) Company. The
fabricated circuit is shown in Fig. 47.

Input Matc

Fig. 47: Fabricated circuit.
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Chapter 5 : Results

In this chapter the results achieved by designed PA will be presented. The results
generated by the simulator for the circuit model that was proposed in the previous
chapter will be discussed. Afterwards, the measurements acquired from the fabricated
circuit will be presented and compared with the simulated ones to verify the design.

5.1. Simulation Results

At first the circuit model in Fig. 41 was used to obtain the performance results
using the circuit simulator. Following that, and after finishing the layout design shown
in Fig. 46, post layout simulation was first carried out using the circuit simulator to
guarantee the verification of the design methodology, and then the EM simulator was
used to obtain the final and accurate simulation results, which would be later compared
with the measurements obtained from the fabricated circuit. The main parameters that
were computed and analyzed were the PAE, gain, output power, linearity performance
of the circuit (harmonics and intermodulation distortion) and finally the stability of the
circuit, to guarantee that no oscillations will occur once the circuit is fabricated.

5.1.1. Circuit Simulation Using Circuit Simulator

To verify the operation of the transistor in the Class J mode, the voltage and
current waveforms at the output of the transistor were plotted at different frequencies
across the band of interest as shown in Fig. 48. From these waveforms, it is clear that
through the appropriate biasing as well as the selection of the matching networks; the
targeted waveforms for a Class J PA were obtained (compared to that shown in Fig. 23
in Chapter 3). The waveforms shows the phase shift between the current and voltage, as
well as the existence of the second harmonic component that causes such waveforms to
appear as if tending asymptotically towards a half-wave rectified sine wave.

The performance results (PAE, gain and output power) calculated using the circuit
simulator, for the circuit model, are plotted in Fig. 49. The results show outstanding
performance where the achieved PAE is between 60 — 77%, with average gain of 18 dB
and average output power of 38 dBm over the band of frequencies ranging from 500
MHz till 1 GHz. Yet, stability of the circuit needed to be checked first, which was done
by applying the well-known stability tests. There are several possible tests for checking
the stability; the most commonly used are the p test and the K- A test, which are briefly
explained in Appendix B.
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Fig. 48: Simulation results for the current and voltage wave forms at the output of
the transistor: (a) at 600 MHz, (b) at 800 MHz and (c) at 950 MHz.

47



100 100
-+ DB(PGain(PORT_1,PORT_2))
<_PAE = PAE(PORT_1,PORT_2)

80 - R - DB(|Pcomp(PORT_2,1)]) 80 @
i~V A c
N TR <
~ - ©
Iy 5 =g d e ©
% , -r\—? Pout =

40 l-dﬁ_'e_e—_‘_e"— FiN ++ i O
v v v\ T & _‘—Q——\__‘ %
- -~ =
\ 4 3
20 I. ain 20 o

-
0 0
05 06 0.7 08 0.9 1

Frequency (GHz)

Fig. 49: Simulation results including the PAE, gain and output power obtained
from the circuit model using the circuit simulator.
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Fig. 50: Simulation results of the K- A stability test for the circuit model using the
circuit simulator.

In the K — A Stability test the necessary and sufficient conditions for unconditional
stability is that K > 1 and B > 0. In the p test, unconditional stability is achieved
if u > 1. So in order to check the stability of our designed model, both the p and the K-
A tests were checked on the simulator. Results are shown in Fig. 50 and Fig. 51,
assuring that the design satisfies the stability conditions according to both tests.
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Fig. 51: Results of the p stability test for the circuit model using the circuit
simulator, where u1 is the stability factor for the output circuit and p2 is the
stability factor for the input circuit.

5.1.2. Post Layout Simulation

After finalizing the layout design model in Fig. 46, post layout simulations were
carried out. In this section results obtained from the EM simulator will be presented.
Stability is first checked through the K- A and the p tests, where the results are shown
in Fig. 52 and Fig. 53 respectively, verifying the previous results obtained from the
circuit model.

Another important set of parameters that need to be considered is the S-parameters
of circuit. The S-parameters of the designed circuit, calculated using the EM simulator,
are plotted in Fig. 54. The calculated S11 shows that the reflections from the input port
of the circuit were successfully kept as low as possible. The same can be mentioned for
the output port of the circuit, where S22 shows excellent indication for the small
reflections seen from that port. S12 curve shows that both the input and output
matching circuits are efficiently isolated from each other. Finally, S21 represents the
small signal gain across the circuit, whose values show the outstanding performance of
the circuit (reaching up to 25 dB).
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Fig. 53: u stability test results calculated from the post layout simulation.

In order to observe the circuit performance with respect to the input power levels,
the PAE, gain and output power were all plotted versus these levels, at different
frequencies across the band of interest, as shown in Fig. 55, Fig. 56 and Fig. 57
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Performance results (PAE, gain and output power) are then plotted over the entire
bandwidth, as shown in Fig. 58. These results are calculated at the 3 dB saturation
power levels, which is one of the standard points at which the PA performance is
usually reported, so as to be able to compare the designed PA performance with the
other Class J PAs in the literature. It is obvious that the results are very much close to
those previously calculated using the circuit model, yet with much better accuracy due
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to the utilization of the EM simulator.
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Fig. 54: S-parameters calculated from the post layout simulation using the EM
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Fig. 58: Post layout performance showing the PAE, gain and output power.

5.1.2.1. Linearity

Linearity is one of the important performance metrics that was taken into
consideration when selecting the mode of operation of the proposed PA. Since deep
Class AB is the starting point in the Class J PA design, it is expected that the linearity
performance of the circuit would meet the general requirements for telecommunications
standards. In order to judge accurately on the designed PA’s linearity, two
measurements were carried out. First, a single tone signal was introduced as an input to
the circuit. Then, in order to calculate the harmonic distortion, the magnitudes of the
fundamental component and the third harmonic component of the output RF power
were compared as shown in Fig. 59. The difference was calculated, and found to be -40
dB at its worst case (when the difference is minimum), which is an excellent indication
for this linearity performance parameter.

The next linearity measurement is the intermodulation distortion (IMD), where a
two tone signal is applied as input to the circuit, and the difference between the
fundamental component and the third intermodulation component in the output signal
will be calculated. The standard condition for measuring the IMD is after backing away
from the saturation case (more towards the maximum gain case). The two tone test was
applied at the 0.6 GHz frequency with 10 MHz spacing (the two tones are 0.6 and 0.61
GHz), and the results are shown in Fig. 60, indicating a difference of -31 dB which is a
very good result, and assuring more and more that the PA is being operated in an exact
Class J mode. In order to verify the linearity performance over the entire bandwidth,
IMD results were calculated at other frequencies over the band of interest as shown in
Fig. 61.
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Fig. 62: Fabricated Circuit, after being mounted on the heat sink, with the main
functional blocks indentified.

Fig. 63: Measurement setup.

5.2. Experimental Results

The layout design for the proposed PA was then fabricated as shown in Fig. 62. In
order to verify the results obtained from the simulations, the parameters of interest need
to be measured directly from the fabricated circuit and compared with the simulation
results. The measurement setup used is shown in Fig. 63, which includes the dc
supplies, the power meter to measure the input and output power levels, the network
analyzer to compute the S-parameters for the fabricated circuit and finally the signal
generator.
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Fig. 64: Block diagrams for the measurement setup used; (a) Showing the
connections used in measuring the PAE, output power, gain and checking the
stability (on the spectrum analyzer), (b) Connections used in measuring the S-

parameters.

A block diagram, indicating how the measurement equipment is connected, is
shown in Fig. 64(a). Since the signal available from the signal generator cannot exceed
14 dBm, an extra amplifier (AMCOM’s AM072239UM-2H) [33] is added to amplify
the signal to reach the needed power levels required to drive the implemented PA. The
signal is then fed into both the power meter, to measure the power at the input of the
PA, and the input of the Class J PA. The output is then taken to both the power meter
(to measure the power level at the output of the PA and thus calculating both the gain
and the PAE) and the spectrum analyzer. The output is displayed on the spectrum
analyzer to guarantee that no oscillations would occur even at high power levels. The
signal generator, DC supplies and the power meter are connected to the PC, in order to
control such devices and process the generated data and measurements using the
MATLARB toolboxes. Fig. 64 (b) shows the setup used in measuring the S- parameter,
where Portl of the network analyzer is connected to the input of the PA circuit, and the
output is then connected to Port2.
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Fig. 65: Comparison between the measured and simulated S-parameters; (a) S11,
(b) S12 and S21, (d) S22.

One port Short-Open-Load (SOL) calibration was carried out manually for both
ports of the network analyzer, where Agilent’s calibration kit was used. Thus, the
network analyzer was calibrated, with the reference plane being the SMAs’ used as an
interface for the PA circuit, a fact that would account later for some errors in the
measurements.

Using the network analyzer, the S-parameters of the PA circuit were computed.
These results are plotted and compared with the S-parameters calculated using the
simulator as shown in Fig. 65. It can be shown that both results have the same behavior
throughout the whole bandwidth; however, there are some differences in the values.
Such differences were expected, and they occurred mainly due to reasons related to the
measurement setup. A major reason is the SMA connectors used; especially those
mounted on the PA circuit itself, which are used as the interface of the circuit for
connecting any external wires or tools, which could not be accounted for during the
calibration process. Moreover, the losses in the circuit itself due to the components non
idealities as well as the soldering used to connect such components also accounted for
the errors resulting in measurements.

Following the same sequence adopted in the simulation phase, the performance
metrics were then computed and plotted versus the input power levels. Such parameters
were computed at different frequencies covering the entire band of interest (0.5 GHz till
1GHz), as shown in Fig. 66 , Fig. 67 and Fig. 68.
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Fig. 69: Results measured using the fabricated Class J PA, showing the PAE, gain
and output power over the frequency range from 400 MHz till 1000 MHz.

Performance results, plotted in Fig. 69, were reported at the input power levels that
lead to the saturation condition (3dB gain compression). As clear from the curves, the
circuit shows outstanding performance, with PAE ranging between 60% and 80%.
Extensive measurements were carried out to investigate the capabilities of the
fabricated PA. The performance was still acceptable even after backing off till the 0.4
GHz frequency, adding more capabilities to the PA circuit being a part of a general
application CR system. Outstanding outcomes were reported for the gain and output
power as well. However, these two performance metrics were kept at high levels till the
0.95 GHz frequency, but then started to degrade at the 1GHz frequency (part of this
degradation is due to the transistor’s performance, as shown in Appendix A) . Gain
achieved by this PA ranged between 16.5 dB and 22 dB (with 18 dB average value),
and output power levels between 36.5 and 40.4 dBm over a percentage bandwidth of
more than 80% (from 0.4 GHz till 0.95 GHz). Results from the spectrum analyzer
confirmed the absence of any oscillations, thus verifying the stability tests’ results
obtained from the simulation. Comparison with the simulation results were then
performed, at the same input power levels used in the measurement setup, where the
results of such comparison are shown in Fig. 70, proving excellent agreement between
both the measured and simulated results.

The performance of the fabricated PA can now be compared with the previous
implemented Class J PAs, as shown in Table 5.
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Table 5: Comparison between this work and previous implementations for Class J

PAS
Operating Percentage Output
Work/Year | Frequency BW (%) PAE (%) Gain (dB) Power
(GHz) (dBm)
[22]/2009 14-27 63.4 % 60 — 70 10.2 -12.2 | 395+0.5
[28]/2009 | 1.5-2.25 40 % 42 - 72 16— 18 40 - 41
[24]/2009 2.6-2.7 3.77% 60 — 68 11.2 45 — 46
[23]/2010 N 77.3 17 40.6
[26]/2011 2.3-2.7 16% 57 - 65 Average 15 | 40-40.79
64.5at 2.13
[27]/2011 A et GHz 10.7 39.7
74.4
Dual band: 56.6 (1.75 ~
[25)/2012 | "o g 19 | T GHz) (Drain |~ =46
Efficiency)
Thiswork | 0.4-0.95 81.4 % 60 — 80 16.5 - 22 36.5-40.4

From Table 5, it can be deduced that this proposed designed achieved the largest
percentage BW for Class J PAs (81.4 %). Moreover, this design succeeded in providing
the highest measured PAE (reaching 80 %) for Class J PAs. Concerning the gain as
well, this design reached the highest measured value (22 dB). Even the worst achieved
value for the gain over our band of interest (16.5 dB) is still comparable with the gain
of the other Class J PAs.
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Chapter 6 : Conclusion and Future Work

In this chapter, conclusions concerning the proposed PA design are deduced based
on the measurements and results obtained from Chapter 5. Future work for improving
the PA performance is also suggested.

A methodology that is applicable for the design of the main four functional blocks
for any Class J PA was discussed in details in Chapter 4. In this suggested
methodology, a clear description for the compromises that would be encountered in the
design process was given. It emphasized as well on the parameters that govern such
compromises to be able to take the appropriate decisions according to the priorities of
each design.

Following such methodology, and acting as an illustrative example for verifying
these proposed steps, the design of the TV-band CR system’s PA was introduced.
Simulations results obtained from accurate modeling for the complete PA circuit were
presented, and helped in verifying the expected performance of the Class J mode that
was previously described in the literature review. Circuit implementation followed and
a comprehensive measurement setup was used to compute the measurement results,
which were then compared with the ones obtained from the simulation and proved
excellent agreement. The final results were then compared with the previously
implemented Class J PAs.

This fabricated PA, to the author’s knowledge, is the first implementation for a
Class J PA in this frequency band. From the comparison with the previously realized
Class J PAs, it can be deduced that this design achieved the largest percentage BW
obtained using Class J PAs (81.4 %). Moreover, this design succeeded in providing the
highest measured PAE (reaching 80 %) for Class J PAs. Such results and deductions
were finally reported in a scientific paper that was accepted in the PIERS (Progress in
Electromagnetic Research Symposium) conference, Stockholm 2013 [34].

As for the suggested future work, the first step should be trying to upgrade the
measurement setup with new equipment that would enable the observation of the
linearity performance of the circuit, so as to be able to compare it with the simulation
results. Consequently, a linearization technique, such as the pre-distortion, can be
adopted in order to enhance the measured linearity, yet without degrading the other
performance metrics.

Bearing in mind the requirements and applications for any CR system, it may be
useful if the available bandwidth is extended, thus enhancing the capabilities of such
system. One way to do this is through the modification of the PA design so as to cover
the whole TV band (50 MHz till 1000 GHz). Although the design methodology that
was described in Chapter 4 will still be valid, it is expected that the design of the
matching networks will be much more complicated for such an ultra-wide band and
may require more than a single stage to be achieved.

67



Appendix A: Cree CGH40010 GaN HEMT

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

EEm— |
Parameter Symbol Rating Units Conditions
Drain-Source Voltage Voo 84 Volts 25°C
Gate-to-Source Voltage V. -10, +2 Volts 25°C
Storage Temperature T -65, +150 °c
Operating Junction Temperature T, 225 °c
Maximum Forward Gate Current ever 4.0 mA 25°C
Maximum Drain Currentt T 1.5 A 25°C
Soldering Temperature? 1 245 °c
Screw Torque T 60 in-o0z
Thermal Resistance, Junction to Case? ez 8.0 ‘c/wW 85°C
Case Operating Temperature®* 1k -40, +150 °c 30 seconds

Note:

 Current limit for long term, reliable operation

% Refer to the Application Note on soldering at www.cree.com/products/wireless_appnotes.asp
* Measured for the CGH40010F at P, = 14 W.

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

Electrical Characteristics (T, = 25°C)

e ————
Characteristics in. . Conditions
Gate Threshold Voltage Vesu -3.8 -3.0 -2.3 Ve Ve = 10V, I, = 3.6 mA
Gate Quiescent Voltage Yem - 2.7 - Voo V., =28V, I, = 200 mA
Saturated Drain Current I 29 D - A Vs =60V, V, =20V
Drain-Source Breakdown Voltage Vi 120 - - Vo Vo =-8V,1, =3.6mA
‘ Small Signal Gain G 12,5 14.5 - dB Vo = 28V, I, = 200 mA
Power Qutput® P 10 125 = W Voo = 28V, Iy = 200 mA
Drain Efficiency® n 55 65 = % Voo = 28V, [, = 200 mA, P
No damage at all phase angles,
Output Mismatch Stress VSWR - - 10:1 w Voo = 28V, [, = 200 mA,
Py = 10 W CW
Input Capacitance Ce - 4.5 - pF Voe =28V, V_=-8V, f=1MHz
Output Capacitance Coe = 1.3 - pF Vps =28V, V =-8V, f=1MHz
Feedback Capacitance e - 0.2 - pF Ve =28V, V =-8V,f=1MHz
Motes:

' Measured on wafer prior to packaging.
* Measured in CGH40010-TB.
* P, is defined as I, = 0.36 mA.

* Drain Efficiency = P, / Pyc



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

Swept CW Data of CGH40010F vs. Output Power with Source
and Load Impedances Optimized for P1 Power at 3.6 GHz
Voo =28V, I,, =200 mA
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Product Dimensions CGH40010F (Package Type — 440166)
I:W

K

NOTES:
J @ 1. DIMENSIONING AND TOLERANCING PER AMST Y14.5M, 1982,
2. CONTROLLING DIMENSION INCH.

3. ADMESIVE FROM LID MAY EXTEND A MAXIMUM OF 0.020"
BLYOND EDGE OF LID.

4. LID MAY BE MISALIGNED TO THE BODY OF THE
PACKAGE BY A MAXIMUM OF 0008 IN ANY DIRECTION

5. ALL PLATED SURFACES ARE NI/AU

N

= )

M 1 Hays T TET f INCHES MILLIMETERS
r\ ,/j L DM | MIN | max | MIN | max
A 0.155 | 0.165 | 3.94 419
o B | 0.004| 0006 010 | 015
¢ |oa15]0135] 292 | 343
e s D |0.057]| 0067 1.45 | 1.70
E |o0195| 0205 495 | 521
- F | 0045|0055 114 | 1.40
c | 0545|0555 13.84 [ 14.08
E H |o280|0360] 7.11 | 9.14
J @ .100 2.54
K 0.375 9.53
| PIN 1 GATE
] _—— c PIN 2. DRAIM
b T T T T PIN 3. SOURCE
{ t | |\ o l
\,
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Product Dimensions CGH40010P (Package Type — 440196)
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BEYOMD EDGE OF LID.
4, LID MAY BE MISALIGNED TO THE BODY OF THE
PACKAGE BY & MAXIMUM OF 0.008° IN ANY DIRECTION.
5. ALL PLATED SURFACES ARE NL/AU

H —_ L} — B A INCHES MILLIMETERS
DIM | MIN [ max [ N | vax
A |o0.155]0.185 | 394 | 219
al B | 00030006 0.10 [ 0.15
¢ |oi115|0.43s5| 292 | 347
D | 0057|0067 1.45 [ 1.70
I I E [0195]0.205] 495 | 5.21
F | 0045]|0055] 1.14 | 1.40
¢ |0.195]|0.205] 495 | 5.21
£ H |0280]0360] 7.11 | 914
| [ PIN L GATE
PIN 2. DRAIN
| — c PIN 3. SOURCE
: \
I N
I\
G
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Appendix B: Stability Tests

The stability of an amplifier or its resistance to oscillate is a very important
consideration in a design and can be determined from the S- parameters, the matching
networks and the terminations. In a two-port network as shown in Fig. 71, oscillations
are possible when |Tj,| > 1 and [Tyl > 1

r I
Z S in r_; rom L
+ Two Port
Es J A Network Z,
- -
Z in Z out

Fig. 71: Stability in a 2 ports network

There are several possible tests for the stability; the most commonly used are the p
test and the K- A test. In the K — A stability test, we have

_ 1— [S111% =[Sz 1% + |A?
ANPAPH

where A= 5,155, — 512551
B =14 [S;;]* = [Sp|* + |A]?
and the necessary and sufficient conditions for unconditional stability is that
K>1 , B>0
In the p test, where

_ 1— Sy,
|522 - ASf1| + |512521|

u

unconditional stability is achieved if p > 1.
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