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ABSTRACT
SiC MESFETs and GaN HEMTs posses an enormous potential in power amplifiers at
microwave frequencies due to their wide bandgap features of high electric field strength, high
electron saturation velocity and high operating temperature. The high power density combined
with the comparably high impedance attainable by these devices also offers new possibilities for
wideband power microwave systems. Similarly Si-LDMOS being low cost and lonely silicon
based RF power transistor has great contributions especially in the communication sector.
The focus of this thesis work is both device study and their application in different
classes of power amplifiers. In the first part of our research work, we studied the performance
of transistors in device simulation using physical transistor structure in Technology Computer
Aided Design (TCAD). A comparison between the physical simulations and measured device
characteristics has been carried out. We optimized GaN HEMT, Si-LDMOS and enhanced
version of our previously fabricated and tested SiC MESFET transistor for enhanced RF and DC
characteristics. For large signal AC performance we further extended the computational load pull
(CLP) simulation technique to study the switching response of the power transistors. The beauty
of our techniques is that, we need no lumped or distributive matching networks to study active
device behavior in almost all major classes of power amplifiers. Using these techniques, we
studied class A, AB, pulse input class-C and class-F switching response of SiC MESFET. We
obtained maximum PAE of 78.3 % with power density of 2.5 W/mm for class C and 84 % for
class F power amplifier at 500 MHz. The Si-LDMOS has a vital role and is a strong competitor
to wideband gap semiconductor technology in communication sector. We also studied SiLDMOS (transistor structure provided by Infineon Technologies at Kista, Stockholm) for
improved DC and RF performance. The interface charges between the oxide and RESURF
region are used not only to improve DC drain current and RF power, gain & efficiency but also
enhance its operating frequency up to 4 GHz.
In the second part of our research work, six single stage (using single transistor)
power amplifiers have been designed, fabricated and characterized in three phases for
applications in communications, Phased Array Radars and EW systems. In the first phase, two
class AB power amplifiers are designed and fabricated. The first PA (26 W) is designed and
fabricated at 200-500 MHz using SiC MESFET. Typical results for this PA at 60 V drain bias at
500 MHz are, 24.9 dB of power gain, 44.15 dBm output power (26 W) and 66 % PAE. The
second PA is designed at 30-100 MHz using SiC MESFET. At 60 V drain bias Pmax is 46.7 dBm
(~47 W) with a power gain of 21 dB.
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In the second phase, for performance comparison, three broadband class AB power
amplifiers are designed and fabricated at 0.7-1.8 GHz using SiC MESFET and two different
GaN HEMT technologies (GaN HEMT on SiC and GaN HEMT on Silicon substrate). The
measured maximum output power for the SiC MESFET amplifier at a drain bias of Vd= 66 V at
700 MHz the Pmax was 42.2 dBm (~16.6 W) with a PAE of 34.4 %. The results for GaN HEMT
on SiC amplifier are; maximum output power at Vd = 48 V is 40 dBm (~10 W), with a PAE of
34 % and a power gain above 10 dB. The maximum output power for GaN HEMT on Si
amplifier is 42.5 dBm (~18 W) with a maximum PAE of 39 % and a gain of 19.5 dB.
In the third phase, a high power single stage class E power amplifier is implemented
with lumped elements at 0.89-1.02 GHz using Silicon GaN HEMT as an active device. The
maximum drain efficiency (DE) and PAE of 67 and 65 % respectively is obtained with a
maximum output power of 42.2 dBm (~ 17 W) and a maximum power gain of 15 dB.

4

Preface
This thesis comprises of two sections. The first section contains introduction, importance
and response of wide bandgap (SiC and GaN) and conventional Si-LDMOS transistors in power
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CHAPTER 1
INTRODUCTION
1.

Motivation
GaAs-based power devices have been very reliable workhorses at high frequencies

especially in the microwave spectrum. However, their power performance has already been
pushed close to the theoretical limit [1]. Similarly, the fundamental physical limitations of Si
operation at higher temperature and powers are the strongest motivations for utilizing wide
bandgap (WBG) semiconductors such as SiC and GaN for these applications. Future phase array
radars, wireless communication market and other traditional military applications, require
demanding performance of microwave transistors. In several applications, as well as in radar and
military systems, the development of circuits and sub-systems with broadband capabilities is
always demanding. From transmitter point of view the bottleneck, and the critical key factor, is
the development of high performance PA. The latter, in fact, deeply influence the overall system
features in terms of bandwidth, output power, efficiency, working temperature etc. So far,
distributed approaches have often been proposed and investigated to design broadband
amplifiers [2].
Next generation cell phones require wider bandwidth and improved efficiency. The
development of satellite communications and TV broadcasting requires amplifiers operating at
higher frequencies and deliver high RF power, in order to reduce the size of antenna. The RF
power amplifier is consuming and dissipating the major portion of available power in these new
wireless communication systems. To extend battery life in mobile units, and reduce operating
costs of base stations, new amplifiers have to be developed to replace the traditionally
inefficient, old designs currently in use. Base station amplifiers of today employ many complex
techniques to meet linearity requirement, accompanying low efficiencies. Handset power
amplifiers also suffer greatly with efficiency problem, often more critical than those for base
stations.
There are several applications which need high power at high frequencies together with
efficiency and linearity. This high power and high efficiency applications require transistors with
high breakdown voltage, high electron velocity and high thermal conductivity. For this purpose,
transistors based on wide bandgap semiconductors such as GaN and SiC are preferable choices
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[3]. A summary of the important parameters of wide bandgap semiconductors in comparison to
other conventional semiconducting materials Si and GaAs is given in Table 1.1 [4].
The high output power density of WBG transistors allows the fabrication of smaller
devices. The smaller size gives higher impedance, which allows for easier and lower loss
matching in amplifiers. The operation at high voltage due to its high breakdown electric field not
only reduces the need for voltage conversion, but also provides the potential to obtain high
efficiency, which is a critical parameter for amplifiers. In addition, the wide bandgap enables it
to operate at elevated temperatures. These attractive features in power amplifier enabled by the
superior properties make these devices promising candidates for microwave power applications.
Especially military systems such as electrically steered antennas (ESA) could benefit from more
compact, broadband and efficient power generation. Another application area is robust front end
electronics such as low noise amplifiers (LNAs) and mixers. The reported improvements in
electrical efficiency using WBG semiconductors can have a significant impact in reducing
overall electricity consumption worldwide, impacting virtually every aspect of electrical usage,
ranging from information technology to motor control, with potential savings of $35 billion/yr
[5].
The critical electric field is the maximum field that the device can sustain before the
onset of breakdown and is closely related to bandgap. When the electric field is high enough that
the carriers can acquire a kinetic energy larger than the band gap, new electron-hole pairs can be
created through impact ionization. These newly created carriers are in turn accelerated, and if the
electric field is sufficiently high, the process is repeated continuously. It causes an increase in the
current which ultimately destroy the device. Therefore the critical field limits the supply voltage
that can be used for the transistor and hence output power.
The maximum current in the device under high electric field is controlled by the
saturated electron drift velocity (vsat) by limiting the flux of electrons. A higher vsat will allow
higher current and hence higher power. The vsat of SiC and GaN is at least twice compared to Si
and GaAs. High power per unit gate width is important in the field of microwave devices,
because the device needs to be small compared to the wavelength of operation in order to avoid
dispersion that would otherwise degrade the gain and efficiency.
The electron mobility of SiC and GaN is inferior to that of Si and GaAs. This reduces the
overall efficiency. In the case of SiC MESFET the knee voltage is higher but on the other hand
this effect is compensated by the high operating voltage. The high frequency operation of SiC is
limited by its relatively low mobility [6]. Working devices have been reported at X-band
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frequencies [7]. Due to higher mobility the GaN high electron mobility transistor (HEMT) can
be used at substantially higher frequencies.
Heat removal is a critical issue in microwave power transistors especially for class-A
power amplifier operation and continuous wave (CW) applications. The thermal conductivity of
SiC is substantially higher than GaAs and Si. The large bandgap and high temperature stability
of SiC and GaN also makes them possible to operate devices at very high temperatures [8]. At
temperatures above 300 0C, SiC and GaN have much lower intrinsic carrier concentration. This
implies that devices designed for high temperatures and powers should be fabricated using wide
bandgap semiconductors, to avoid effects of thermally generated carriers. When the ambient
temperature is high, the thermal management to cool down crucial hot sections introduces
substantial additional overhead. It can have a negative impact relative to the desired benefits,
when considering the over all system performance.
The power microwave devices of conventional semiconductors have low impedance,
while microwave systems generally operate at 50 Ω. It is more difficult to build an amplifier
from the low impedance device because of loss and the narrower bandwidth imposed by the
matching circuits needed. The higher impedance (higher supply voltage) and lower relative
dielectric constant (reduces parasitic capacitances) simplifies broadband impedance matching.
Another important property of amplifiers is their linearity. Excellent linearity has been reported
for SiC MESFETs both in power amplifiers [9], and in low noise amplifiers [10]. The same is
the case for GaN HEMT, because the HEMT structure was announced as the device with lowest
noise [11].
In the expanding wireless communication market, there is a huge demand for low cost
high performance RF power devices. Due to its high power performance and low cost the silicon
LD-MOSFET transistor is widely used in systems such as mobile base stations, private branch
exchanges (PBX), and local area networks (LAN) utilizing the bands between 0.9 to 2.6 GHz.
The Si-LDMOS and Si-GaN HEMT technologies are believed to be cost-effective for
high power amplifiers. The LDMOS technology is already employed in RF power amplifiers for
the third generation mobile base stations and transmitters for digital television and radio
broadcasting. Freescale Semiconductor's 10-235 MHz, 50 V, broadband transistor has
demonstrated 1000 W of output power at 130 MHz in push pull configuration [12]. In Class AB
mode of operation, LDMOS have superior inter-modulation performance over bipolar transistors
due to a softer high power saturation 'knee' and improved linearity at low power levels. Unlike
some other FETs, the dies are fabricated with a grounded internal source connection, which
removes the need for the insulating layer of toxic beryllium-oxide. This offers the benefits of
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reduced package cost and lower thermal resistance. The devices have generally higher power
gain and are more Voltage Standing Wave Ratio (VSWR) tolerant. Recent advances in the
performance of silicon-based LDMOS have given RF power amplifier (PA) designers a viable
alternative to create competitive solutions for infrastructure equipments. Besides improvements
in efficiency, linearity, peak-power capability, and cost/Watt, the developers have licked the bias
current drift and aging issues that plagued this transistor for some time. Consequently, it has
replaced bipolar and is going head-on against gallium-arsenide (GaAs) FETs and other heterostructures [13].
Table 1.1 Material parameters of SiC and GaN compared to GaAs and Si [4]
Critical
Material

Bandgap

Electric

[eV]

Field
[MV/cm]

Thermal

Electron

Conductivity

mobility

[W/cm-K]

2

[cm /Vs]

Saturated
electron drift
velocity
[cm/s]

Relative
dielectric
constant

4H-SiC

3.26

2

4.5

700

2 × 10 7

10

GaN

3.49

3.3

1.7

900

1.5 × 107

9

GaAs

1.42

0.4

0.5

8500

1 × 10 7

12.8

Si

1.1

0.3

1.5

1500

1 × 10 7

11.8

1.1

Computer Aided Simulations
Computer aided simulations is a powerful tool for the design and analysis of both

electronic circuits and devices. It shortens design cycles and saves cost and tremendous human
work in analyzing devices and circuits especially in case of ICs with increasing density and
complexity. It is also helpful in probing inside the circuit to measure voltages and currents etc.,
which can not be measured directly. Computer aided simulations can be classified into four
categories:
1.

Process simulations

2.

Device simulations

3.

Circuit simulations

4.

System simulations
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1.2

Brief Historical background of Technology CAD (TCAD)
TCAD is a branch of Electronic Design Automation for modeling semiconductor device

operation and fabrication. Soon after the invention of bipolar transistor in 1947, circuits were
realized by late 1950s. Now to predict circuit performance by complex analysis of devices, inter
device, substrate and devices and other such issues prior to time and expensive device
fabrication, computer simulations aroused as most important practical tool by 1970s. The
invention of Metal-Oxide-Silicon (MOS) transistor in 1970s and cost effective Complementary
MOS (CMOS) in 1980s began to replace bipolar technologies. Before the invention of CMOS,
during the era of NMOS-dominated large signal integration (LSI) and very large scale
integration (VLSI), TCAD reached its maturity in terms of one-dimensional robust device and
process modeling. The SPICE (Simulation Program with Integrated Circuit Emphasis), which try
to capture the electrical behavior of devices, was the most important simulation tool used by the
circuit design community. Due to transition from NMOS to CMOS technology and the scaling of
devices Two-dimensional computer simulation tools for process and device received interest and
were extensively used to study the intrinsic device problems. The capabilities of modern TCAD
includes Design For Manufacturing (DFM) issues such as: shallow-trench isolation (STI), phaseshift masking (PSM) and challenges for multi-level interconnects that include processing issues
of chemical-mechanical planarization (CMP), and the need to consider electro-magnetic effects
using electromagnetic field solvers [14].
Some TCAD tools used to develop, simulate, and study our transistor structures are
shown in the block diagram in Fig. 1.1 and are briefly explained below.

Simulation Environment

INSPECT

GENESISe
GUI, Layout editing, Optimization,
Job farming, Statistical Analysis

Layout &
Process
Recipe

Process

DIOS

Structure &
Mesh

MESH
MDRAW

Process &
Device
Design
Analysis

Device &
System

Circuit
Modeling

DESSIS
Yield,
Statistical
Analysis

Manufacturing Package

Applied Materials
Fig. 1.1:

A block diagram of TCAD simulation environment.
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1.2.1 GENESISe
GENESISe is a software package that provides a convenient framework to design,
organize, and automatically run complete TCAD simulation projects. It provides users with a
graphical user interface (GUI) to drive a variety of ISE simulation and visualization tools and
other third-party tools, and to automate the execution of fully parameterized projects. GENESISe
also supports design of experiments (DoE), extraction and analysis of results, optimization, and
uncertainty analysis. It has an integrated job scheduler to speed up simulations and takes full
advantage of distributed, heterogeneous, and corporate computing resources, further details can
be found in ISE-TCAD manual for GENESISe.

1.2.2 MDRAW
It utilizes the graphical user interface (GUI) components, which automatically reflects
the selected environment and offers flexible 2D device boundary editing, doping and refinement
specifications. It defines device structure, doping profile and its refinement, scripting engine that
follows the Tcl (Turbo C++ language) syntax, meshing and griding of selected areas. Each of
these is used to create boundary, doping and refinement information, and meshes adequate for
device simulation.
The meshing part of Mdraw is a GUI-driven front end to Mesh. These meshing tools can
also be called from the command line. The Mdraw components are used to generate and modify
TCAD models to meet specific simulation requirements.
The boundary editor is used to create, modify, and visualize a device structure. It
provides algorithms to preserve the topology correctness (conformity) of the device structure and
to simplify complex structures automatically. The doping editor creates, modify, and visualize
the doping of a device. It also enables the user to specify extra refinement information that
affects the meshing engines by specifying the local mesh size (minimal and maximal allowable
sizes of the elements). MDRAW implements a complete set of analytical models to describe a
wide range of different situations. Analytical profiles are implemented to provide a flexible tool
to simulate process simulation results with ease and within a reasonable time. Further details can
be found in Ref. 15.

1.2.3 DESSIS
DESSIS is a multidimensional, electro thermal, mixed-mode device and circuit simulator
for one-, two-, and three-dimensional semiconductor devices. It incorporates advanced physical
models and robust numeric methods for the simulation of semiconductor devices ranging from
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diode to very deep submicron Si MOSFETs to large bipolar power structures. In addition, SiC
and III–V compound homo-structure and hetero-structure devices (like SiC MESFET and GaN
HEMT etc.) are fully supported.
DESSIS simulates numerically the electrical behavior of a single semiconductor device
in isolation or several physical devices combined in a circuit. Terminal currents [A], voltages
[V], and charges [C] are computed based on a set of physical device equations that describes the
carrier distribution and conduction mechanisms.
A real semiconductor device, such as a transistor, is represented in the simulator as a
‘virtual’ device whose physical properties are discretized on to a ‘grid’ (or ‘mesh’) of nodes.
Therefore, a virtual device is an approximation of a real device. Continuous properties such as
doping profiles are represented on a sparse mesh and, therefore, are only defined at a finite
number of discrete points in space.
The doping at any point between nodes (or any physical quantity calculated by DESSIS)
can be obtained by interpolation. Each virtual device structure is described in the ISE TCAD tool
suite by two files:
1: The grid (or geometry) file contains a description of the various regions of the device,
that is, boundaries, material types, and the locations of any electrical contacts. This file
also contains the grid (the locations of all the discrete nodes and their connectivity).
2: The data (or doping) file contains the properties of the device, such as the doping
profiles, in the form of data associated with the discrete nodes. By default, a device
simulated in 2D is assumed to have a ‘width’ in the third dimension to be 1 µm. For
further details consult [16].

1.2.4 INSPECT
Inspect is a tool that is used to display and analyze curves. It features a convenient
graphical user interface, a script language, and an interactive language for computations with
curves.
An Inspect curve is a sequence of points defined by an array of x-coordinates and ycoordinates. An array of coordinates that can be mapped to one of the axes is referred to as a
dataset. With Inspect, datasets can be combined and mapped to the x-axis and y-axis to create
and display a curve.
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1.2.5 Tec plot
It is dedicated plotting software with extensive 2D and 3D capabilities for post
processing scientific visualizing of data from simulations and experiments. Common tasks
associated with post-processing analysis of flow solver data are, calculating grid quantities,
normalizing data, and verifying solution convergence, estimating the order of accuracy of
solutions and interactively exploring data through cut planes. For further details consult [17 ].

1.3

Fast Fourier Transform (FFT) in MATLAB
MATLAB's FFT function is an effective tool for computing the discrete Fourier

transform of a signal. The FFT is a faster version of the Discrete Fourier Transform (DFT). The
FFT utilizes some clever algorithms to do the same thing as the DTF, but in much less time.
The DFT is extremely important in the area of frequency (spectrum) analysis because it takes a
discrete signal in the time domain and transforms that signal into its discrete frequency domain
representation. Without a discrete-time to discrete-frequency transform we would not be able to
compute the Fourier transform with a microprocessor or DSP based system. It is the speed and
discrete nature of the FFT that allows us to analyze a signal's spectrum with MATLAB.
We used MATLAB to transform our time domain simulation data to frequency domain
using a file already programmed by our group according to our requirements.

1.4

SiC MESFET
The hole mobility of SiC is low, so majority carrier devices, such as MESFETs are

preferred, which do not rely on holes for their operation. The 4H-SiC has been the material of
choice for high frequency SiC MESFETs because of the higher electron mobility in 4H-SiC
(approximately twice that of 6H-SiC). The first SiC MESFETs were fabricated on conducting
substrates, which limits the frequency performance by creating large parasitic capacitances in the
device. The solution is to process devices on highly resistive or semi-insulating (SI) substrates.
In 1996 S. Siriam et al. published the development of 4H-SiC MESFETs on SI substrates [18].
The devices had a gate length of 0.5 um and exhibited fmax of 42 GHz. The output power density
has since climbed to the levels predicted by Trew et al. in [19]; a power density of 5.6 W/mm at
3 GHz has been reported by Cree [20].
The simulations are performed on an enhanced version of a previously fabricated and
tested SiC MESFET transistor [21]. The device has a channel and contact layer thickness and
doping of 200 nm, 3.65 x 10 17 cm-3, 100 nm and 1 x 1019 cm-3, respectively. The gate length is
0.5 um. The channel is completely pinched off at -14 V. A maximum drain current is above 550
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mA/mm at 0 V gate bias. This device showed a breakdown voltage of above 120 V. The DC-IV
characteristics and a schematic of our SiC MESFET structure are shown respectively in Fig. 1.2
& 1.3.

Fig. 1.2: DC IV characteristics of our SiC MESFET.

Fig. 1.3: Schematic of our SiC MESFET structure. In large transistors (for high Power), multiple
gates are combined to increase gate width.
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1.5

GaN HEMT
The High Electron Mobility Transistor (HEMT) is a commonly used transistor for

microwave and high power amplifiers applications. The idea of world’s first High electron
mobility transistor was presented in the late seventies [11]. Conventional HEMTs on today’s
market has material limitations and scientists have pushed the GaAs material to its theoretical
limit during the last 50 years. New techniques and materials are required for the development of
today’s technology. The GaN is the material of choice for the next generation of HEMT
technology because of its strong physical and electronics properties.
The HEMT is one type of FET family of transistors with excellent high frequency
characteristics. It consists of epitaxial layers grown on top of each other with three contacts
drain, source and gate on the surface. An AlGaN HEMT usually works in depletion mode i.e.
current flows through the device even without an external gate-voltage [22]. The gate voltage
necessary to stop the current flow between the source and drain, and is defined as the pinch-off
voltage. The operation principle of a MESFET is more or less identical to a HEMT with the use
of a Schottky to deplete a channel [23]. When the gate voltage is zero there is a potential well
present at the AlGaN/GaN hetero interface. Inside this well a two-dimensional electron gas will
be formed. The 2DEG is usually a couple of nanometers thick. It is in this thin layer all electrons
are gathered to minimize their energy. This thin channel is also known as a conducting channel
where electrons travel from source to drain. Since the well is very thin, electrons prefer to move
sideways in two dimensions instead of up and down because otherwise they would have to move
out of the well into a less preferable energy state [24]. The AlGaN-GaN hetero junction requires
some special attention due to its polarization fields. The potential profile and amount of charges
induced at the interface in an AlGaN/GaN interface are strongly dependent of the polarization
fields that GaN and AlGaN materials pose [25]. The AlGaN HEMT does not require an n+
doped top layer (like in AlGaAs HEMT for electrons in 2DEG). In fact, the polarization fields
are so strong that it alone can provide high amount of electrons to the junction [22]. The DC-IV
characteristics and schematic of our GaN/AlGaN HEMT structure are shown respectively in Fig.
1.4 & 1.5.
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Fig. 1.4: DC IV characteristics of our GaN HEMT.

Figure 1.5: Schematic diagram of GaN/AlGaN HEMT structure.
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1.6

Silicon Lateral Diffused MOS (Si-LDMOS) FET
The lateral diffused metal-oxide-semiconductor transistor (LDMOS) was developed for

RF applications in 1972 by Sigg. It is widely used for RF power amplification in mobile base
stations at 0.9, 1.8 and 2.6 GHz, due to its high output power together with low cost and large
volume (large diameter Silicon substrate). Due to its high breakdown voltage and high operating
drain voltage, a power density of more than 2W/mm is obtained with a linear gain of 23 dB and
maximum efficiency of 40% at 1 GHz [26].
The LDMOS transistor is a modified device of the MOSFET to enhance the high power
capability. The main modifications are:
1. Low doped and long n-type drift region, which enhances the depletion region and
increases the breakdown voltage. However the on-resistance is high which increases the
losses and degrade the RF performance. Thus, there is always a trade-off between RF
output power and on-resistance.
2. Short channel length created by laterally diffused P-type implantation, which increases
the operating frequency. On the other hand, this feature increases the linearity since the
electrons always transport in the saturation velocity.
3. The sinker principle is used to connect the source to the substrate backside, which
reduces the source inductance, hence, the gain increases. Also the sinker makes the
device integration much easier.
The structure consists of a p-type Si substrate, a low-doped p-type epitaxial layer. Drain
and source regions are highly doped n-type (n+ drain and source). On the drain side a low doped
n- region (Resurf) was added for obtaining higher breakdown voltage. The single source contact
made on the backside of bulk substrate, eliminates the extra surface bond wires. The backside
source contact is established by creating a highly doped, p-type (deep p-well) region by ion
implantation. Therefore device integration is much easier since there are only two contacts left
on the surface namely, drain and gate. The RF performance using such connection is better,
because the source inductance is reduced. The high-frequency properties of Si-LDMOS
transistor is usually determined by the length of the channel region. The shorter channel length
improves the linearity since the transistor always works in velocity saturation [27].
The structure and doping profile of the Infineon LDMOS transistor with source contact at
the bottom of the wafer is shown in Fig. 1.6. We optimized this structure for enhanced DC and
RF performance.
The simulations and measurements were performed on a LDMOS transistor aimed for 28
V power amplifier operations. The structure in Mdraw (2D design Editor of Sentaurus TCAD
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Software) is obtained from Infineon Technologies. The structure consists of a low-doped p-type
epitaxial layer on a highly doped p+ silicon substrate. Source and drain regions were created
with high doped n-type concentrations. At the drain side, a low-doped n-type RESURF was
introduced. The double-doped offset structure in the RESURF consists of two n-type impurities;
phosphorus (P) and Arsenic (As). An implanted p-type body region was created below the
source and gate regions to define channel length. The lateral diffusion of the dopants and the
dimension of the p_ body region play an important role in controlling the threshold voltage and
drain current saturation. The channel length was adjusted ~0.45 um. The length of source and
RESURF regions were designed 3.4 and 3.25 um, respectively. But due to the diffusion effect of
high doping concentration of drain region, the length of LDD/RESURF region is reduced from
3.25 to 2.8 um. A highly doped p-type (p++) deep region (sinker) was used to connect the source
internally with the substrate. The total length and width of the transistor structure is 12.7 um in X
direction (along the surface) and 19 um in Y-direction (top to bottom) respectively. Aluminum
field plate at the top of the gate and source is used to relax the surface electric field under the
edge of the gate electrode, and to prevent the hot electron degradation. The DC-IV
characteristics of an enhanced version are given in Fig. 1.7. The gate voltages are 3.5–8 V gate
bias with 0.5 V step.

Figure 1.6: Structure and doping profile of the Infineon LDMOS transistor.
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Fig. 1.7: Comparison of DC-IV characteristics of LDMOS structures with (solid lines) and
without excess interface state charges (dotted lines) at the RESURF region.

1.7

Phased Array System
A phased array system consists of a group of antennas, Tx/Rx modules, beam formers,

signal generators and processors etc. The name phased array originated from the group of
antennas in which the relative phases of the respective signals feeding the antennas are varied in
such a way that the effective radiation pattern of the array is reinforced in a desired direction and
suppressed in undesired directions. Fig. 1.8 shows a block diagram of wideband multifunction
system active phased array system using a single RF front-end to handle functions associated to
radar, EW and communication.
The focus of our class AB PA research work was mainly to study and explore the
potential of wideband gape SiC and GaN transistor amplifiers for use in Tx module of such
systems.
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Fig. 1.8: A block diagram of wideband multifunction active phased array system.
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CHAPTER 2
POWER AMPLIFIERS
2

Power Amplifier
Several different types of power amplifiers exist today which differ from each other in

terms of linearity, output power and efficiency for relevant applications. In this chapter, we
present an overview on power amplifiers (PAs); different classes of PA, design considerations
and response of Si-LDMOS, SiC and GaN transistors in power amplifiers.
A typical PA design comprises of several blocks, like biasing network (BN), input
matching network (IMN), output matching network (OMN) for the input and output ports to be
matched with 50 Ohm which is requirement of the system in most cases. There are other
networks (ON) such as feedback network for stability and band width which are implemented as
per requirement. The block diagram is described in Fig. 2.1.

ON

50
Ohm

IMN

Transistor

OMN

50
Ohm

BN

Fig. 2.1: Block diagram of an amplifier.

2.1

Power Amplifier Classes
There are different classes of power amplifiers but a power transistor performance can be

conveniently evaluated using a class-A or class-AB. The class of operation of a power amplifier
depends upon the choice of gate and drain DC voltages called quiescent point (Q-point). The
choice of q-point greatly influences linearity, power and efficiency of the amplifier. The primary
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objective for PA is to provide the required amount of power to antenna. The typical classes of
power amplifiers on the basis of gate biasing are shown in Fig. 2.2. The most common classes
are briefly described below.

ID
Imax

Imax
2

Class A

…E, D, C

Class AB

B

Vth (Threshold)

VGS

Fig. 2.2: Typical classes of power amplifiers on the basis of gate biasing.

2.1.1 Class A
Class-A are the linear amplifiers with the q-point biased close to half of the maximum
drain current. They have low DC power efficiency (theoretically up to 50 %). Figure 2.2 shows
biased q-point for class-A operation. The strongly non-linear effect (overdrive) occurs only when
the drain current exceeds its saturation point (pinch-off) and/or gets into sub threshold region
(cut-off).

2.1.2 Class B
In class-B amplifier, the operation point has to be selected at the threshold voltage to
achieve high power efficiency (theoretically equal to 78 %). In a given case the linear
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characteristics drastically decrease due to the fact that the conduction angle is half as that for
class-A. There will be current through the device only during half of the input waveform (the
positive part for the N-channel transistor). Hence, the input power capability of such a mode is
almost twice as high.

2.1.3 Class AB
The class-AB amplifier shows a flexible solution for a trade-off between linearity and
efficiency of the previous classes. In this mode the q-point has to be chosen in between A and B
points with its exact place being a matter of application requirements. Therefore, the conduction
angle is typically chosen closer to the threshold voltage as shown in Fig. 2.2. Thus, the transistor
response of class-AB is wider than for class-B due to the operation point. Also, the power
efficiency is higher than for class-A. Many telecommunication applications utilize this mode.

2.1.4 Class C
In the application where linearity is not an issue, and efficiency is critical, non-linear
amplifier classes (C, D, E, F) are used. Class C is an amplifier with a conduction angle of less
than 180 degrees. In Class C, the amplifying device is deliberately operated none linearly as a
switch, in order to reduce resistance losses. In effect, the tank circuit makes the RF output sine
wave. The theoretical efficiency of a typical Class C amplifier approaches 100 %.

2.1.5 Class D
A class-D amplifier, which may also be known as a switching amplifier or a digital
amplifier, utilizes output transistors which are either completely turned on or completely turned
off (switch mode operation). This means that when the transistors are conducting (switched on)
there is virtually no voltage across the transistor and when there is a significant voltage across
the transistor (switched off) there is no current flowing through the transistor. When we have
simultaneous voltage across and current flow through the device, there will be power dissipation
in the form of heat. This heat is wasted power. Class D PA use two or more transistors as
switches to generate square drain-current or voltage waveform.

2.1.6 Class E
Like class-D it also has switch mode operation with some design modification. Class E
PA use single transistor operated as switch. In the ideal situation, the efficiency of a class-E
amplifier is 100%. However, in practice, the switch has a finite on-resistance, and the transition
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times from the off-state to the on-state and vice-versa are not negligible. Both of these factors
result in power dissipation in the switch and reduce the efficiency.

2.1.7 Class F
The class-F amplifier is one of the highest efficiency amplifiers. It uses harmonic
resonators to achieve high efficiency, which resulted from a low dc voltage current product. In
other words, the drain voltage and current are shaped to minimize their overlap region. The
inductor L and capacitor C are used to implement a third harmonic resonator that makes it
possible to have a third harmonic component in the collector voltage. The output resonator is
used to filter out the harmonic, keeping only the fundamental frequency at the output. The
magnitude and the phase of the third harmonic control the flatness of the collector voltage and
the power of amplifier.

2.1.8 Other High Efficiency PA Classes
There are other high-efficiency amplifiers such as G, H, and S. These classes use
different techniques to reduce the average collector or drain power, which, in sequence, increase
the efficiency. Classes S use a switching technique, while classes G and H use resonators and
multiple power-supply voltage to reduce the current-voltage product.

2.2

Broadband Amplifier
Although there are no set rules to consider an amplifier a broadband or narrow band, an

amplifier is considered to be narrow band when its bandwidth is less than 20 % of the center
frequency. Broadband amplifiers, on the other hand, can cover extremely wide bandwidths.
Amplifiers used in military defense systems and test equipments often require multi decade
frequency range coverage. A single –section networks in amplifiers can generally cover 10 % to
15 % fractional bandwidth easily. Increasing the order of the networks or switching to chip
technology generally helps in the wider bandwidth.
In most of our broadband amplifiers a parallel combination of resistor R1 and capacitor
C3 in series to the input matching network is added in combination with feed back to enhance
stability, increase in bandwidth and to reduce distortion, as shown in Fig. 3.7. In broadband
amplifiers, the active devices have more than the desired gain at lower frequencies. Since we
must give up gain at the lower frequency, the unwanted gain could be dissipated instead of being
reflected (because intentional miss matching for gain flatness increases port reflection
coefficient). The resistor R1 is used for gain equalization (i.e., flat desired gain (GDES) response)
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by introducing high attenuation at low frequencies (f1) and low attenuation at high frequencies
(f2), while maintaining a good input and output match over the desired broad bandwidth, as
shown in Fig. 2.3.
The value of total feed back resistor controls the gain and bandwidth of the amplifier. If
there is no stability problem, we could increase the gain by reducing the amount of feedback by
increasing the Rfb that also increases the impedances.

Gain
Decrease Gain

|S21|

2
Increase Gain

G DES

f1

f2

Freq.

Fig. 2.3: The gain equalization (i.e., flat gain response) by introducing high attenuation at low
frequencies and low attenuation at high frequencies.

2.3

Power Amplifier Design Considerations
Designers select the class type to be used based on the application requirements. Class-A,

AB, and B amplifiers have been used for linear applications such as amplitude modulation
(AM), single-sideband modulation (SSB), and quadrate amplitude modulation (QAM). Also it
can be used in linear and wide-band applications such as the multi–carrier power amplifier.
Classes C, D, E, F, G, and H have satisfied the need for narrowband tuned amplifiers of higher
efficiency. Such applications include amplification of FM signals.
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The descriptions of power amplifiers in the previous section have dealt with ideal
devices. In reality, transistor amplifiers suffer from a number of limitations that influence
amplifier operation and ultimately reduce their efficiency and output power. In practical FET,
there are four fundamental effects that force the operation of FET to deviate from the ideal case:
the drain source resistance, the maximum channel current If, the open channel avalanche
breakdown voltage, and the drain-source break down voltage.
The following are the major properties of amplifiers, which a designer has to consider in
designing.

2.3.1 Output Power
It is the actual amount of power (in watts) of RF energy that a power amplifier produces
at its output. Power transistors are the most expensive components in power amplifiers. In cost
driven designs, designers are constrained to use cost effective transistors.

2.3.2 Power Gain
The gain of an amplifier is the ratio of an output power to its input power at the
fundamental frequency.
G = POUT/PIN

(2.1)

There are three important power gains, an average power gain, transducer power gain and
available power gain.

2.3.3 Efficiency
Efficiency in power amplifiers is expressed as the part of the dc power that is converted
to RF power, and there are three definitions of efficiency that are commonly used.

2.3.3.1 Drain Efficiency (DE)
It is the ratio of the RF-output power to the dc input power.

(2.2)

η= POUT/Pdc

2.3.3.2 Power-Added Efficiency (PAE)
PAE includes the effect of the drive power used frequently at microwave frequencies.
PAE is generally used for analyzing PA performance when the gain is high It is a crucial parameter

for RF power amplifiers. It is important when the available input power is limited, like mobile
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etc. It is also important for high power equipment, when the cooling system cost is significant
compared to actual equipment.

PAE= (POUT - PIN)/Pdc = η (1- 1/G)

(2.3)

2.3.3.3 Overall Efficiency (OAE)
It is the form of efficiency usable for all kinds of performance evaluations.

Poverall= POUT/ (Pdc + PIN)

(2.4)

2.3.4 Stability
It is a major concern in RF and microwave amplifiers. The degree of amplifier stability
can be quantified by a stability factor. The transistor is stable and will not oscillate when
embedded between 50-Ω source and load. However, this is not considered unconditional
stability, because with different source and load impedances the amplifier might break into
oscillation. A properly designed (stabilized) amplifier will not oscillate no matter what passive
source and load impedances are presented to it, including short or open circuits of any phase.
We apply µ-factor method in our simulations to verify the unconditional stability of the
designs. And if µ > 1 and µ’ > 1, then the 2-port network is unconditionally stable. No conditions
of ∆ (using K factor for stability K > 1 & ∆ < 1) is required and by studying µ and µ’ one could
get a better feel for exactly where the instability phenomenon are conceivable. Here µ describes
the stability at the load (drain) and µ’ at the source (gate).

2.3.5 Linearity
In reality, amplifiers (not ideal) are only linear within certain practical limits. When the
signal drive to the amplifier is increased, the output also increases until a point is reached where
some part of the amplifier becomes saturated and cannot produce more power; this is called
clipping, and results in non-linearity. Class A is the most linear and lowest efficeny PA. The
linearity decreases and effeciency increases when we go to class AB, B, C and switching power
amplifiers.
The non-linearity of a power amplifier can be attributed mainly to gain compression and
harmonic distortions resulting in imperfect reproduction of the amplified signal. It is
characterized by various techniques depending upon specific modulation and application. To
discover it, the circuit response is approximated by the first three terms of Taylor series as:
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Y (t) ≈ a1X(t) + a2 X 2(t) + a3X 3(t)

(2.5)

If a sinusoid is applied to a nonlinear system, the output generally exhibits frequency
components that are integer multiples of the input frequency. In (2.5), if X (t) = Acos ωt, then
Y (t) = a1Acos ωt + a2A2 cos2 ωt + a 3A3 cos3 ωt

(2.6)

= a1Acos ωt + (1/2) a2A2 (1 + cos 2ωt) +
(1/4) a3A3 (3 cos ωt + cos 3ωt)

(2.7)

3

2

= (1/2) a 2A + (a1A + 3a3A (1/4)) cos ωt +
a2A2 (1/2) cos 2ωt + a3A3 (1/4) cos 3ωt

(2.8)

In (2.8), the term with the input frequency is called the "fundamental" and the higherorder terms the "harmonics."
Some of the widely used figures for quantifying linearity are explained below;

2.3.5.1 1 dB gain compression (P 1dB)
All amplifiers have some maximum output-power capacity, referred to as saturated
power Psat. Driving an amplifier with a greater input signal will not produce an output above this
level. As an amplifier is driven closer to SAT, its deviation from a straight-line response will
increase. The output level will increase by a smaller amount for a fixed increase in input signal
and then reaching saturation. Non-linear response appears in a power amplifier when the output
is driven to a point closer to saturation. At low drive levels, the output power is proportional to
the input power. As the input level approaches saturation point, the amplifier gain falls off, or
compresses. The output level at which the gain compresses by 1 dB from its linear value is
called P1dB. Figure 2.4 shows the relationship between the input and output power and P1dB of a
typical power amplifier.
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OIP3
IP3

IIP3

Fig. 2.4: POUT vs PIN, 1 dB compression point [28]

2.3.5.2 Input and Output Intercept point (IIP3 & OIP 3)
It is defined as the point where the linear extension of the particular distortion component
intersects the linear extension of the input vs. output line. The third order intercept point (IP3) in
a plot of input power versus the output power is shown in Figure 2.3. This parameter plays a
major role in the analysis of device performance, because higher the IP3, lower is the distortion
at higher power levels.

IIP3= OIP3 – Gain

(2.9)

OIP3= Pout + PIMD3/2

(2.10)

And

2.3.5.3 Intermodulation Distortion
It is a phenomenon of generation of undesirable mixing products, which distort the
fundamental tones and gives rise to intermodulation products. The third order intermodulation
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products have the maximum effect on the signal, as they are the closest to the fundamental tone.
The unwanted spectral components, such as the harmonics, can be filtered out. But the filtering
does not work with the third order intermodulation products, as they are too close to the
fundamental tone. Figure 2.5 shows the frequency domain representation of the intermodulation
distortion caused due to a two-tone signal.
If f1 and f2 are the fundamental frequencies then the intermodulation products are seen at
frequencies given by
(2.11)

fIMD = ± m f1 ± n f2

The ratio of power in the intermodulation product to the power in one of the fundamental
tones is used to quantify intermodulation. Of all the possible intermodulation products the third
order intermodulation products are at frequencies 2 f1 - f2 and 2 f2 - f1 and are typically the most
critical.
(2.12)

IMD (dBc) = P1dB – PIMD3

Gain

IMD3

PA
f1

f2

3f1-2f2 2f1-f2

f1

f2 2f2-f1 3f2-2f1

Fig. 2.5: Schematic representation of two-tone intermodulation distortion

2.4

Performance of SiC transistors in Power Amplifiers
SiC exists in a large number of cubic (C), hexagonal (H) and rhombohedral (R) polytype

structures. It varies in the literature between 150 and 250 different poly types. For microwave
and high temperature applications the 4H is the most suitable and popular polytype. Its carrier
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mobility is higher than in the 6H-SiC polytype (which is also commercially available). For
microwave, high temperature and power applications 4H-SiC is competing with Si and GaAs up
to X- band applications.
The efficiency improvement of power amplifiers decreases power consumption and heat
sink requirements, and increases output power because power amplifiers account for the majority
of power consumption in wireless communications. Therefore, the switching-mode power
amplifiers have recently received attention to improve efficiency. A high efficiency, class-E RF
power amplifier in the VHF range is implemented. A maximum drain dc to RF efficiency of
87% was predicted and 86.8 % achieved with 20.5 W output power at 30 V drain voltage [29].
The SiC MESFETs used appear to offer significant advantages over gallium arsenide (GaAs)
transistors (particularly for space applications) which are inherently low voltage device and more
difficult to operate in class-E due to the high drain peak voltage occurring in this class of
operation.
Another class-E power amplifier using SiC MESFET is reported with power added
efficiency (PAE) of 72.3% and a gain of 10.3 dB at an output power of 40.3 dBm, through
significant reduction of harmonic power levels [30]. A new type of pulse input class C power
amplifier is reported with a maximum PAE of 80% at 500 MHz, a gain of 36.9 dB and power
density of 1.07 W/mm [31].
A power amplifier (PA) for WiMAX Military Applications in Nato Band I (225 to
400MHz) has been simulated, assembled and tested. Under 802.16 OFDM 64QAM3/4
modulations, the average output power is 25W throughout the bandwidth [32]. A class-E power
amplifier using a SiC MESFET is designed and tested at 2.14 GHz. The peak power-added
efficiency of 72.3% with a power gain of 10.27 dB is achieved at an output power of 40.27
dBm [33].
Most publications on SiC microwave components concerns L to C-band operation, since
these are important radar frequency bands. However, the frequency performance up to the X
band has been predicted to be good [34] and SiC MESFETs with power densities of 4.5 W/mm
at 10 GHz have been demonstrated [35]. The power amplifier is a narrow-band 3–3.5-GHz
design based on a 6-mm SiC MESFET. The amplifier was measured on-wafer and showed a
typical power gain of 7 dB, an output power of 2.5 W in continuous wave (CW) operation, and
8W in pulsed mode at 3 GHz. [36]
A single-stage 26 W negative feedback power amplifier is implemented, covering the
frequency range 200-500 MHz using a 6 mm SiC Lateral Epitaxy MESFET. The results at 60 V
drain bias at 500 MHz are, 24.9 dB power gain, 44.15 dBm output power (26 W) and 66 % PAE
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[37]. Previous reports on SiC MESFET transistor amplifiers designed for frequencies below 500
MHz showed an output power of 37.5 W and a power density of 1.78 W/mm, the gain was 8 dB,
and the efficiency in class A-AB was 55 % at 500 MHz. The IMD3 level at 10 dB back-off from
P 1dB was -35 dBc for a 1 MHz frequency offset between tones [38].
A Class C mode power amplifier is implemented with a 75 V power supply voltage. The
total output power was measured to be 2100 W with a power gain of 6.3 dB, collector efficiency
of 45% and power added efficiency of 35%. This is the first time; SiC BJTs have been used to
produce an output power of 2 kW at 425 MHz. Although the gain and PAE are not very high, the
individual cells are capable of producing 50 W with a gain of 9.3 dB and 51% collector
efficiency. [39]. Two SiC MESFET package and prototype power amplifier were demonstrated
with P1dB output power of 26 and 35W, respectively. High power and high power gain were
maintained through L-band operation across 500 MHz bandwidth (950 MHz to 1500 MHz with
l0 dB gain) for the SiC PA module, which will be a critical challenge to other semiconductor
devices [40].
These results show that although SiC based PAs presently can’t compete with GaN and
other conventional devices like GaAs in terms of frequency but in terms of power and efficiency,
they could be the strong competitors and future devices for, RADAR, Electronic Warfare (EW),
Wireless Communications and base stations applications.

2.5

Performance of GaN transistors in Power Amplifiers
In the last decade, AlGaN/GaN HEMT technology has established itself as a strong

contender for the applications of phase array radars, wireless communication market and other
traditional military applications because of its large electron velocity (>107 cm/s), wide bandgap
(3.4 eV), high breakdown voltage (> 50 V for fT =50 GHz) and sheet carrier concentration
(>1013 cm-2). Due to the superior electronic properties of the GaN semiconductor and the
possibility to use SiC substrate demonstrating high thermal conductivity (3.5 W/cm.K), power
densities as high as 30 W/mm @ 4 GHz [41] as well as output power of 500 W @ 1.5 GHz [42]
have already been achieved. An output power of 75 W of a packaged single-ended GaN-FET has
been reported under pulsed conditions for L/S band applications [43].
The GaN technology is widely used for power amplifier applications. In mobile base
station, a number of manufacturers and researchers have reported high efficiencies, output
powers and power densities [44]–[65]. A class-E amplifier at 13.56 MHz with a high-voltage
GaN HEMT as the main switching device is demonstrated to show the possibility of using GaN
HEMTs in high frequency switching power applications such as power-supply. The 380 V/1.9
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GaN power HEMT was designed and fabricated for high voltage power electronics applications.
The circuit demonstrated has achieved the output power of 13.4 W and the power efficiency of
91 % under a drain–peak voltage as high as 330 V. This result shows that high-voltage GaN
devices are suitable for high-frequency switching applications under high dc input voltages of
over 100 V. [44]. The Eudyna GaN hybrid power amplifier is capable of efficiently delivering
200 W at 2.1 GHz for W-CDMA applications [45].
The saturated Doherty power amplifier implemented using two Eudyna EGN010MK
GaN HEMTs with a 10 W peak envelope power for 2.14 GHz forward-link W-CDMA signal.
The amplifier delivers an excellent efficiency of 52.4% with an acceptable linearity of 28.3 dBc
at an average output power of 36 dBm. Moreover, the amplifier can provide the high linearity
performance of 50 dBc using the digital feedback pre-distortion technique [46]. A wideband
envelope tracking Doherty amplifier, implemented using Eudyna 10 W GaN high electron
mobility transistor for world interoperability for microwave access (WiMAX) signals of the
802.16 d and 802.16 e, the Doherty amplifier covers the 90 MHz bandwidth. The envelope
tracking amplifier delivers a significantly improved relative constellation error (RCE)
performance of 35.3 dB, which is an enhancement of about 4.3 dB, maintaining the high PAE of
about 30 % for the 802.16 d signal at an average output power of 35 dBm [47].
An ultra wide-band high efficiency power amplifier (PA) is implemented in GaN
technology as shown in Fig. 3. A HEMT device with 1 mm of gate periphery at 0.8-4 GHz,
showing drain efficiency greater than 40% with an output power higher than 32 dBm in the
overall bandwidth [48]. CREE Inc. has also demonstrated compact, high-power microwave
amplifiers taking advantage of the high-voltage and high power density of GaN HEMTs [54]. A
peak power of 550 W (57.40 dBm) is achieved at 3.45 GHz with 66% DE and 12.5 dB
associated gain. An outstanding power-efficiency combination of 521 W and 72.4% is obtained
at 3.55 GHz. Such power levels, accompanied by the high efficiencies, are believed to be the
highest at around 3.5 GHz for a fully-matched, single-package solid-state power amplifier,
attesting the great potential of the GaN HEMT technology.
The state-of-the-art efficiency over 50% drain efficiency (over 45 % PAE) of GaN
HEMT high power amplifier with over 50 W output power at C-band is proposed and
implemented in [55]. A 16 mm gate periphery will be enough for 60 W output power for this
power density. Considering that GaAs demands 75.6 mm gate-width for 20 W output [56], a
230 mm total gate width would be needed to realize 60 W. Therefore, GaN HEMT devices are
desirable to realize broadband high power amplifier.
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A 2-stage amplifier up with the 30 W driver stage amplifier, 42 % efficiency (including
30 W driver amplifier) and -50 dBc ACLR at the average power of 49 dBm (80 W) with
saturation power of 56.5 dBm and Gain of 32 dB is obtained for WCDMA applications [57]. A
0.4 mm wide GaN device with 0.15-gm gate and 0.25-gm field plate operated up to 60 V
achieved 13.7 W/mm power densities at 30 GHz, the highest for a FET at millimeter-wave
frequencies [58].
A highly efficient, wide band power amplifier designed in GaN technology and utilizing
a non-uniform distributed topology is reported. Measured results demonstrate very high
efficiency across the multi-octave bandwidth. Average CW output power and PAE across 215 GHz was 5.5 W and 25 %, respectively. Maximum output power reached 6.9 W with 32 %
PAE at 7 GHz. [59]. The results obtained for class-E power amplifier using GaN HEMT are; the
power added efficiency (PAE) of 70 % with a gain of 13.0 dB at an output power of 43.0 dBm,
through significant reduction of harmonic power levels [33].
A class F mode PA using Eudyna's GaN HEMT has been biased at class C and adopted a
new output matching topology that improved the overall transmitter efficiency. For the WiMAX
OFDM signal, the calculated overall drain efficiencies of the optimized EER amplifier, which
are based on the measured bias dependent efficiencies, are about 73 % at an average power of
31 dBm at 2.14 GHz. The proposed highly efficient bias modulation PA for the EER transmitter
provides a superior overall efficiency than that of any conventional switching or saturation mode
PAs [60].
A 2-chip amplifier has 220 W output power at C-band, which is the highest output power
ever reported for GaN HEMT amplifiers at C-band and higher bands [61]. A highly efficient
broadband

monolithic

class-E

power

amplifier

is

implemented

utilizing

a

single

0.25 um x 800 um AlGaN/GaN field-plated HEMT producing 8 W/mm of power at 10.0 GHz.
The HPA utilizes a novel distributed broadband class-E load topology to maintain a
simultaneous high PAE and output Power over (6-12 GHz). The HPA’s peak PAE and output
power performance measured under three pulsed drain voltages at 7.5 GHz are: (67 %, 36.8 dBm
@ 20 V), (64 %, 37.8 dBm @ 25 V) and (58 %, 38.3 dBm @ 30 V) [62].
A C-band high-power amplifier with two GaN-based FET chips exhibits record output
powers under continuous-wave (CW) and pulsed operation conditions. At 5.0 GHz, the
developed GaN-FET amplifier delivers a CW 208 W output power with 11.9 dB linear gain and
34 % power-added efficiency. It also shows a pulsed 232 W output power with 8.3 dB linear
gain [63]. A class D−1 amplifier is implemented with GaN MESFETs and working around
900 MHz, delivering 51.1 W output power with 78 % peak drain-efficiency [64].
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A highly efficient class-F power amplifier (PA) using a GaN HEMT designed at WCDMA band of 2.14 GHz has the drain efficiency and power-added efficiency of 75.4 % and
70.9 % with a gain of 12.2 dB at an output power of 40.2 dBm [65]. The GaN HEMTs have also
proven to be very attractive and viable as a power source for millimeter wave applications [66] –
[70]. Similar to microwave frequencies, microstrip and CPW MMICs have been demonstrated,
a microstrip Ka band GaN MMIC power amplifier capable of delivering 11 W of output power
[66]. Wu et al. announced an amplifier with a 1.5-mm-wide device produced 8.05 W output
power at 30 GHz with 31 % PAE and 4.1 dB associated gain. The output power matches that of
a GaAs-based MMIC with a 14.7 m wide output device but with a 10 times smaller size.
Recently, GaN MMIC performance has been demonstrated at W-band as well [70].
The demonstrated high power amplifiers and MMICs with high power densities,
efficiencies and suitable gain will enable the proliferation of solid state solutions at millimeter
wave frequencies.

2.6

Performance of Si-LDMOS transistors in Power Amplifiers
The LDMOS transistors has gone through a great developments in terms of available

output power, power gain, power added efficiency, linearity, frequency of operation and
breakdown voltages for cellular base stations power amplifiers and other wireless standards at
higher frequencies with special focus on the 2.5-2.7 GHz and 3.4-3.8 GHz frequency bands for
WiMAX [71-75]. These are achieved by introducing new device architectures and LDMOS
technology to advanced CMOS fabs.
The RF performance of Freescale Semiconductor's 900 MHz LDMOS technology
demonstrated a 500 W and 41 % efficiency at -55dBc linearity [71]. An internally matched 3 G
WCDMA LDMOS on LTCC (Low Temperature Cofired Ceramic) substrate is demonstrated
with an output power of 180 W, 20 % efficiency and 12 dB of power gain [76]. A highly
efficient Doherty power amplifier was designed for WCDMA application with a peak output
power of 61 W, a gain of 13.5 dB with an efficiency of 43% at PldB and a 9 dB backed-off
efficiency of 22% [77].
Inverse classes F amplifier at 1GHz show 71.9% power added efficiency, 13.2W output
power and 16dB power gain [78]. In another inverse class F amplifier at 1 GHz a PAE of 73.8 %
is achieved with an out power of 12.4 W [79]. Another CMCD amplifier demonstrated a drain
efficiency of 71% with an output power of 20.3 W and a gain of 15.1 dB at 1 GHz [80]. The
class-E power amplifier performance using an LDMOSFET at band of 2.14 GHz show the drain
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efficiency of 65.2 % with a power gain of 13.8 dB at a Pout of 39.84 dBm. Also, the 2nd- and
3rd-harmonic power levels are reduced below -48 dBc [81].
To lower the cost of the modern base station, in 2000, Freescale introduced the first high
power multistage LDMOS RFIC for the base station market, a 10 W 25dB gain 900 MHz 2 stage
device [74]. They also have reported a highest power LDMOS radio frequency integrated circuit
(RFIC) in plastic over-molded package. The IC targets 1.8 to 2 GHz GSM, EDGE and Evolved
EDGE base station applications. This two-stage, single-chip design exhibits 27 dB of gain and
delivers 132 Watts of output power (1 dB compression; 27 Volt DC supply) with an associated
PAE of 51%. Under EDGE modulation, at an average output power of 46 Watts, the EVM is less
than 1.6 % and the spectral re-growth is –63 dBc and –78 dBc at 400, and 600 kHz offsets,
respectively [82]. Another 25 W Silicon LDMOS 2 stage RFIC is designed for WiMAX
applications at 3.5GHz (3.4 to 3.6 GHz band). Under a 1 tone CW stimulus, this power amplifier
delivers 29 W with a power added efficiency of 36.7 % and 26 dB linear gain [75].
Infineon Technologies is developing a LDMOS IC (LD8IC) process based on 8th
generation discrete technology with integrated passive components. The fT and fmax of LD8IC
technology are 11 GHz and 18 GHz, respectively. Different broadband RF LDMOS PA ICs have
been developed. They can be used for all typical modulation formats from 800 MHz to 2300
MHz, and power levels from 30 W to 50 W depending on application [83].
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CHAPTER 3
SIMULATION AND MEASUREMENT RESULTS
The performance of wide bandgap SiC and GaN transistors and Si-LDMOS device
during active device simulation is studied using physical transistor structure in Technology
Computer Aided Design (TCAD). A comparison between the physical simulations and measured
device characteristics has been carried out. We optimized GaN HEMT, Si-LDMOS and our
previously fabricated and tested SiC MESFET transistor for enhanced RF and DC-IV
characteristics. For large signal AC performance we developed different computational load pull
(CLP) simulation techniques.
In the second part of our research work, six single stage (using single transistor) power
amplifiers have been designed, fabricated and characterized in three phases for applications in
communications, Phased Array Radars and EW systems.

3.1

Measured Results for PA at VHF frequencies (30-90 MHz)
We designed and fabricated a single-stage class-AB power amplifier at 30-100 MHz

using SiC MESFET. At a drain bias of 50 V for this amplifier the maximum output power
achieved is 46.2 dBm (~42 W) with a power gain of 21 dB and a maximum PAE of 62 %. The
amplifier performance at a higher drain bias of 60 V at 50 MHz, the maximum output power was
46.7 dBm (~47 W) with a power gain of 21 dB and a maximum PAE of 42.7 %. An average
OIP3 of 54 dBm have been achieved for this amplifier. A schematic and results at five different
frequencies are shown respectively in Fig. 3.1 & 3.2.
A two tone intermodulation distortion measurement was carried out at selected
frequencies. The separation between the two carrier tones was 2 MHz. The minimum IMD3
level at 10 dB back-off from P 1dB was 36 dBc at 50 MHz and maximum IMD3 level at 10 dB
back-off from P1dB was 44 dBc at 100 MHz.
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Fig. 3.1: A schematic of the fabricated power amplifier at 30-100 MHz
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Fig. 3.2

3.2

RF power measurements at Vg = -8.5 V and Vd = 50 V at different frequencies.

Measured Results for PA at UHF frequencies (200-500 MHz)
A single-stage 26 W negative feedback power amplifier is implemented, covering the

frequency range of 200-500 MHz using a 6 mm gate width SiC Lateral Epitaxy MESFET.
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Typical results for this amplifier at 50 V drain bias for the whole band are, around 22 dB power
gain, 43 dBm output power, minimum power added efficiency at P1dB is 47 % at 200 MHz and
maximum 60 % at 500 MHz. The IMD3 level at 10 dB back-off from P1dB is below -45 dBc. The
results at 60 V drain bias at 500 MHz are; 24.9 dB power gain, output power of 44.15 dBm (26

30

70

25

60
50

20

40
15
30
G a in [ d B ]

10

20

P 1 d B [W ]

PAE@P1dB[%]

Gain [dB],P1dB[W],Pmax[W]

W) and 66 % PAE, as shown in Fig. 3.3.
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Fig. 3.3: Measured results of gain, P1dB, Pmax and PAE at P1dB versus frequency at 60 V.

3.3

Performance Comparison of Three Different Technology Transistors in
Broadband Power Amplifiers (0.7-1.8 GHz)
For performance comparison and to explore the broadband PA potential of SiC MESFET

and two GaN HEMT technologies (GaN on SiC and cost effective GaN on Silicon substrate), we
designed three single stage PAs at 0.7-1.8 GHz.

3.3.1 Measured Results for SiC MESFET Amplifier PA1
The measured maximum output power for the SiC MESFET amplifier PA1 at Vd = 48 V
was 41.3 dBm (~13.7 W), with a PAE of 32 % and a power gain above 10 dB. At a drain bias of
Vd= 66 V at 700 MHz the P max was 42.2 dBm (~16.6 W) with a PAE of 34.4 %, the results are
shown in Fig. 3.4.
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A two tone inter modulation distortion measurement was carried out at 1 GHz. The
separation between the two carrier tones was 4 MHz. The IMD3@ 10 dB back off P1dB was -49
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dBc and the output IP3 was 53 dBm. The results are shown in Fig. 3.5.
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Fig. 3.5: Two tone test results of SiC MESFET PA at 1 GHz, a tone spacing of 4 MHz.

3.3.2 Measured Results for GaN on SiC Amplifier PA2
This amplifier is based on a packaged 10 W GaN HEMT (M1) from Eudyna. It has
lumped matching networks (with shunt feedback between the gate and drain of the active device)
built on the same Rogers Duroid-5880 substrate. A parallel combination of resistor R1 and

50

capacitor C3 in series to the input matching network is added in combination with feed back to
enhance stability, increase in bandwidth and to reduce distortion.
In broadband amplifiers, the active devices have more than the desired gain at lower
frequencies. Since we must give up gain at the lower frequency, the unwanted gain could be
dissipated instead of being reflected (because intentional miss matching for gain flatness
increases port reflection coefficient). The resistor R1 is used for gain equalization (i.e., flat gain
response) by introducing high attenuation at low frequencies and low attenuation at high
frequencies, while maintaining a good input and output match over the desired broad bandwidth.
The feedback network consists of a capacitor Cfb and total resistor of 80 Ω. The resistor is
divided between two 1206 SMT resistors Rfb1 and Rfb2 to enhance power tolerance. The value
of total feed back resistor Rfb (Rfb1 + Rfb2) controls the gain and bandwidth of the amplifier. If
there is no stability problem, we could increase the gain by reducing the amount of feedback by
increasing the Rfb that also increases the impedances. The capacitor Cfb is used to isolate the
gate from the drain bias supply. The capacitor Cfb and bias inductors L2 and L4 also determine
the amplifier’s bandwidth performance, which has to be resonance free across the desired
bandwidth. It was very difficult to obtain unconditional stability without feedback for this
amplifier.
The measured results for GaN HEMT on SiC amplifier PA2 are; maximum output power
at Vd = 48 V is 40 dBm (~10 W), with a PAE of 34 % and a power gain above 10 dB. A two
tone inter-modulation distortion measurement was carried out at 1 GHz. The separation between
the two carrier tones was same as before 4 MHz. The IMD3@ 10 dB back off P1dB was -32 dBc
and the output IP3 was 50 dBm.

Fig. 3.6: A schematic of the fabricated GaN on SiC power amplifier PA2 at 0.7-1.8 GHz
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Fig. 3.7: Power measurement results at Vd = 48 V at three different frequencies for PA2

3.3.3 Measured Results for GaN on Si Amplifier PA3
A hybrid amplifier 0.2-1.8 GHz for high power phased array transmitter application has
been designed and fabricated. This amplifier design is based on a large signal model of packaged
15 W GaN HEMT on Si provided by Nitronex.
The measured results for GaN HEMT on Si amplifier PA3 are; maximum output power
is 42.5 dBm (~18 W) with a minimum PAE of 20 % and above 10 dB gain at all measured
frequencies. A picture of fabricated amplifier and results at five different frequencies are shown
respectively in Fig. 3.8 & 3.9.

Fig. 3.8:

A picture of the fabricated GaN on Si amplifier PA3
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3.4

Power measurement results at Vd = 28 V at five different frequencies for PA3

Large Signal Computational Load pull (CLP) Simulation Techniques
We optimized GaN HEMT, Si-LDMOS and SiC MESFET transistor for enhanced RF

and DC characteristics. For large signal AC performance in different classes of power amplifiers,
we developed different computational load pull (CLP) simulation techniques in our group. The
beauty of these techniques is that, we need no matching and other lumped element networks for
studying the large signal behavior of RF and microwave transistors. These techniques are briefly
explained below.

3.4.1 CLP Technique for Class-A, B & AB power amplifier
In our simulations we used a novel and efficient way to extend the physical simulations
to large signal high frequency domain developed in our group [84] to study the large signal
class-A power amplifier performance of Si-LDMOS and SiC MESFET. In this technique a DC
bias and RF input signal is applied to the gate while a DC bias and RF output signal
simultaneously is applied to the drain terminal. The RF source at the drain delivered a sine wave
at the same fundamental frequency thereby acting as a short at higher harmonic frequencies,
also acting as an active match to the transistor. The results from the time domain simulations
were transformed into frequency domain using FFT in MATLAB.
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3.4.2 CLP Technique for Class-C power amplifier
The CLP technique used for class-A, B & AB amplifiers is further extended to study the
switching response in pulse input class-C of the devices.
In this case, we applied square pulses of 10% duty cycle of the fundamental frequency at
the gate (instead of sine wave), while the RF source at the drain delivered a sine wave at the
same fundamental frequency thereby acting as a short at higher harmonic frequencies. We
applied a gate pulse of constant duty cycle respectively at four different frequencies. While
applying Vac peak-to-peak signal of 80 Vp-p, and 90 Vp-p together with Vdc of 50 V and 55 V at
the drain side. In order to calculate power added efficiency (PAE), power density, power loss
and gain of the amplifier, the time domain resulting current and voltage signals are then Fourier
transformed into frequency domain using Fast Fourier transformation (FFT) in MATLAB. A
schematic and class C load lines are respectively shown in Fig. 3.10 and 3.11.

Fig. 3.10:

Schematic of the large signal simulation technique for Class-C response
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Fig. 3.11: Pulse input Class-C Load lines at 0.5, 1, 2 & 3 GHz.

3.4.3 CLP Technique for Class-D, E & F power amplifier
The CLP technique used for class-C amplifiers is further extended to study the switching
response in class-F of the devices. This technique can also be used to study class-D & E
characteristics of the transistors.
In our simulations we applied a technique by further modification of our simulation
technique as shown in Fig. 3.10. We applied a square pulse of 10% duty cycle of the
fundamental frequency at the gate and at the same time a square pulse of 10% duty cycle of the
same fundamental frequency is applied at the drain (instead of applying sin wave) thereby acting
as a short at higher harmonic frequencies. We applied gate and drain pulses of constant duty
cycle at 500 MHz, While Vdc of 10 V is also applied at the drain side, so that to provide
sufficient voltage to keep the transistor turn ON. The gate pulse amplitude was 15 V (-15 to 0 V)
with equal time rise (Tr) and time fall (Tf) of 100 pS. The pulse on time (Ton) was 200 pS. The
amplitude of the pulse at the drain was 80 V (10 to 90 V) with equal time rise (Tr) and time fall
(Tf) of 520 pS. The pulse on time (Ton) was 480 pS. In order to calculate power added efficiency
(PAE), power density, switching loss and gain of the amplifier, the time domain resulting current
and voltage signals are then Fourier transformed into frequency domain using Fast Fourier
Transformation (FFT) in MATLAB. The results obtained are given in table 3.1. A schematic
diagram of the technique is shown in Fig. 3.12.
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Table 3.1: A Summary of class F power amplifier results at 500 MHz.

Freq
Drain
[MHz] Pulse
[V]
500
80

Gate
Pulse
[V]
15

Drain PAE
Vdc
[%]
[V]
10
84

Pout
Switching Gain
[W/mm] loss
[dB]
[W/mm]
2.75
0.77
26

Fig. 3.12: A Schematic of the large signal TCAD simulation technique for Class-D, E & F
switching characteristics of devices.
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CHAPTER 4
CONCLUSIONS
In this thesis work we studied SiC MESFET, GaN HEMT and Si-LDMOS devices along
with their applications in different classes of power amplifiers. We studied the performance of
transistors during active device simulation using physical transistor structure in TCAD. A
comparison between the physical simulations and measurements has been carried out. We
optimized GaN HEMT, Si-LDMOS and SiC MESFET transistor for enhanced RF and DC
characteristics. For large signal AC performance we developed different computational load pull
(CLP) simulation techniques. Using these techniques, we studied class A, AB, pulse input classC, class-D, E & F switching response of SiC MESFET. We obtained maximum PAE of 78.3 %
with power density of 2.5 W/mm for class C and 84 % for class F power amplifier at 500 MHz.
We also studied Si-LDMOS (transistor structure provided by Infineon Technologies Nordic) for
improved DC and RF performance. The interface charges between the oxide and RESURF
region are used not only to improve DC drain current and RF power, gain & efficiency but also
enhance its operating frequency up to 4 GHz.
We designed, fabricated and characterized six single stage power amplifiers for
applications in communications, Phased Array Radars and EW systems. The first design is 26 W
PA implemented using SiC MESFET covering the frequency band from 200-500 MHz. At 60 V
drain bias at 500 MHz 24.9 dB of power gain, 44.15 dBm output power (26 W) and 66 % PAE is
obtained for this amplifier. The second design is at a frequency band of 30-100 MHz using SiC
MESFET. In this case we achieved a Pmax of 46.7 dBm (~47 W) with a power gain of 21 dB.
Other three broadband class AB power amplifiers are designed and fabricated at 0.7-1.8
GHz for performance comparison of SiC MESFET and two different GaN HEMT technologies
(GaN HEMT on SiC and GaN HEMT on Silicon substrate). The measured maximum output
power for the SiC MESFET amplifier at a drain bias of Vd= 66 V at 700 MHz was 42.2 dBm
(~17 W) with a PAE of 34.4 %. The measured results for GaN HEMT on SiC amplifier are;
maximum output power at Vd = 48 V is 40 dBm (~10 W), with a PAE of 34 % and a power gain
above 10 dB. The measured maximum output power for third amplifier using GaN HEMT on Si
amplifier is 42.5 dBm (~18 W) with a maximum PAE of 39 % and a gain of 19.5 dB.
A high power single stage class E power amplifier is implemented with lumped elements
at 0.89-1.02 GHz using Silicon GaN HEMT as an active device. The maximum drain efficiency
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(DE) and PAE of 67 and 65 % respectively is obtained with a maximum output power of 42.2
dBm (~ 17 W) and a maximum power gain of 15 dB.
These results show that although SiC based PAs presently can not compete with GaN and
other conventional devices like GaAs in terms of frequency but in terms of power and efficiency,
they could be the strong competitors and future devices for, RADAR, Electronic Warfare (EW),
Wireless Communications and base stations applications. But SiC MESFET and GaN HEMT on
SiC are more costly compare to Silicon based Si-GaN HEMT and Si-LDMOS devices. Due to
low cost and comparable power and efficiency performance these devices are currently used for
Wireless Communications and base stations applications. In the present technology Si-LDMOS
and SiC MESFET has frequency limitations of 4 GHz (theoretically 5 GHz) and 10 GHz
respectively. Thus cost effective Si-GaN HEMTs has a great potential of power, efficiency,
higher frequency and lower cost (large Si substrate). Almost all major properties in a single GaN
technology indicate that Si-GaN would be the possible first choice for different applications.
.
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