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ABSTRACT
SiC MESFETs and GaN HEMTs have an enormous potential in high-power amplifiers at
microwave frequencies due to their wide bandgap features of high electric breakdown 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. In this thesis, Class C switching response of
SiC MESFET in TCAD and two different generations of broadband power amplifiers have been
designed, fabricated and characterized. Input and output matching networks and shunt feedback
topology based on microstrip and lumped components have been designed, to increase the
bandwidth and to improve the stability. The first amplifier is a single stage 26-watt using a SiC
MESFET covering the frequency from 200-500 MHz is designed and fabricated. Typical results at
50 V drain bias for the whole band are, 22 dB power gain, 43 dBm output power, minimum power
added efficiency at P 1dB is 47 % at 200 MHz and maximum 60 % at 500 MHz and the IMD3 level
at 10 dB back-off from P 1dB is below -45 dBc. 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.
In the second phase, two power amplifiers at 0.7-1.8 GHz without feed back for SiC
MESFET and with feedback for GaN HEMT are designed and fabricated (both these transistors
were of 10 W). The measured maximum output power for the SiC amplifier 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 Pmax was 42.2 dBm (~16.6 W) with a PAE of 34.4 %. The measured
results for GaN 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 SiC amplifier gives better results than for GaN
amplifier for the same 10 W transistor.
A comparison between the physical simulations and measured device characteristics has
also been carried out. A novel and efficient way to extend the physical simulations to large signal
high frequency domain was developed in our group, is further extended to study the class-C
switching response of the devices. By the extended technique the switching losses, power density
and PAE in the dynamics of the SiC MESFET transistor at four different frequencies of 500 MHz,
1, 2 and 3 GHz during large signal operation and the source of switching losses in the device
structure was investigated. The results obtained at 500 MHz are, PAE of 78.3%, a power density
of 2.5 W/mm with a switching loss of 0.69 W/mm. Typical results at 3 GHz are, PAE of 53.4 %, a
power density of 1.7 W/mm with a switching loss of 1.52 W/mm.
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Preface
This thesis comprises of two sections. The first section contains introduction, importance
and response of wide bandgape (SiC and GaN) transistors in power amplifiers. The second section
presents results compiled in three publications. This thesis is presented as partial fulfillment of the
requirements for the degree of Licentiate of Philosophy, of Linköping University. The work
described in the thesis has been carried out at Materials Science Division at Linköping University
and at the department of Microwave Technology, Swedish Defence Research Agency (FOI)
between September 2005 and May 2008.
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CHAPTER ONE: Wide bandgap SiC and GaN transistors
1.1

Introduction

The fundamental physical limitations of Si operation at higher temperature and powers are
the strongest motivations for switching to wide bandgap semiconductors such as SiC and GaN for
these applications. For 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 required. 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 also in GaN technology [1]
Next generation cell phones require wider bandwidth and improved efficiency. The
development of satellite communications and TV broadcasting requires amplifiers operating both
at higher frequencies and higher power to reduce the antenna size of terminal users. The same
requirement holds for broadband wireless internet connections as well. This high power and high
frequency applications require transistors with high breakdown voltage, high electron velocity and
high thermal conductivity. The wide band gap materials, like GaN and SiC are preferable [2]. A
summary of the important parameters of Wide band gape materials in comparison to other
conventional semiconducting materials Si and GaAs is shown in table 1.1.
The high output power density of WBG transistors allows the fabrication of smaller size
devices with the same output power. Higher impedance due to the smaller size 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. 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.
Table 1.1 Material parameters of SiC and GaN compared to GaAs and Si [3]
Material

Bandgap
[eV]

Thermal
conductivity
[W/cm-K]

Electron
mobility
[cm2/Vs]

3.26
3.49
1.42

Critical
electric
field
[MV/cm]
2
3.3
0.4

4H-SiC
GaN
GaAs

4.5
1.7
0.5

Si

1.1

0.3

1.5

Relative
dielectric
constant

700
900
8500

Saturated
electron drift
velocity
[cm/s]
2×107
1.5×107
1×107

1500

1×107

11.8

10
9
12.8

The critical electric field is the maximum field that the material can sustain before the
onset of breakdown and is closely related to bandgap. When the electric field is so high 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 again and again. This causes an increase in
the current that will degrade the efficiency and output power and ultimately destroy the device due
9

to the heat generated. 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 velocity (by limiting the flux of electrons). A higher vsat will allow higher current and
hence higher power. The saturated electron velocity of SiC and GaN is atleast 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
efficiency of the device by increasing the knee voltage especially in the case of SiC MESFET but
this effect is reduced by the high breakdown voltage of SiC, which enables a sufficiently high
supply voltage that the knee voltage becomes small in comparison. The relatively low mobility of
SiC also reduces the high frequency capability of devices. But the impact of the low mobility of
SiC on the high frequency performance is partially offset by the high vsat [4]. Working devices
have been reported at X-band frequencies [5]. Due to higher mobility and the ability to use high
electron mobility transistor (HEMT) structures, GaAs and GaN transistors can be used at
substantially higher frequencies than Si or SiC transistors.
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 that of 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
[6]. At temperatures above 300 0C, SiC and GaN have much lower intrinsic carrier concentrations
than Si and GaAs. This implies that devices designed for high temperatures and powers should be
fabricated from 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 additional overhead that 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 use 50 Ω. It is more difficult to build an amplifier from the low
impedance device because of the 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) for both SiC and GaN compared to Si and GaAs
simplifies broadband impedance matching. Another important property of amplifiers is their
linearity. Excellent linearity has been reported for SiC MESFETs both in power amplifiers [7], and
low noise amplifiers [8]. The same is the case for GaN HEMT, because the HEMT structure was
announced as the device with lowest noise characteristics in the world [9].

1.2

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. For microwave and high
temperature applications the 4H is the most suitable and popular polytype. Its carrier 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 [10]. The SiC
MESFETs used appear to offer significant advantages, particularly for space applications, over
10

gallium arsenide (GaAs) transistors, 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 [11]. 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.[12]
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 [13]. 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 [14].
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 [15] and SiC MESFETs with power densities of 4.5 W/mm at 10
GHz have been demonstrated [16]. 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. [17]
A single-stage 26 W negative feedback power amplifier is implemented, covering the frequency
range 200-500 MHz using a 6 mm gate width 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
[18]. 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 [19].
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.
[20]. 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. [21]
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.

1.3

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 [22]. The
devices had a gate length of 0.5 μm and exhibited fmax of 42 GHz. The output power density has
since climbed to the levels predicted by Trew et al. in [23]; a power density of 5.6 W/mm at 3 GHz
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has been reported by Cree [24]. A schematic of MESFET structure is shown in Figure 1.1. Similar
structure was optimized in our group [25]. This structure was further optimized and studied in
some part of this research work.

Fig. 1.1: Schematic of MESFET structure. In large transistors (for high Power), multiple gates are combined to
increase gate width (wg).

1.4

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 band gap
(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 material 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 [26] as well as output power of 500 W @ 1.5 GHz [27] 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 [28].
The GaN technology is currently widely used for power amplifier applications. In mobile
base station applications a number of manufacturers and researchers have reported high
efficiencies, output powers and power densities [29]–[50]. 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 RF power-supply. The
380 V/1.9 A 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 high12

voltage GaN devices are suitable for high-frequency switching applications under high dc input
voltages of over 100 V. [29]. The Eudyna GaN hybrid power amplifier is capable of efficiently
delivering 200 W at 2.1 GHz for W-CDMA applications [30].
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 [31]. 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 [32].
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 [33]. CREE Inc. has also demonstrated compact, high-power microwave amplifiers
taking advantage of the high-voltage and high power density of GaN HEMTs [39]. 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
[40]. 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 [41], 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.
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 [42]. 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. [43]
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 2-15 GHz was
5.5 W and 25 %, respectively. Maximum output power reached 6.9 W with 32 % PAE at 7 GHz.
[44]. 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 [11].
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.[45]
A 2-chip amplifier has recorded 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 [46]. A highly
efficient broadband monolithic class-E power amplifier is implemented utilizing a single
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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) [47].
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 % poweradded efficiency. It also shows a pulsed 232 W output power with 8.3 dB linear gain [48]. 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 [49].
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 [50]. The GaN HEMTs have also
proven to be very attractive and viable as a power source for millimeter wave applications
[51]– [55]. 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 [51]. Wu et al. announced an amplifier with an 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 [55].
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.

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 [9]. 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 epi layers grown on top of each other with three contacts attached to
the surface. These contacts are called drain, source and gate. When a source-drain voltage is
applied, the current through the device is amplified and also can be controlled by the gate voltage.
An AlGaN HEMT usually works in depletion mode i.e. current flows through the device even
without an external gate-voltage [56]. The gate voltage necessary to stop the current flow between
the source and drain 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 gate contact to deplete a channel [57].
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 [58]. 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
[59]. The AlGaN HEMT does not require an n+ doped top layer (like in AlGaAs HEMT for
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electrons in 2DEG). In fact, the polarization fields are so strong that it alone can provide high
amount of electrons to the junction [60]. A schematic of GaN/AlGaN HEMT structure is shown in
Figure 1.2.

Figure 1.2: Schematic of GaN/AlGaN HEMT structure.
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CHAPTER TWO: POWER AMPLIFIER CLASSES
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 design comprises of several blocks like
biasing network, input matching network, output matching network for the input and output ports
to be matched with 50 Ohm which is the requirement of the system.
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. Also for the PA the primary objective 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. 2.1. The most common classes are briefly described below.

Fig. 2.1: The typical classes of power amplifiers on the basis of gate biasing.

2.1.1 Class A
Class-A are the most linear amplifiers with the q-point biased close to half of the maximum
drain current. They have low DC power efficiency (theoretically equal to 50 %). Figure 2.1 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 (cutoff).

2.1.2 Class B
For a 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
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
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(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. 2.1. 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, or 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 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.

2.2

Power Amplifier Design Considerations

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 fun-
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damental 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 [Robert, 1988]. The following are the major properties of amplifiers, which a designer has to consider in designing.

2.2.1 Output Power
It is the actual amount of power (in watts) of radio frequency (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 the lowest cost
transistors. The larger power output capability of the circuit design, the cheaper its piratical
implementation.

2.2.2 Power Gain
The gain of an amplifier is the ratio of an output power to its input power. There are
three important power gains are average power gain, transducer power gain and available
power gain.

2.2.3 Stability
It is a major concern in RF and microwave amplifiers. The degree of an amplifiers
stability can be quantified by a stability factor. The transistor is stable when embedded
between 50-Ω source and load, and it will not oscillate. 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.

2.2.4 Power-Added Efficiency
Efficiency is output power versus input power, while PAE includes the effect of the
drive power used frequently at microwave frequencies. It is a crucial parameter for RF
power amplifiers. It is important when the available input power is limited, like mobile etc.
It is also important for high power equipment, when the cooling system cost is significant
compared to actual equipment.

2.2.5 Linearity
Real 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 any more output; this is called
clipping, and results in non linearity. Class A is the most linear lowest efficeny PA and linearity
decreases and effeciency increases when we go to class AB, B and all switching PAs are the most
non linear and most efficient amplifiers.
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CHAPTER THREE: CONCLUSIONS
Three power amplifiers are presented using SiC MESFET and GaN HEMT at
200-500 MHz and 0.7-1.8 GHz. Typical results for single stage 26-watt power amplifier using a
SiC MESFET covering the frequency range from 200-500 MHz at 50 V drain bias for the whole
band are, around 22 dB power gain, around 43 dBm output power, minimum power added
efficiency at P 1dB is 47 % at 200 MHz and maximum 60 % at 500 MHz and the IMD3 level at
10 dB back-off from P 1dB is below -45 dBc. 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.
In the second generation, two power amplifiers at 0.7-1.8 GHz without feed back for SiC
MESFET and with feedback for GaN HEMT are designed and fabricated (both these transistors
were of 10 W). The measured maximum output power for the SiC amplifier 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 Pmax was 42.2 dBm (~16.6 W) with a PAE of 34.4 %. The measured
results for GaN 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 SiC amplifier gives better results than for GaN
amplifier for the same 10 W transistor.
A comparison between the physical simulations and measured device characteristics has
also been carried out in this work. A novel and efficient physical device large signal simulation
technique is further developed to study the class-C switching response of the devices. The method
was used to investigate the switching losses, power density and PAE in the dynamics of the SiC
MESFET transistor at four different frequencies of 500 MHz, 1, 2 and 3 GHz during large signal
operation and to find the source of switching losses in the device structure. The results obtained at
500 MHz are, PAE of 78.3 %, a power density of 2.5 W/mm with a switching loss of 0.69 W/mm.
Typical results at 3 GHz are, PAE of 53.4 %, a power density of 1.7 W/mm with a switching loss
of 1.52 W/mm.
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. In terms of power and efficiency GaN
devices are and will be superior above 10 GHz.

20

REFERENCES
[1] Gassmann, J., Watson, P., Kehias, L., and Henry, G. ‘Wideband, high efficiency GaN power
amplifiers utilizing a non-uniform distributed topology’, IEEE MTT-S Int. Microw. Sym.
Dig., 2007, pp. 615–618
[2] Umesh K. Mishra, Fellow IEEE, Likun Shen, Thomas E. Kazior, and Yi-Feng Wu “GaNBased RF Power Devices and Amplifiers”, Proceedings of the IEEE, Vol. 96, No. 2, February
2008,
[3] R. T. Kemerley, H. B. Wallace and M. N. Youder, “Impact of wide bandgap microwave
devices on DoD systems,” Proc. IEEE, vol. 90, no. 6 , 2002.
[4] R. G. Davis, “The potential perfomance of wide bandgap microwave power MESFETs”, Mat.
Sci. and Eng. Vols. B61-62, pp419, 1999.
[5] A. W. Morse et al., Recent applications of silicon carbide to high power microwave,” Proc.
IEEE int. Microwave Symp., 1997, pp. 53-56.
[6] P. G. Neudeck, R. S. Okojie and L. Chen, “High-temperature electronics—A role for wide
bandgap semiconductors?”, Proc. IEEE, Vol. 90, no. 6, 2002, pp. 1065- 1076.
[7] H. G. Henry, G. Augustine, G. C. DeSalvo, R. C. Brooks, R. R. Barron, J. D. Oliver, Jr., A. W.
Morse, B. W. Veasel, P. M. Esker and R. C. Clarke, ” S-band operation of SiC power
MESFET with 20W (4.4 W/mm) output power and 60% PAE,” IEEE Trans. Electron Devices,
Vol. 51, No. 6, 2004, pp. 839-845.
[8] A. Torres, “Advantages of silicon carbide (SiC) RF transistors for driving antenna
impedances,” Antenna measurement techniques association, Oct. 21.26, Denver, 2001.
[9] Takashi Mimura, “The Early History of the High Electron Mobility Transistor (HEMT)”, IEEE
Transactions on microwave theory and techniques, Vol. 50, No. 3, March 2002.
[10] Marc Franco and Allen Katz, “Class-E Silicon Carbide VHF Power Amplifier”, Microwave
Symposium, 2007, IEEE/MTTS International, pp. 19-22
[11] Yong-Sub Lee and Yoon-Ha Jeong, “Applications of GaN HEMTs and SiC MESFETs in
High Efficiency Class-E Power Amplifier Design for WCDA Applications , Microwave
Symposium, 2007, IEEE/MTTS International, pp. 615-618
[12] Sher Azam, C. Svensson and Q. Wahab “Designing of High Efficiency Power Amplifier
Based on Physical Model of SiC MESFET in TCAD.” Proceedings of International Bhurban
Conference on Applied Sciences & Technology Islamabad, Pakistan, 8th- 11th January, 2007,
pp. 40-43.
[13] Luca Risso, Alberto Armoni and Luca Petacchi“A 225-400MHz WiMAX 20W SiC Power
Amplifier”Proceedings of the 37th European Microwave Conference, October 2007, Munich
Germany pp. 1291-1294.
[14] Yong-Sub Lee and Yoon-Ha Jeong, “A HIGH-EFFICIENCY CLASS-E POWER
AMPLIFIER USING SiC MESFET” Microwave and Optical Technology Letters / Vol. 49,
No. 6, June 2007
[15] Mattias Sudow et al. “An SiC MESFET-Based MMIC Process,” IEEE Transactions on
Microwave Theory and Techniques, VOL. 54, NO. 12, December 2006, pp. 4072–4079.
[16] R. J. Trew, “Experimental and simulated results of SiC microwave power MESFETs,” Phys.
Stat. Sol. A, vol. 162, no. 1, pp. 409–419, Jul. 1997.
[17] R. Sadler, S. Allen, W. Pribble, T. Alcorn, J. Sumakeris, and J. Palmour, “SiC MESFET
hybrid amplifier with 30-W output power at 10 GHz,” in Proc. IEEE/Cornell Conf. High
Performance Devices, Aug. 2000, pp. 173–177.
[18] Sher Azam, R. Jonsson and Q. Wahab “Single-stage, High Efficiency, 26-Watt power
Amplifier using SiC LE-MESFET” IEEE Asia Pacific Microwave Conf. (APMC), Yoko
Hama (Japan), pp. 441–444, December 2006.

21

[19] F.Villard, J.-P.Prigent, E.Morvan, C.Dua, C.Brylinski, T.Temcamini and P.Pouvil Trap-Free
Process and Thermal Limitations on Large- Periphery SiC MESFET for RF and Microwave
Power”, IEEE Trans MTT, Vol. 51, pp.1129- 1134 (2003)
[20] Anant Agarwal, Jeremy Haley, Howard Bartlow, Bill McCalpin, Craig Capel, John W.
Palmour “2100 W at 425 MHz with SiC RF Power BJTs ” 63rd Device Research Conference,
2005, pp. 189–190.
[21] P. Chen, H.R. Chang, X. Li and Ben Luo,“DESIGN AND FABRICATION OF SIC MESFET
TRANSISTOR AND BROADBAND POWER AMPLIFIER FOR RF APPLICATIONS”,
Proceedings of 2004 International Symposium on Power Semiconductor Devices & ICs, Ki
takyushu, pp. 317–318.
[22] S. Sriram, G. Augustine, A. A. Burke, R. C. Glass, H. M. Hobgood, P. A. Orphanos, L. B.
Rowland, T. J. Smith, C. D. Brandt, M. C. Driver and R. H. Hopkins, “4H-SiC MESFET’s
with 42 GHz fmax,” IEEE Electron Device Lett., Vol. 17, no. 7, 1996, pp. 369-371.
[23] R. J. Trew, J. B. Yan and P. M. Mock, “The potential of dimond and SiC electronic devices f
or microwave and millimeter-wave power applications,” Proc. IEEE, vol. 79, pp. 598-620,
May 1991.
[24] S. T. Allen, W. L. Pribble, R. A. Sadler, T. S. Alcorn, Z. Ring and J. W. Palmour, “Progress
in high power SiC microwave MESFETs,” IEEE MTT-S dig., 1999, pp. 321-324.
[25] Rolf Jonsson,“Silicon Carbide Microwave Transistors and Amplifiers”, Licentiate thesis No.
1186, Linköping University (2005).
[26] Y.-F. Wu, A. Saxler, M. Moore, R. P. Smith, S. Sheppard, P. M. Chavarkar, T. Wisleder, U.
K. Mishra, and P. Parikh, 30-W/mm GaN HEMTs by Field Plate Optimization, IEEE
Electron device Letters, vol. 25, no. 3, March 2004, pp 117-119 .
[27] A. Maekawa, T. Yamamoto, E. Mitani and S. Sano, “A 500W Push Pull AlGaN/GaN HEMT
Amplifier for L-Band High Power Application”, 2006 IEEE MTT-S Int. Microwave Symp.
Digest pages 722-725, June 2006.
[28] A. Wakejima, T. Nakayama, K. Ota, Y. Okamoto, Y. Ando, N. Kuroda, M. Tanomura, K.
Matsunaga and H. Miyamoto “Pulsed 0.75kW output single-ended GaN-FET amplifier for
L/S band applications”, Electronics Letters, Vol. 42, Nov. 2006.
[29] Saito Wataru, Domon Tomokazu, Omura Ichiro, Kuraguchi Masa-hiko, Takada Yoshiharu,
Tsuda Kunio, et al. Demonstration of 13.56-MHz Class-E amplifier using a high-voltage
GaN power-HEMT. IEEE Electron Dev Lett 2006; 27(5):326–8. 235
[30] A. Kawano, N. Adachi, Y. Tateno, S. Mizuno, N. Ui, J. Nikaido, and S. Sano, “Highefficiency and wide-band single-ended 200 W GaN HEMT power amplifier for 2.1 GHz WCDMA base station application,[ in APMC 2005 Asia-Pacific Conference Proceedings, Dec.
2005, vol. 3, pp. 4–7.
[31] Jangheon Kim, Junghwan Moon, Young Yun Woo, Sungchul Hong, Ildu Kim, Jungjoon Kim,
and Bumman Kim, “Analysis of a Fully Matched Saturated Doherty Amplifier With
Excellent Efficiency”, IEEE Transactions on Microwave Theory and Techniques, VOL. 56,
NO. 2, FEBRUARY 2008
[32] Junghwan Moon, Jangheon Kim, Ildu Kim, Jungjoon Kim, and Bumman Kim, “A Wideband
Envelope Tracking Doherty Amplifier for WiMAX Systems”, IEEE Microwave and Wireless
Components Letters, VOL. 18, NO. 1, January 2008.
[33] P. Colantonio, F. Giannini, R. Giofre` and L. Piazzon, “High-efficiency ultra-wideband power
amplifier in GaN technology”, ELECTRONICS LETTERS 17th January 2008 Vol. 44 No. 2
[34] T. Kikkawa, T. Maniwa, H. Hayashi, M. Kanamura, S. Yokokawa, M. Nishi, N. Adachi, M.
Yokoyama, Y. Tateno, and K. Joshin, BAn over 200-W output power GaN HEMT push-pull
amplifier with high reliability,[ in Microwave Symposium Digest, 2004 IEEE MTT-S
International, Jun. 2004, vol. 3, pp. 1347–1350.
[35] S. T. Sheppard, R. P. Smith, W. L. Pribble, Z. Ring, T. Smith, S. T. Allen, J. Milligan, and J.
W. Palmour, “High power hybrid and MMIC amplifiers using wide-bandgap semiconductor

22

devices on semi-insulating SiC substrates,[ in Device Research Conference, 2002. 60th DRC.
Conference Digest, Jun. 24–26, 2002, pp. 175–178.
[36] K. Yamanaka, K. Iyomasa, H. Ohtsuka, M. Nakayama, Y. Tsuyama, T. Kunii, Y. Kamo, and
T. Takagi, “S and C band over 100W GaN HEMT 1-chip high power amplifiers with cell
division configuration,[ in Gallium Arsenide and Other Semiconductor Application
Symposium, 2005. EGAAS 2005. European, Oct. 3–4, 2005, pp. 241–244.
[37] T. Kikkawa, “Recent progress and future prospects of GaN HEMTs for base-station
applications,[ in IEEE Compound Semiconductor Integrated Circuit Symposium, Oct. 2004,
pp. 17–20.
[38] A. Maekawa, M. Nagahara, T. Yamamoto, and S. Sano, “100 W high-efficiency GaN HEMT
amplifier for S-band wireless system”,[ in Gallium Arsenide and Other Semiconductor
Application Symposium, Oct. 2005, pp. 497–500.
[39] Y.-F. Wu, S. M. Wood, R. P. Smith, S. Sheppard, S. T. Allen, P. Parikh, and J. Milligan, “An
internally-matched GaN HEMT amplifier with 550-watt peak power at 3.5 GHz,[ in IEEE
International Electron Devices Meeting, 2006.
[40] Kazuhiro Jyomasa', Koji Yamanaka', Kazutomi Mori, Hifumi Noto, Hiroshi Ohtsuka,
Masatoshi Nakayama, Satoshi Yoneda, Yoshitaka Kamo, and Yoji Isota, “GaN HEMT 60W
Output Power Amplifier with Over 50% Efficiency at C-Band 15% Relative Bandwidth
Using Combined Short and Open Circuited Stubs ,[ in IEEE IMS, 2007, pp.1255-1258.
[41] H. Otsuka, K. Mori, H. Yukawa, H. Minamide, Y. Kittaka, T. Tsunoda, S. Ogura, Y. Ikeda, T.
Takagi, "Over 65% efficiency 300 MHz bandwidth C-band internally-matched GaAs FET
designed with a large-signal FET model," 2004 IEEE MTT-S int. Microwave Symp. Dig., pp.
521-524, June 2004.
[42] Norihiko Ui. Hiroaki Sano and Seigo Sano, “A 80W 2-stage GaN HEMT Doherty Amplifier
with -5OdBc ACLR, 42% Efficiency 32dB Gain with DPD for W-CDMA Base station,[ in
IEEE IMS, 2007, pp. 1259-1262
[43] Y.-F. Wu, M. Moore, A. Abrahamsen, M. Jacob-Mitos, P. Parikh, S. Heikman, and A. Burk,
“High-voltage Millimeter-Wave GaN HEMTs with 13.7 W/mm Power Density, Electron
Device Meeting, 2007. IEDM2007. IEEE International, pp. 405-407
[44] J. Gassmann, P. Watson, L. Kehias and G. Henry “Wideband, High-Efficiency GaN Power
Amplifiers Utilizing a Non-Uniform Distributed Topology , Microwave
Symposium,
2007, IEEE/MTTS International, pp. 615-618
[45] Sungchul Hong, Young Yun Woo, Ildu Kim, Jangheon Kim, Junghwan Moon, Han Seok
Kim, Jong Sung Lee and Bumman Kim, “High Efficiency GaN HEMT Power Amplifier
optimized for OFDM EER Transmitter , Microwave
Symposium, 2007, IEEE/MTTS
International, pp. 1247-1250
[46] K. Yamanaka, K. Mori, K. Iyomasa, H. Ohtsuka, H. Noto, M. Nakayama, Y. Kamo , and Y.
Isota “C-band GaN HEMT Power Amplifier with 220W Output Power”, Microwave
Symposium, 2007, IEEE/MTTS International, pp. 1251-1254
[47] R. Tayrani “A Spectrally pure 5.0 W, High PAE, (6-12 GHz) GaN Monolithic Class E Power
Amplifier for Advanced T/R Modules, IEEE Radio Frequency Integrated Circuits
Symposium 2007, pp. 581-584
[48] Y. Okamoto, T. Nakayama, Y. Ando, A. Wakejima, K. Matsunaga, K. Ota and H. Miyamoto
“230W C-band GaN-FET power amplifier, Electronics Letters August 16, 2007, Vol. 43 No.
17, pp. 1-2
[49] Ulf Gustavsson, Thomas Lejon, Christian Fager , Herbert Zirath “Design of highly efficient,
high output power, L-band class D−1 RF power amplifiers using GaN MESFET devices.,
Proceedings of 2nd European IC Conference, October 2007, Munich Germany, pp.
291-294

23

[50] Yong-Sub Lee, Mun-Woo Lee, and Yoon-Ha Jeong, “High-Efficiency Class-F GaN HEMT
Amplifier With Simple Parasitic Compensation Circuit”, IEEE Microwave and Wireless
Components Letters, VOL. 18, NO. 1, JANUARY 2008.
[51] M. Kanamura, T. Kikkawa, and K. Joshin, “A 100-W high-gain AlGaN/GaN HEMT power
amplifier on a conductive n-SiC substrate for wireless base station applications,[ in IEEE
IEDM Technical Digest, Dec. 2004, pp. 799–802.
[52] D. C. Streit, A. Gutierrez-Aitken, M. Wojtowicz, and R. Lai, “The future of compound
semiconductors for aerospace and defense applications,[ in Compound Semiconductor
Integrated Circuit Symposium, 2005. CSIC ’05, Oct. 2005, p. 4.
[53] M. Micovic, A. Kurdoghlian, H. P. Moyer, P. Hashimoto, A. Schmitz, I. Milosavjevic, P. J.
Willadesn, W.-S. Wong, J. Duvall, M. Hu, M. J. Delaney, and D. H. Chow, “Ka-band MMIC
power amplifier in GaN HFET technology,[ in 2004 IEEE MTT-S International Microwave
Symposium Digest, Jun. 2004, vol. 3, pp. 1653–1656.
[54] A. Darwish, K. Boutros, B. Luo, B. D. Huebschman, E. Viveiros, and H. A. Hung,
“AlGaN/GaN Ka-band 5-W MMIC amplifier,[ IEEE Trans. Microwave Theory and
Techniques, to be published.
[55] Y.-F. Wu, M. Moore, A. Saxler, T. Wisleder, U. K. Mishra, and P. Parikh, “8-watt GaN
HEMTs at millimeter wave frequencies,[ in IEEE International Electron Devices Meeting,
IEDM Technical Digest, Dec. 5–7, 2005, pp. 583–585, Publication Date.
[56] David W Disanto, “Aluminum gallium nitride / gallium nitride high electron mobility
transistor fabrication and characterization”, PhD thesis, Simon Fraser University (2005).
[57] Nh Sheng, C. P Lee, “Multiple-Channel GaAs/AlGaAs High Electron Mobility Transistors”,
IEEE Electron device letters, Vol. EDL-6, No. 6. June 1985.
[58] Charles Kittel, “Introduction to solid state physics – eight editions” ISBN 0-471-41526-X,
(2005)
[59] O. Ambacher, B. Foutz, J.Smart, J.R Shealy, “Two dimensional electron gases induced by
spontaneous and piezoelectric polarization in doped and un-doped AlGaN/GaN hetero
structures”, Journal of applied physics Volume 87, number 1 (2000)
[60] David W Disanto,“Aluminum gallium nitride/gallium nitride high electron mobility transistor
fabrication and characterization”, PhD thesis, Simon Fraser University (2005).

24

