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Abstract

The importance of wireless communications in today's telecommunications indus-
try is indubitable. Wireless technologies are used in almost every aspect of our everyday
life. Universal Mobile Telecommunications System (UMTS) technology has already im-
plemented 3G communication standard for mobile communications.

Power amplifiers are the most power consuming unit in wireless communication
systems. The power amplifiers used in UMTS devices need to be highly efficient. Im-
proved efficiency not only extends the battery life but also reduces the DC power con-
sumption, transmitter size and weight. Although the power amplifiers used in existing
second generation GSM (Global System for Mobile Communications) transmitters are
highly efficient, they cannot be applied to UMTS/WCDMA since GSM uses the constant
envelope feature of GMSK (Gaussian Minimum Shift Keying) modulation which intro-
duces phase variations only. In UMTS, a WCDMA system with QPSK modulation is
used where both phase and amplitude variations are introduced by the modulation. The
power amplifiers designed for WCDMA need to satisfy the contradicting operation re-
quirement between linearity and efficiency.

In this thesis, a highly efficient class F power amplifier has been designed for
WCDMA band with a center frequency of 2.14 GHz and bandwidth of 5§ MHz using GaN
transistor. The amplifier has been simulated using a high frequency circuit simulator
namely, the Agilent Advanced Design System (ADS). The simulated results have shown
a Power Added Efficiency (PAE) of 76.8% for an optimum input power of 30 dBm. The
amplifier was then fabricated and measured. Measurement has shown a PAE of 75.9%
for an optimum input power of 29.6 dBm which is in good accordance with the simulated
results. Based on a literature review, and to the best of our knowledge, our circuit exhib-
ited one of the highest measured PAE for a GaN class-F amplifier working at 2.14 GHz.
The value of third and fifth order IM products of the designed class F PA is -13 dBc and -
21 dBc respectively at peak power and -28.5 dBc and -43 dBc respectively at 6 dB back-
off from peak power.
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Chapter 1 Introduction

1.1 Motivation

The importance of wireless communications in today's telecommunications indus-
try is indubitable. Wireless technologies are used in almost every aspect of our everyday
life. The practical application where wireless technology is being used includes industrial
production line, security system, medical technology, automated highway systems, tele-
vision remote control, cellular phones, smart homes and appliances, video conferencing
and distant learning etc. Mobile communications which is the most attractive and highest
emerged application of wireless communication play a very important role in the social,
commercial, business and public safety sectors all over the world. It enables communica-
tion with a person at any time, any place and any form such as voice, text, video and so
on. The need for efficient and secure technologies is becoming increasingly important
with the enhanced usage of wireless technology. To accommodate the growing demands
of high speed data transfer and multimedia applications third generation (3G) standards
proposed in IMT-2000 (International Mobile Telecommunications-2000) started evolving
in 2003 [1]. 3G provides the ability to transfer both voice and non-voice data and thus
have become prominent for high data rate communication [2].Universal Mobile Tele-
communications System (UMTS) technology has already implemented 3G communica-
tion standard for mobile communications which offers a potential worldwide coverage [3,
4]. The frequency range of operation for UMTS is close to 2 GHz and the technology
adopted is WCDMA (Wideband Code Division Multiple Access). The bandwidth of
WCDMA is 5 MHz which is 4 times larger than the conventional CDMA [5].

Typically UMTS devices are expected to deliver faster transmission of voice, video
and multimedia applications of up to 2.4 Mbps (384 kbps for mobile systems and 2 Mbps
for stationary systems) [1]. The modulation scheme used in UMTS is Quadrature Phase

Shift Keying (QPSK) which provides higher bit rates per unit of bandwidth. In QPSK,
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both amplitude and phase variations are introduced. High data rates demand a linear
power amplifier output from the transmitter [5].

The power amplifiers used in UMTS devices need to be highly efficient since
they are the key determining factors of battery life. Improved efficiency not only extends
the battery life but also reduces the transmitter size and weight. Increasing efficiency
helps reducing the DC power consumption. As a result, higher output power can be ob-
tained for the same dissipation. Also, high efficiency makes it possible to reduce the op-
erational costs. Although the power amplifiers for existing second generation GSM
(Global System for Mobile Communications) transmitters are highly efficient, they can-
not be applied to UMTS/WCDMA since GSM uses the constant envelope feature of
GMSK (Gaussian Minimum Shift Keying) modulation which introduces phase variations
only [5]. In UMTS, a WCDMA system with QPSK modulation is used. Because of the
variation in amplitude a linear output is required from the transmitter. Class A amplifiers
are highly linear but have a very low efficiency (typically 10-35%) [5]. The power ampli-
fiers designed for WCDMA need to satisfy the contradicting operation requirement be-
tween linearity and efficiency.

In this thesis, a high efficient power amplifier has been designed using a commer-
cial GaN transistor i.e., the CGH40010F from Cree Inc'. The class-F amplifier has been
simulated using a high frequency circuit simulator namely, ADS?. The motivation of this
work has to come from the growing interest in using GaN transistors to design power
amplifiers for wireless applications. Si LDMOSFETs are widely used for modern base
station power amplifiers. But above 3 GHz, their usefulness is hampered due to high
parasitic capacitance. Also, they require complex linearization scheme to meet linearity,
efficiency and output power specifications. [6]. Gallium arsenide (GaAs), indium
phosphide (InP) and silicon germanium amplifiers exhibit high frequency operation but
their usefulness is limited to primarily the low power, low voltage regimes [6]. As a re-
sult, GaN has recently seen an increase in international attention. GaN belongs to the
family of wide bandgap semiconductors such as silicon carbide (SiC) and diamond and

they have the ability to support high supply voltage resulting into high efficiency and

! Www.cree.com

% Advanced Design System, Agilent Technologies, Palo Alto, CA
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high power generation [6]. Since relatively less work has been done on GaN power am-
plifiers, it will be interesting to see how the power added efficiency and output power dif-
fer for these kinds of amplifiers than the ones using conventional Silicon MOSFETS and

GaAs or InP HEMTs.

1.2 Contribution Overview

. In this thesis a class-F power amplifier has been designed and simulated
for WCDMA band with a center frequency of 2.14 GHz and bandwidth of
5 MHz using a GaN HEMT from Cree Inc. Several important parameters
such as power added efficiency; transducer power gain and third order in-
termodulation distortion have been examined to assess the efficiency and
linearity performance of the power amplifier.

° The measured PAE was about 75.9% which is one of the highest measured
PAE for GaN class-F amplifiers working at 2.14 GHz.

o One conference paper has been submitted [49] and another one will be

shortly submitted in an international IEEE conference.

1.3 Thesis outline

The thesis is organized as follows:

Chapter 2 discusses the fundamentals of power amplifier design and the different
kinds of power amplifiers. Based on our specific design criteria (high power added effi-
ciency), class-F amplifier configuration was retained. Therefore, theoretical concepts of
class-F amplifiers are introduced in Chapter 3. Since GaN transistors have the ability to
support high supply voltage resulting into high efficiency, Chapter 4 discusses about
GaN-based power transistors while Chapter 5 explains the operation of class F power
amplifiers and as well as underlying design concepts and simulated results. Measure-

ments are presented in chapter 6. An inverse class-F amplifier was also simulated for
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comparison. Chapter 7 Summarizes the work presented in this thesis and also outlines the

main contribution of this thesis. An outline of future work is also presented.
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Chapter 2 RF Power Amplifiers

2.1 Introduction

Radio frequency (RF) power amplifiers are nonlinear circuits used to amplify a
relatively low power RF signal into a larger signal of significant power either at a speci-
fied frequency or within a frequency band. Such devices often used to drive the antennas
of transmitters, should exhibit good gain, high efficiency and linearity. Moderate gain
levels reduce circuit’s complexity since in this case the number of amplifying stages is
reduced. Improved efficiency extends battery life and reduces DC power consumption as
well as operational cost. Power amplifiers are expected to have good linearity to prevent
interference to adjacent channels e.g., to keep Adjacent Channel Power Ratio (ACPR)
low [5, 6].

An RF power amplifier typically includes an active device, usually a transistor,
and two passive matching networks, one at the input and the other one at the output as
shown in Figure 2.1 [7]. The active device amplifies the AC input signal. The input
matching network is necessary to ensure maximum power transfer to the active device
whereas the output matching network ensures a maximum power transfer to the amplifier

load.

low powerside  amplification  high power side

—WWh— ~AWh—
= LN e
assive mput X ) asstve output
P o P active device P P
network network

Fig 2.1: Signal flow of a single stage power amplifier (PA) [7]
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2.2 Power and Gain

The schematic of a simple PA is shown in Figure 2.2 [7].

Vid
rgé
b1 «— laa — b
a —» ? —

Rin ‘
= ‘r*'%*‘ }0“7*” bﬁi i lioad +
P, -P—> ; s Fh Vli)ad
-;%N avs ég Pdel l oa

Vgg

A

Fig 2.2: Schematic of a simple PA [7]

The power delivered to the load is the difference between the incident and re-

flected power as shown in the following equation [8].

1 1 1
P =i =Sl =fes -1 ) @
by =8, a, +8§,a, (2.2)
b, =8,,a, +S,a, (2.3)

ar and by are defined as the incident and reflected waves of port & respectively. I';
is the reflection coefficient at the load and the Sj; are the elements of the scattering matrix
(i,j = 1, 2). The power available from a source (of reflection coefficient I's) is the power

delivered by a source to the conjugately matched load, which is,

=T
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Thus the power available from the source is [8]

|
=1 .2 1 *I2= E‘bll
1

al

> (2.4)

The input power of the transistor is given by [§]
1 1 1
P =laf -5 =5lal0-Inf) @9)

The transducer power gain (Gr) of an amplifier is defined as the ratio of the power

delivered to the load to the available power from the source which is given by

P
Gr= —%L 2.6
=5 (2.6)

avs

The power gain (G,) is defined as the ratio of the power P, delivered to the load

resistance to the network’s input power (P)).

I)del
P

n

G, =

2.7)

2.3 Noise Figure

The noise figure is a measure of degradation of the signal to noise ratio. It is the

decibel representation of the noise factor and its expression is given below [9].

Signal

Noise,,

— %k
NF =10%*1o ‘—Signalou,

2.8)

Noise,,
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In wireless high frequency transmissions, it is common to observe noisy input
signals. Increasing the output signal-to-noise ratio (maintaining a low noise figure) is a

very important target in such frequencies.

2.4 Stability and Matching

Stability is a fundamental consideration in designing an amplifier. In other words,
we have to make sure that the active device is stable, i.e., does not generate oscillation.

The Rollet factor or stability factor of a transistor is defined from the following equation

[8]

o LSSy o e O i 2.9)
2SS,

In order to make an amplifier stable the source and load impedances should have real

positive parts which imply that the magnitudes of the reflection coefficients for the

source (|I's|) and the load (|I'1|) should be less than 1. If,

K>1, there will be two solutions of |['s| and |I'1), one having a magnitude of greater
than one and the one with a magnitude of less than unity [8].

If K <-1, the amplifier is unstable. It is required to match the input and the output of the
amplifier simultaneously which is not possible [8].

If -1 <K < 1 the amplifier is conditionally stable and there are regions where oscillation
will not occur [8].

K=1 is not practical since in this case both |I's| and [I'1| are equal to 1 [8].

2.5 Power Added Efficiency (PAE)

Efficiency is a crucial parameter in the design of an amplifier since it is related to

dc power consumption and operational cost [10].
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Drain efficiency is the ratio of output RF power (Prrou) to DC input power (Ppc):

17, = Ao (2.10)

Power added efficiency is defined as:

Py — P,
PAE = ~RFou — " RFin (2.11)

DC

PAE can also be written as:

1
PAE = nD(1—E—) (2.12)

I4
where G, is the power gain [11].

2.6 Intercept Point

The Intercept point is a very important parameter to consider in designing an am-
plifier. As shown in Figure 2.3, it is a virtual point where the slopes of the fundamental
and the 3™ order intermodulation product meet on a logarithmic chart of output power
versus input power. In fact, in practical situations, the output power compresses before
reaching this point and thus, the intercept point is measured by the extrapolation of the
fundamental and the third order intermodulation output characteristics. The third order
intermodulation products draw the most attention since they occur in the vicinity of fun-
damental tone [12] and the corresponding intercept point is known as third order intercept
point (IP3). Intercept point is a better way of linearity measurement than intermodulation

products since it can be specified independently of the input power level [13].
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Fig 2.3: Third order intercept point [5]

2.7 Adjacent Channel Power Ratio (ACPR)

Adjacent channel power ratio is a critical aspect in designing power amplifiers. It
is a measurement of the amount of interference or power in the adjacent frequency chan-
nel. It is the ratio of average power of the signal in the adjacent frequency channel to that
in the transmitted frequency channel [14]. The leakage of power is mainly due to nonlin-

earities in the power amplifier (Figure 2.4).
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Fig 2.4: Adjacent channel power ratio [15]

2.8 1 dB Compression Point (P 45)

The 1-dB compression point is a measure of the linear range of operation. When a
power amplifier is operating in its linear region the gain is constant for a given frequency.
But if the power of the input signal is increased, after a certain point the power of the
output signal will decrease. As shown in Figure 2.5, the input 1-dB (P;.45) compression
point on a Py, (output power) versus Pj, (input power) graph refers to the point where an
increase of the input signal causes the gain to drop by 1-dB. The corresponding output
power is known as the output 1-dB compression point (P;.gz o) [12]. Once this point is

reached there will be a rapid decrease in gain [16].

P1.4p, out = P1.gp + (Gain - 1) dBm (2.13)
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Linear
Prn, ou

i

i
: |
% : e Compressed
= : \
- £ ]
E ™ ¥
g )
= '
o :
- #
o i
ﬁ' ¥
] ;
< H

; »

Pras,in

Input Power in dBm

Fig 2.5: 1-dB compression point [5]

2.9 Intermodulation Distortion

Intermodulation products are caused by the non-linearity in the amplifier. Inter-
modulation distortion results when two or more non commensurate signals mix together
and create additional non-harmonic frequencies. Third order intermodulation products are
of biggest concern due to their highest strength. Additionally, it is difficult to filter them
out since they appear at the vicinity of the fundamental tone [5]. Intermodulation prod-
ucts are particularly measured by two-tone test as analysis several stimulus tones can be
very complex. In a two-tone test, the nonlinear circuit is excited with two sinusoidal sig-
nals of equal amplitude but of closely spaced frequencies. As a result, the output spec-
trum consists of various intermodulation products [12]. The frequencies of the intermodu-

lation products are computed by the following equation [17]:

mf £nf, wherem,n=0,1,2,3...
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The sum ‘m+n’ is called the order of the distortion product (Figure 2.6). The ratio

of intermodulation to fundamental power is one way of measuring linearity [5].

Desired
Signal
A “’?1\ Second
rarmonic
N D 1D
2
QI 111
IR ITE T T.
fe e
Frequency

Fig 2.6: Intermodulation Distortion [18]

2.10 Power Output Capability

The power output capability of an amplifier can be expressed as [19]:

_Zop”pp (2.14)

Where P, is the dc power supply, Ipy is the peak value of the drain current and V),
is the peak value of the drain-to-source voltage. If there are N transistors then the equa-

tion becomes

5 = AoV (2.15)

C =
" NIV, NIV,
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Class A amplifiers are conducted at the centre of the load line which allows maxi-
mum swing of voltage and current. For this reason, class A amplifiers have the highest

power output capability [5].

2.11 Amplifier Classifications

There are several types of power amplifiers which are distinguished primarily by
class of operation. Generally, power amplifiers are divided into two groups: linear and
nonlinear power amplifiers. Nonlinear power amplifiers are also known as switching
mode amplifiers. In linear amplifiers, the active device acts as a current source whereas it
acts as a switch in case of nonlinear amplifiers [20]. Class A power amplifiers are known
as linear power amplifiers, while class B and AB amplifiers are known as quasi-linear
(weakly nonlinear) power amplifiers. On the other hand, class C, D, E and F amplifiers
are nonlinear amplifiers. Although the later amplifiers exhibit nonlinear performances,
they can achieve higher efficiency. Brief discussions of different classes of power ampli-

fiers are presented in the next subsections.

2.11.1Class A

Class A amplifier is the simplest and basic form of all power amplifiers. In com-
parison to other classes, class A has the maximum linearity [21]. For class A amplifier,
the transistor is biased at the midpoint of linear region providing maximum voltage and
current swings without cut-off and saturation (Figure 2.7). The conduction angle for class

A amplifier is 360°. Here, a sinusoidal input signal produces a sinusoidal output current

(Figure 2.8).
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Fig 2.7: Biasing of class A amplifier [5]
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Fig 2.8: Input signal for class A amplifier [5]

Although class A amplifier has highest linearity, its efficiency is relatively poor.
The reason behind this is that the transistor is always in active region. As a result, it con-
stantly draws current which results into power loss. Theoretically, the maximum achiev-
able efficiency of class A amplifier is 50%. However, it becomes as low as 20% for

commercial class A amplifiers [5, 18].
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2.11.2 ClassB

The conduction angle of class B amplifiers is 180° which means that the device
remains off during half period of the input cycle (Figures 2.9 and 2.10). In this case, the
transistor is biased at its threshold voltage point. Sometimes, class B amplifiers are im-
plemented using push-pull configuration where two transistors are used in parallel. The
two transistors are driven 180° out of phase so that each of them remains active for half
of the input cycle and turned off during the other half. As a result, it becomes possible to

attain large saving in power loss.

_Class B bias

>

¥V rtireshold .
Vs

Fig 2.9: Biasing of class B amplifier [5]

»

Input Voltage V

u/ - e v YThreshold
o

Time

Fig 2.10: Input signal for class B amplifier [5]
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Theoretically, the maximum achievable efficiency with class B mode is 78.5%

which becomes 50-60% for commercial class-B amplifiers [5, 18].

2.11.3 Class AB

The operation of class AB is a compromise between class A and class B. In this
case, the conduction angle is greater than 7 but less than 2xn. Here, the transistor is biased
above the threshold voltage but below the midpoint of the load line (Figure 2.11 and
2.12). In practice, one can choose the bias point depending on the linearity and efficiency
requirement. The cross-over distortion effect of class B amplifiers gets minimized since
the biasing produces small quiescent drain current [5]. As a result, the linearity improves.

The linearity of class AB amplifiers is close to class A.

Ip

/(Ziass AB hias

t

V rhreshotd
‘f
GS

Fig 2.11: Biasing of class AB amplifier [5]
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Fig 2.12: Input signal for class AB amplifier [5]

Class AB amplifiers are more efficient than class A amplifiers. Theoretically, the
maximum achievable efficiency of class AB amplifiers is between 50% and 78.5%.

However, commercial class AB amplifiers have 40-55% efficiency [5].

2114 Class C

In class C amplifiers, the transistor is biased below threshold so that the output
current is zero for more than half of the input cycle (Figure 2.13 and 2.14). Since the tran-
sistor is on for less than one half period, the efficiency increases. However, linearity is

worst for class C amplifiers.

b Class € bias

«OT »

V“‘l’hresf;sxid

Fig 2.13: Biasing of class C amplifier [5]
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Fig 2.14: Input signal for class C amplifier [5]

Theoretically, the maximum achievable efficiency with class C operation is 100%
[5]. However, this is only possible if the conduction angle is 0° which means there is no
output power as no current flows through load. But this condition is useless. However,
for example, if the conduction angle is 150° the PAE becomes 85% [22]. The efficiency

of commercial class C amplifiers is 60% or more [5].

2.11.5 Class E

Class E is a switching mode high efficiency amplifier. In this case, the transistor
acts as a switch (Figure 2.15).

The idea behind the Class E amplifier is that the output voltage and current wave-
forms do not overlap and the values of the voltage, current, and the derivative of the volt-
age with respect to time are limited during the transition between non-zero currents and
non-zero voltages.

The transistor is stated as “on” when it starts conducting and “off” when it stops
conducting. The power dissipation is reduced since the voltage across the transistor re-

turns to zero just before it turns “on” and the current through the transistor returns to zero
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just before it turns “off”. As a result there is no overlapping of substantial voltage and
current during the transitions.

Furthermore, the current through the transistor at the beginning of “on” state is
zero as the voltage across the switch returns to zero with zero slope. Similarly the current
through the transistor at the beginning of “off” state is zero as the voltage across the tran-
sistor returns to zero with zero slope. Theoretically, the maximum achievable efficiency
of Class E amplifiers is 100%. However the efficiency of commercial class E amplifiers

is around 60% [5].
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Fig 2.15: Waveforms of class E amplifier [23]

2.11.6 Class F and Inverse Class F

Class F amplifier is one of the techniques to improve efficiency. The main idea

behind class F operation is to use a harmonic resonator in the output network to shape the
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output current and voltage waveforms. The current waveform is half-sinusoidal whereas

the voltage waveform appears to be square-wave (Figure 2.16).

Vin Y
Threshold Voltage

Vout

Fig 2.16: Waveforms of class F amplifier [24]

Theoretically, the maximum achievable efficiency of class F amplifiers is 100%
although in practice it becomes less due to parasitic effects. Also, the high efficiency is
associated with poor linearity. If the linearity is improved efficiency degrades.

On the other hand in inverse class-F amplifiers, the waveforms are interchanged
requiring the opposite harmonic terminations. Here, the drain current is square wave and
the drain voltage is a half sine wave. With an increased number of harmonic terminations,

the efficiency of an inverse class F amplifier increases from 70% to 90%, and ideally to
100% [25].

e Current
"1 ---- Voltage

.
\

Fig 2.17: Voltage and current waveforms of inverse class F

amplifier with 5 harmonics [25]
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2.12 Conclusion

There are some other classes of amplifiers such as class D, class S, class G, class

H, as well as Doherty and Chireix amplifiers. Since our specific design criteria is based

on a high power added efficiency, class-F amplifier configuration is retained. Therefore,

theoretical concepts of class-F amplifiers will be introduced in the next chapter. A brief

comparison of the classes discussed in this chapter is given in Table 2.1.

Table 2.1 Comparison between Different Classes of operation in Power Amplifiers [25]

Class A B AB C E F Inv F

Conduction angle 2n T 7 -27 0-m T n-27W | W2W

Linearity Yes Yes Yes No No No No

Ideal efficiency (%) | 50 78.5 50-78.5 | ~85 | 100 100 100
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Chapter 3 Class-F Amplifier

3.1 Introduction

Class-F amplifiers are switching mode power amplifiers with higher efficiency.
The main idea behind class F amplifiers is to control the harmonic contents of the drain
voltage and current waveforms by several resonators. The resulting drain voltage of a
class-F amplifier is square waves whereas the drain current is rectified sinusoids. When

the current is high the voltage is low and vice versa which reduces the power dissipated

by the device.
Class-F power amplifier
4‘""4’33
Zin= Rioad at f,

- Zinmliat fmg

‘g Zinw wat o,

Input | '
P! matching % A,

Fig 3.1: Basic class F amplifier topology [26]
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Fig 3.2: Ideal drain voltage and current waveforms of class-F amplifier [27]

3.2 Fundamentals of Class-F Amplifiers

Class-F amplifiers have higher output power, higher gain and improved efficiency
which is achieved by proper harmonic terminations at the output. The idea of harmonic
terminations was first introduced by Tyler [28]. Theoretically the drain voltage and cur-
rent waveforms do not overlap in time and the PAE approaches 100%. In a class-F ampli-
fier, a high impedance is presented to all odd harmonics whereas a low impedance is pre-
sented to all even harmonics. As a result, the square wave drain voltage contains only the
fundamental and odd harmonics and the half sinusoid drain current contains the funda-

mental and all the even harmonics. The impedance conditions are summarized below:

Z,=R = 8 Ve for n=1
7 I,
Z,=0forn=246......... 3.1)

Z,= for odd n=3,5,7...........
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The ideal drain voltage and current waveform of class F amplifier can be ex-

panded using Fourier series by the following equations respectively [29]:

. I 1. 2 1
ip =Id’peak(;+551na)ot——; 2 nz_lcosna)ot) (3.2)
n=2,4,6....
4V, .
v, =V, ——% L sin no,t (3.3)
T pe135.0

I
In equations (3.2) and (3.3), V, and “2pek are the DC voltage and Current re-
T

: . . 4. :
spectively. The amplitude of the fundamental voltage is V,, = Rl and the amplitude
T

Id,peak

of the fundamental current is / ,,, = >

The fundamental load impedance is given by:

_ Vﬁ‘"d — E Vdc

YA =
fund — p xl

(3.4)

Jund d,peak

The expression of dc input power is:
V.l
P,(dc) = _do” d,peak (3.5)
T

While the fundamental output power can be expressed as:

Id,peak 4'Vd5 — Id,peakI/dc
22 72 T

L, (RF)= (3.6)

The efficiency of the amplifier is the ratio of the fundamental power delivered to

the load and the DC power supplied to the transistor.
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From equations (3.5) and (3.6) it is apparent that the DC power is equal to the
fundamental power. Thus, for class F operation the efficiency becomes 100%. But in
practice, it becomes less because of the power dissipated by the transistor. The power dis-

sipated by the drain of the transistor is [30],

T o
1 .
Pasy =3 [V 15Ot =Poc Py = D P

0

where

P = —;—Vn *1, *cos (0) 3.7

O

Hence, the DC power delivered to the load can be expressed as:
PDC = Pdiss + })out,f + Z})out,nf (38)
n=2

Thus, the expression of efficiency becomes:

P P
’7___ out, f — out,f (39)

PDC N
Pdiss + })out,f + zPaut,nf
n=2

If the power dissipated by the transistor and the powers of the harmonics are
minimized, the efficiency increases. The overlap between the drain voltage and current
should be minimized to reduce the power dissipation. Furthermore, if the output matching
network includes all the harmonics, the powers of the harmonics are reduced. But in prac-
tice, it is not possible to consider several harmonics since in that case the number of cir-
cuit elements required is infinite. So, only second and third harmonics are considered. So,

the expression of the efficiency of the amplifier becomes:

})out,f = })out,f (3 . 1 O)
P, P +Pout’f+P +P

diss out,2 f out,3 f

’7:
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The overlap between drain current and voltage makes the dissipated power greater
than zero and the harmonic powers are also greater than zero. As a result, the 100% effi-
ciency that was shown by theories degrades.

The zero power loss condition in Class F amplifiers is an ideal condition. It is
practically achievable with only a transistor with zero saturation resistance (Ron). But all
practical transistors have a finite saturation resistance. As a result, there is a power loss
and the efficiency is reduced. If two transistors are placed in parallel, the effect of satura-
tion resistance is reduced but the output impedance is lowered and there are difficulties in
output matching. It is possible to get better efficiency with a higher value of V44 but there

is a limit on this value because of the transistor’s breakdown voltage [5].

3.3 Harmonics Control in Class-F Amplifier

+/4

Fig 3.3: Output network of class F amplifier using quarter-wave transmission line [31]

Figure 3.3 shows the output network of a class F amplifier where a quarter-wave
transmission line and a resonant tank circuit are used to achieve the desired drain voltage
and current waveform. The shunted tank circuit has been designed at fundamental fre-
quency so that it has infinite impedance at the fundamental frequency and zero imped-

ance at all the harmonics. Then,
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1. The input impedance of the transmission line at fundamental frequency is:

2
z =% (3.11)

Zload

where Z is the characteristic impedance of the transmission line. At even harmonics,
the transmission line appears to be half wavelength or multiples of /2 long and a
short-circuit at the output is regenerated at the drain [5].

2. At odd harmonics, the transmission line appears to be quarter wavelength or multiples
of M4 long. The short circuit at the output is converted to an open circuit at the drain
[5]. The DC component of the drain voltage, the fundamental and odd harmonic volt-

ages produce a square-wave drain voltage.
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Fig 3.3: Drain voltage and current waveforms of the transistor in class-F amplifiers

for different numbers of harmonic terminations [30]
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3. At the fundamental frequency, the transmission line acts as impedance matching and

transforms 50 Ohms to the appropriate termination.

i

-ZK -t 0 ot n

Fig 3.4: Output voltage when fundamental and third-harmonic voltage

components are in-phase [32]

For proper class F operation it is necessary to bias the device from pinch-off to
class A. If the device is biased below pinch-off the fundamental and third-harmonic volt-
age components are in phase with each other resulting in a peaked voltage waveform as
shown in Figure 3.4. Consequently there is a decrease in output power and efficiency
[32].

Since a third-harmonic component is added to the drain voltage, the negative peak
of the voltage waveform is reduced while the magnitude of the fundamental-frequency
component remains unaffected as shown in Figure 3.5. Maximum current occurs when
the drain voltage waveform is near zero and maximum drain voltage occurs when no
drain current flows. As a result, the power dissipated by the device is minimized and the
size and weight of the power-amplifier heat sinks are reduced. In order to properly flatten
the voltage wave-form, the third-harmonic voltage component must be of opposite phase
with respect to the fundamental component which means the signs of the two voltage

components must be opposite [32].
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Fig 3.5: Output voltage when the fundamental and third-harmonic voltage

components are out-of-phase [32]

Since the third harmonic voltage is obtained by loading the corresponding current
component with a resistive termination, proper shaping can be obtained only if the third
harmonic current component is negative [32]. The normalized amplitude of various cur-

rent components as a function of current conduction angle is shown in Figure 3.6.
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Fig 3.6: Normalized amplitude of DC, fundamentals and a third-harmonic components

of the drain current as a function of drain current conduction angle [32]

3.4 Effect of Input Harmonics Termination

Some recent works have shown that input harmonic terminations also play an im-
portant role on the performance of class F amplifier [33-35]. Especially, Second input

harmonic tuning has the most significant influence on efficiency and linearity.
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Fig 3.7: Typical gate capacitance characteristic of MESFET and HEMT [33]
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The gate capacitance characteristic of RF field effect transistors shows severe
non-linearity around threshold voltage, ¥y, as shown in Figure 3.7. There is a hard turn-
off capacitance value around 7y, due to abrupt departure of channel carriers when transis-
tor turns off. Below Vy, in the gate fringing depletion region, there is only parasitic ca-
pacitance Cy. In low-high doped MESFET and HEMTs, which are highly used in RF
power amplifiers, this characteristic is even more severe. The signal at the input gate gets
distorted when the active device is biased around Vy;, in class F amplifiers. When the dis-
tortion is amplified, there is an unexpected current waveform at the output. Consequently,
there is a bigger across area between the distorted drain current and rectangular voltage
waveform and the power added efficiency decreases.

In the frequency domain, the distorted input voltage shows the increase of second
order harmonic components. So, much attention should be paid to eliminate the second
order harmonic components. Until now, various methods have been proposed such as
bias capacitor, shunt shorting capacitor, series LC resonant network, diode etc. In all of
these methods, the input sinusoid signal is retrieved by short circuit harmonic termination
at the input resulting an output current waveform which is not distorted. As a result, the

efficiency improves.

3.5 Conclusion

The necessary background on class F amplifier has been presented in this chapter.
Based on this knowledge, a class F amplifier design for wireless application will be dis-
cussed in the next chapter.

Since power amplifiers used in UMTS devices need to be highly efficient, we
should select a proper transistor. This choice comes from the growing interest in using
GaN transistors in designing power amplifiers for wireless applications. GaN transistors
have the ability to support high supply voltage resulting into high efficiency and high

power generation [6]. The next chapter will discuss about such transistors.

Chapter 3  Class-F Amplifier 32



Chapter 4 GaN Transistors

4.1 Introduction

Wide band-gap GaN HEMTs is one of the most promising emerging technologies
for electronic and optical devices to deliver high frequency and high power operation at
larger power densities [6]. This technology appeared around the 90s. The energy gap of
GaN is three times larger than that of silicon. As a result, the performance degradation at
high temperature reduces. It has high output power density due to high breakdown volt-
age. Figure 4.1 shows the physical structure of an AlGaN/GaN HEMT. Without even
doping, the barrier layer, the AlGaN/GaN can have high charge carrier density to form
2DEG (2 dimensional electron gas) at the interface towards GaN layer.

The density is due to the piezoelectric and spontaneous polarization of GaN and

AlGaN layer and is 10 times higher than that of conventional GaAs system [36].

Substrate

Fig 4.1: Schematic cross sectional view of AlGaN/GaN HEMT [6]
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4.2 Comparison with Conventional MOSFETs and HEMTs

The comparison of the material properties of GaN, Si, GaAs and SiC are presented
in the following table.

Table 4.1 Table of properties of Si, GaAs, SiC and GaN [6, 36]

Parameter Si GaAs SiC GaN
Energy gap 1.11 1.43 29 34
[EV]
Breakdown field 5.7x10° 6.4x10° 3.3x10° 3.8x10°
[V/em]
Tmax 300 300 600 700
Electron mobility 1350 6000 800 1600
[cm?/Vs]
Thermal conductivity 1.5 46 3.5 1.7
[W/Kcem]
P 11.4 13.1 9.7 9.5
BFOM ratio 1.0 9.6 3.1 24.6
JFM ratio 1.0 3.5 60 80

BFOM = Baliga’s figure of merit for power transistor performance [K*pu*Ec’]
JFM = Johnson’s figure of merit for power transistor performance [Eb*Vbr*2x]

Si LDMOSFETs are widely used in modern base station power amplifiers. They
are of low cost technology, provide high output power, and have high breakdown voltage.
But above 3 GHz, their usefulness is hampered due to high parasitic capacitance. III-V
HEMTs offer high frequency performance but suffer from low power density. The Al-
GaAs/GaAs HEMTs do not have large enough conduction band offset which restricts

electrons although it is necessary for high frequency operation.
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High breakdown electric field, high electron mobility and high saturation electron
velocity have made AlGaN/GaN superior to other existing technologies. GaN HEMTs are
able to provide high power and high frequency operation than SiGe. In GaN HEMTs, the
GaN is processed on various substrates such as Si, SiC and Sapphire. Although GaN
grown on SiC are more preferable since SiC is more thermally conductive. GaN HEMTs
grown on SiC have shown superior frequency performance. Some of the best reported
cut-off frequencies of AlGaN/GaN, AlGaAs/GaAs and InP HEMT devices are presented
in table 4.2.

Table 4.2 Comparison of some reported f7s and fy,q,s of AlGaAs/GaAs, InP and
AlGaN/GaN HEMTs [6]

Transistor Gate fr (Transition | fuq (Maximum Reference
Length | frequency) frequency)
(um) [GHz] [GHz]
AlGaAs/GaAs 0.1 113 110 [37]
HEMT
InP HEMT 0.05 343 740 [38]
AlGaN/GaN- 0.1 153 230 [39]
on-SiC HEMT
AlGaN/GaN- 0.5 32 27 [40]
on- St HEMT

GaN HEMTs show higher power density than Silicon and Gallium Arsenide
based microwave transistors. The higher power per unit die of GaN reduces system cost
since it eliminates the need of power combining. As a result, for the same output power, a
reduction in device size can be possible using GaN HEMTs instead of conventional de-
vices [36]. These smaller devices are easier to fabricate and they offer higher impedance.
As aresult it is easier to match them to a system. For conventional devices, the matching
is a complex task since a larger matching ratio is needed. For example, a matching ratio
which is 10 times larger might be needed for GaAs transistor. Consequently, the system

complexity increases [36].
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Fig 4.2: Comparison of RF power density of GaN HEMT
with other RF devices [41]

Another important aspect is that commercial systems such as wireless base sta-
tions operate at 28 volts [36]. GaN devices can easily operate at 28 volts and up to 42
volts. So, there is no need of voltage conversion. In case of a low voltage technology, a
voltage step down should be performed. Since GaN HEMTSs are capable to operate at
higher voltage they provide higher efficiency. As a result, the power requirement and the
weight of the cooling system are also reduced. Also, low distortion characteristic is re-
quired for base station amplifiers and GaN HEMTs show superior distortion performance
[42, 43].

4.3 Conclusion

Although GaN HEMTs are well suited for high power application they have some
demerits as well. The advantages and disadvantages of GaN HEMTSs are summarized in

table 4.3.
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Table 4.3 Advantages and disadvantages of GaN technology

Advantages Disadvantages
» High breakdown voltage » Expensive.
» High current density » Still immature, hampered by ba-
» Wide band gap. sic manufacturability and reliabil-
» Power amplifiers using GaN ity issues.

HEMT can achieve higher ef-
ficiency.

» High thermal conductivity.

» The power density is up to 10
times higher than that of GaAs
PHEMT.

» Power amplifiers using GaN
HEMT require low loss
matching circuit and small,

light cooling system.

The background on wide band gap GaN based HEMTs, their advantages and dis-
advantages have been discussed in this chapter. In this thesis, a class F amplifier using a
GaN HEMT will be designed, simulated and measured. The GaN transistor was provided
by Cree Inc.
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Chapter 5 Design Concepts, Simulation and Results

5.1 Introduction

In the previous chapters, the basic principle and operation of the class F topology
and the advantages of GaN transistor over other existing technologies have been ex-
plained. In this chapter a detailed design procedure of a class F amplifier at 2.14 GHz and
its performance evaluation are explained. The amplifier uses a Cree’s GaN transistor
CGHA40010F along with its design kit. The simulations have been performed using the
ADS (Advanced Design System) circuit simulator from Agilent. Various design proce-
dures involved in the design of class F amplifier such as DC simulation, bias point selec-
tion, S-parameter simulation, source-pull and load pull characterization, input and output

matching network design, suitable harmonic termination and optimization are explained..

5.1.1 Design Criteria

The amplifier was designed to operate at WCDMA band (2.11 GHz — 2.17 GHz)
with a center frequency of 2.14 GHz. Designing a high efficiency class F amplifier that
fulfils the requirements of UMTS (Universal Mobile Telecommunication System) was

the main goal of this thesis. The following conditions were set for the amplifier.

Table 5.1: Design Criteria

Design Frequency 2.14 GHz
Peak power 36 dBm
Min PAE @ peak output power 70%
Min PAE @ 6 dB back-off 30%
Third order IM products at maximum output power -10 dBc
Third order IM products at 6 dB back-off from maximum output power | -25 dBc
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5.1.2 Substrate

For simulation and realization of the designed class-F amplifier in microstrip en-
vironment the substrate used was RT Duroid 5870. The parameters of the substrate are

given in table 5.2.

Table 5.2: Parameters of the used substrate

Dielectric constant, &; 2.33
Substrate height 31 mil
Conductor (Cu) thickness 35 um
Loss tangent, tand .0012

5.2 Design Procedure

5.2.1 DC Characteristics Analysis

Selecting the most suitable bias point is the first step in designing any power am-
plifier. Hence a DC simulation was performed first to get the DC characteristic of the
GaN HEMT used in this work. If the gate and drain bias voltages are varied, the output
characteristics of the transistor show the different regions of operation (ohmic, saturation,
and cut-off) and transistor transfer characteristics show the pinch-off voltage for certain
drain bias voltage [1]. The drain voltage was varied from 0 to 42 volts. In Figure 5.1, it is
seen that the maximum value of drain current is 577 mA. A drain voltage of Vps =35V

has been chosen.
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Fig 5.2: Transistor transfer characteristic

From Figure 5.2 it is observed that the pinch off voltage is around -3 volts.

Class F can be biased either as class AB or as class B. However, in this work class

AB bias has been chosen where 35 volts of Vpg and -2.4 volts of Vs have been selected

to bias the transistor.
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5.2.2 S Parameter Simulation

In the next step, it was verified that the ADS model of the transistor gives accept-
able scattering parameters compared to ones given in the data sheet. However, slight dif-
ferences between simulated and measured parameters can be expected. The S-parameters
given in the data sheet have three different bias conditions (see Appendix A). The one
with Vps=28V and Ipo=100mA was simulated and verified (Tables 5.3 and 5.4).

Table 5.3: Given S-parameters at Vpg = 28V and Ipg = 100mA

(from the manufacturer’s datasheets)
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Table 5.4: Simulated S parameters (in ADS) at Vpg =28V and Ipg = 100mA

freq 511 B2.1) 5(1.2) )
500.0 MHz 0.860 /-141.278 11.814/ 101848 0.041 /148089 0.530 4 -152 451
600.0 MHz 0.875 /-148.098 10.038 / 86.800 0.041 / 10.654 0.537 /-157 893
700.0 MHz 0.872 {-154.878 8.711/02.088 0.042 /7244 0.542 /-182.014
800.0 MHz 0.866 / -158.650 7.688 / 52.983 0.042  4.383 0.546 /-165.304
900.0 MHz 0.868 /-163.625 6.6877 ¢ 88.385 0.042 1 1.889 0.548 /-188.021
1,000 GHz 0.887 1-167.031 B.220 / 83 565 0.043 /0314 0548 /-170.332
1.100 GHz 0.888 /-170.014 5.878 / 80.035 0.043 /-2.327 0.551 /-172.348
1.200 GHz 0.885 /-172.878 5.223 / 78.954 0.043 /-4.180 0.552 /-174.138
1.300 GHz 0.864/.175.085 4837 /76,088 0.043 /-5.034 0.553 £-175.75@
1.400 GHz 0.884 /-177.310 4505 / 73614 0.043 /.7 586 0.554 ¢ -177.248
1.500 GHz 0.863 /-170.388 4216 /71813 0.043 7 -B.163 0555 /-178.831
1800 GHz 0.863 / 176.668 3.984 / 63 470 0.043 /-10.680 0.555 /-179.931
1.700 GHz 0.862 / 178825 3741 187.375 0.043 /-12.148 0.558 / 178.836
1,800 GHz 0.882 / 175.085 3543 /B5.318 0.043 7-13.571 0.556 / 177 858
1.900 GHz 0861/ 173.373 3385 / 63208 0.043 /-14.081 0557 4 178.521
2.000 GHz 0881/ 171.738 3.208 / 61.300 0.043 /-16.321 0557 / 175.420
2.100 GHz 0.861 /170.148 3.062 /58.327 0.043 /-17 855 0.558 / 174.348
2.200 GHz 0.880 / 186.598 2832 /57.372 0.043 /-18.988 0558 / 173.287
2.300 GHz 0.860 / 187.081 2.613 /55.432 0.043 /-20.262 0.558 / 172 265
2.400 GHz 0.860 / 185.58Q 2704 /53.506 0.043 /-21.540 D.558 / 171.245
2500 GHz 0.858 7 164,118 2.805 /51.580 0.043 /-22 805 0.55Q /170238
2.800 GHz 0.858 / 162.563 2513 / 43 BEZ 0.043 /-24.057 0560 / 180.232
2.700 GHz 0.858 / 161222 2.420 / 47.781 0.043 /-25.206 0.580 / 188.233
2,800 GHz 0.858 / 158.700 2.350 / 45.885 0.043 /-26.531 0.560 f 187 235
2.800 GHz 0.B57 / 158365 2278 743.002 0.043 /.27 756 0.561 / 188,236
3.000 GHz 0.857 / 156.043 2210 / 42.102 0,043 ¢-28.674 0581 / 185234
3.100 GHz 0857 / 155.524 2.148 7 40.213 0.043 /-30.167 0.581 / 164227
3.200 GHz 0.858 7 154.103 2.08Q /38324 0043 /-31.384 0.561 / 183 215
3.300 GHz 0,850 / 152.870 2.035 138433 0.043 /-32.509 0581 / 182.194
3.400 GHz 0.855 / 151.251 1,884 /34,591 0.043 /-33.800 0.502 / 181.184
3500 GHz 0.855 ¥ 149817 1.038 / 32,548 0.043 /-34.868 0562 / 180.124
3,600 GHz 0854 / 448374 1,881 /30,748 0.043 1 -38.108 0.562 / 15Q.074
3.700 GHz 0853 / 146,021 1,648 / 28.842 0.043 7-37.302 0.582 / 158.005
3.800 GHz 0.853 7 145.468 1.808 { 28.632 0.043 7-39.568 0.582 / 158 825
3.000 GHz 0.852 / 143.881 1771 /25.016 0043 /-38.784 0.562 / 155.830
4.000 GHz 0.652 / 142.400 1,736 1 23.003 0.043 / -40 082 0.561 ¥ 154.718
4.100 GHz 0.651 / 140,884 1.703421.162 0.043 7 -42.180 0501 / 153,588
4200 GHz 0.850 / 130.481 1,671 7 10.221 0.043 7-43.381 0.5681 / 152.430
47300 GHz 0.850 / 437.820 1642 117272 0.043 1 .94 585 0.581/151.270
4.400 GHz 0848 ¢ 138.360 1814715311 D.043 /-45.761 0581 / 150,080
4500 GHz 0.848 / 134770 1,587 / 13.340 0.043 /.47 002 0.580 / 148 660

5.2.3 Load Pull and Source Pull Simulation

Initially, it is assumed that the input and output impedances of the amplifier are
50 ohms. But in reality, this is not the case. To find the optimum output and input imped-
ances of the amplifier, load pull and source pull simulation are needed to be performed.

Load pull is a technique where the load impedance seen by the device under test
(DUT) is varied and the performance of the DUT is simultaneously measured [10]. Simi-
larly in source pull the source impedance is varied and the performance of the DUT is
measured. From the measured results, the optimum load and source impedance at which
the device gives the best performance are determined. Power and efficiency contours of

load pull and source pull analysis are not necessarily be aligned [44]. Hence, the load im-
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pedance at which maximum output power is achieved may not give the maximum effi-
ciency. Since in this work the efficiency is of the main interest, the load impedance that
gives maximum efficiency has been taken into account. The input of a power amplifier is
usually conjugate matched and the source pull is not always required. However in the de-
sign of a Class F power amplifier, the source pull is useful to determine the effects of the

second harmonic termination [45]. These impedance values vary with bias.
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real_indexs11 {-0.907 10 0.391)

Fig 5.3: Load pull analysis

Load pull and source pull simulations were performed. The results obtained from
these simulations show that the transistor needs to see an impedance of 6.863 + j9.578

ohms at the output and 2.142 —j3.036 ohms at the input to get the maximum efficiency.

5.2.4 Input and Output Matching Network Design

From the load-pull and source-pull simulations, it is observed that the optimum
input and output impedances of the transistor are not 50 ohms. So it is necessary to de-

sign matching networks at the fundamental design frequency to achieve maximum effi-
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ciency. Input and output matching networks can be designed using either lumped compo-
nents or transmission lines. In this work the later one has been used to design the match-

ing networks for the ease of fabrication.

2, = 50 Ohm, Li | 2y = 60 Ohm, Loy m
£
£§
& 5
: ;
g %
ﬁ' ’ h?
3
Input matching circuit Output matching circuit

Fig 5.4: Input and output matching topology using transmission lines [1]

The input matching network for the fundamental frequency is designed using the
source impedance obtained from the source-pull simulation. Similarly, the output match-

ing network is designed with the load impedance obtained from the load-pull simulation

[46, 47).
5.2.5 Harmonics Control

In class F amplifier the second and third order harmonics tuning need to be in-
cluded in the output network to increase output power and efficiency. The higher order
harmonics are ignored to avoid circuit complexity. Furthermore, the second and third or-
der harmonics have most significant effects on the output waveforms of the amplifier.

The second harmonic has been tuned by using quarter-wave transmission lines at
fundamental frequency instead of inductors in the bias networks. The end of each trans-
mission line which is connected to the DC supply is grounded through a capacitor [48].

These transmission lines not only tune the second harmonic but also function as bias net-
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works. These transmission lines provided a very good short circuit at not only the second
harmonic frequency but also at the fourth and higher even order frequencies. An open
circuited transmission line of length A/12 at the fundamental design frequency has been
used to tune the third harmonic [48]. By using these transmission lines the main operation
principle of Class-F PA are well achieved. The square wave drain voltage and half-
sinusoidal drain current are generated, having small overlap. As a result, the power dissi-
pated by the active device decreases and the efficiency increases.

After the task of harmonic tuning, some other transmission lines are added in the
amplifier circuit that are needed for the practical realization of the amplifier. Then opti-

mization is performed to achieve higher efficiency.

5.2.6 Stability

The stability simulation was done to check the stability factor of the designed am-
plifier. Although the stability factor was less than 1 at the frequency of interest it was
found that the impedances of the input and output matching network seen by the transis-
tor from the drain and gate respectively are still in the stable region which are shown in
Figure 5.6. Adding a resistor at the gate makes the stability factor greater than 1 but the

efficiency in that case would decrease.
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Fig 5.5: Simulation for output matching network (Z;=Zin1)
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Figure 5.6 shows the locations of the impedances of the input and the output

matching network seen by the transistor from gate and drain, respectively.
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Fig 5.6-a: Location of the impedance of the input matching network

seen by the transistor from gate
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Fig 5.6-b: Location of the impedance of the output matching network

seen by the transistor from drain

5.3 Simulation Results for Single Tone

A single-tone simulation was done to plot the voltage and current waveforms at

drain. The resultant waveforms are given in Figure 5.7 and 5.8.
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Fig 5.7: Drain voltage waveform of the designed amplifier for different

input powers (0 dBm to 36 dBm, step size 1 dBm)

As seen in Figure 5.7 the drain voltage waveform of the amplifier is not exactly
square wave. This is because of the presence of the third harmonic only. If higher order

harmonics are added to the voltage waveform it would approach a square wave.
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Fig 5.8: Drain current waveform of the designed amplifier for different

input powers (0 dBm to 36 dBm, step size 1 dBm)
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Figure 5.8 shows the drain current waveform. It approximates to rectified half-
sinusoidal, but with negative spike. The reason behind this is the non-ideal cancellation
of the reactive part of the transistor which can be reduced by optimization of the match-
ing network [5]. From Figure 5.7 and 5.8 it can be seen that the current peaks occur when
voltage is at its minimum and that the current minimum occurs when voltage has maxi-

mum values. As a result the power loss is reduced and efficiency increases.
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Fig 5.10: Plot of transducer power gain (dB) vs input power (dBm)
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Figure 5.9 and 5.10 show the PAE and transducer power gain of the amplifier re-
spectively. It is seen from Figure 5.9 that the maximum available PAE is around 76%
with an input power of 30 dBm. In the transducer gain curve, Pinj4p point is 18 dBm
with 14dB gain. The rapid reduction of the gain is one characteristic of GaN technology.
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Fig 5.11: Plot of output power vs input power (dBm)

Table 5.5: Harmonic levels at the output

Available Second Third Fourth Fifth

Source Power Harmonic Harmonic Harmonic Harmonic
dBm dBc dBc dBc dBc
0.0000 -85.60 -71.48 -118.8 -91.93
1.000 -84.60 -68.84 -114.4 -88.01
2.000 -83.60 -66.10 -110.1 -84.13
3.000 -82.61 -63.28 -105.7 -80.31
4.000 -81.63 -60.37 -101.3 -76.57
5.000 -80.67 -57.40 -97.06 -72.93
6.000 -79.74 -54.39 -92.87 -69.40
7.000 -78.85 -51.35 -88.78 -66.00
8.000 -77.99 -48.32 -84.79 -62.70
9.000 -77.18 -45.31 -80.86 -59.42
10.00 -76.40 -42.33 -76.96 -56.03
11.00 -75.62 -39.36 -73.02 -52.35
12.00 -74.75 -36.43 -69.08 -48.38
13.00 -73.59 -33.84 -65.83 -45.19
14.00 -72.12 -31.96 -63.76 -42.96
15.00 -70.66 -30.57 -62.37 -40.92
16.00 -69.26 -29.50 -61.47 -39.18
17.00 -67.90 -28.68 -60.92 -37.72
18.00 -66.56 -28.08 -60.69 -36.51
19.00 -65.26 -27.66 -60.79 -35.53
20.00 -64.06 -27.38 -61.09 -34.59
21.00 -62.99 -27.17 -61.42 -33.69
22.00 -62.05 -27.03 -61.74 -32.94
23.00 -61.22 -26.96 -61.92 -32.42
24.00 -60.49 -26.94 -61.80 -32.18
25.00 -59.86 -26.96 -61.31 -32.28
26.00 -59.31 -26.99 -60.53 -32.82
27.00 -58.78 -26.92 -59.84 -34.22
28.00 -58.11 -26.40 -60.24 -38.25
29.00 -57.06 -25.55 -63.67 -40.55
30.00 -55.51 -23.18 -66.30 -29.52
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Since the PAE is optimum at 30 dBm (Figure 5.9), we will select this power level
as the input power. Therefore, the output and drain voltage and current waveforms at 30

dBm input power are shown in Figure 5.12, 5.13, 5.14.
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Fig 5.12: Input and output voltage waveform of the amplifier for 30 dBm input power
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Fig 5.13: Drain voltage waveform of the amplifier for 30 dBm input power
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Fig 5.14: Drain current waveform of the amplifier for 30 dBm input power

5.4 Two Tone Simulation Results

In the next step, two-tone harmonic balance simulations were performed on the
Class F amplifier. Harmonic balance is a frequency-domain analysis technique which de-
termines the spectral content of voltages and currents in the circuit as well as the power
added efficiency of the amplifier in the presence of interferers [5]. The two frequencies
were chosen to be 2140.05 MHz and 2139.95 MHz. Seventh order harmonic balance
simulation was performed. Figure 5.15 is a plot of the output spectrum of the Class F PA

at 30 dBm input power.
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Figure 5.16 is a zoomed output spectrum of the designed Class F amplifier where
the third, fifth and seventh order intermodulation products have been shown. These in-
termodulation products are low enough vs. the fundamental power so that the amplifier

two-tone behaviour is acceptable.
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Fig 5.17: Transducer power gain (dB) vs output power (dBm)
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Fig 5.18: IMD3 (dBc) of the designed class F power amplifier
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Fig 5.19: IMDS5 (dBc) of the designed class F power amplifier

Figure 5.17 shows the power gain as a function of the output power and the simu-

lated IMD3 and IMDS5 response of the designed amplifier as a function of the output

power have been shown in Figure 5.18 and 5.19. The value of third and fifth order IM

products of the designed class F PA 1is suitable for our amplifier (almost -13 dBc and -21

dBc respectively at peak power and -28.5 dBc and -43 dBc respectively at 6 dB back-off

from peak power).

5.5 Conclusion

A design procedure of the GaN HEMT amplifier has been performed. Simulated

results are in good agreement with class F amplifier criteria.

The next step is the fabrication and tests of the designed amplifier.
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Chapter 6 Circuit Fabrication and Tests

6.1 Introduction
The layout of the designed class F amplifier was generated in ADS-Momentum
and thus the amplifier was fabricated and tested. Figure 6.1 shows the layout whereas

Figure 6.2 shows the schematic of the designed amplifier.

Fig. 6.1: Amplifier: layout in ADS-Momentum
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Fig 6.2: Amplifier: Schematic in ADS
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6.2 Measured Results

Figures 6.3 to 6.5 show a comparison between simulated and measured funda-

mental, second ad third output powers versus the input power level. For a better view, all

the curves are shown in Figure 6.6.
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Fig. 6.3: Amplifier: Fundamental output power vs. input power:

simulated (—) and measured (a)
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The gain and the PAE are displayed in Figure 6.7 and 6.8, respectively.
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Fig. 6.7: Amplifier: Simulated (—) and measured (a) power gain vs. frequency
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These curves exhibit some differences between simulated and measured curves.
Such differences could be, in part, due to the differences we noticed between the transis-
tor S parameters (Tables 5.3 and 5.4). For sure, the best would be to measure the transis-
tor S parameters. However, due to practical constraints (the load-pull bench is operational
but we were not able to find a transistor test fixture that can fit with our transistor), we
were not able to perform such measurements. Therefore, we had to deal with simulated or
datasheet values, knowing that those values are still approximate and cannot replace
measured values.

Based on these considerations, we optimized the amplifier input/output matching
networks.

For information, the S parameters of the two amplifiers are displayed in Figures

6.9 to0 6.12.
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Fig. 6.9: Comparison of the S;; magnitude of the designed amplifier:
First design (--) and second design (—)
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Fig. 6.10: Comparison of the S;; magnitude of the designed amplifier:
First design (--) and second design (—)
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Fig. 6.11: Comparison of the S;; magnitude of the designed amplifier:
First design (--) and second design (—)
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Fig. 6.12: Comparison of the S;; magnitude of the designed amplifier:
First design (--) and second design (—)

A picture of the amplifier is displayed in Figure 6.13.

Fig. 6.13: Picture of the realized class F power amplifier
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These changes allowed us to achieve a better design. In fact, as shown in Figure
6.14 we obtained a better PAE (75.9%), more close to the expected simulated value
(76.8%) than the one obtained for the first amplifier (74.7%). These results were achieved
for an optimum input power of 29.6 dBm close to the one obtained by simulation (30

dBm).
Furthermore, the power gain is better in the desired bandwidth (Figure 6.15).

PAE (%)

0 4 8 12 16 20 24 28 32 36
Input Power (dBm)

Fig. 6.14: Amplifier: PAE in (%): simulated (—), measured for the first amplifier (a),

measured for the second amplifier (*)
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Fig. 6.15: Amplifier: Power gain: simulated (—), measured for the first amplifier (),

measured for the second amplifier (*)

An inverse class F amplifier was also designed. Biasing the transistor, designing
the input and output matching network were same as for class F amplifier except har-
monic terminations. As we know, in a class-F amplifier, a high impedance is presented to
all odd harmonics whereas a low impedance is presented to all even harmonics. As a re-
sult, the drain voltage is square wave and the drain current is half sinusoid. On the other
hand for the inverse class-F amplifier, the waveforms are interchanged requiring the op-
posite harmonic terminations. Here, the current is square wave and the voltage is a half
sine wave. To provide the third harmonic termination and second harmonic peaking for
inverse class F operation, a RF short-circuited A/6 microstrip line together with a combi-
nation of series microstrip line and open-circuit stub of A/8 electrical length were used
[50]. The simulated power gain, PAE curves and the schematic of the designed inverse

class F amplifier are given in Figure 6.16, 6.17 and 6.18 respectively.
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Fig 6.16: Plot of transducer power gain (dB) vs output power (dBm)
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The designed inverse class F amplifier showed a maximum of around 74% PAE
for an optimum input power of 28 dBm. According to theory, inverse class F amplifiers
show better efficiency than class F amplifiers. Since we were not able to obtain more
PAE with the inverse class F amplifier than the designed class F one and our main goal

was to achieve better PAE, the inverse class F amplifier was not fabricated.

6.3 Conclusion

We designed and simulated a class-F amplifier. The amplifier has been simulated
using a high frequency circuit simulator namely, the Agilent Advanced Design System
(ADS). The simulated results have shown a Power Added Efficiency (PAE) of 76.8% for
an optimum input power of 30 dBm. The value of third and fifth order IM products of the
designed class F PA is -13 dBc and -21 dBc respectively at peak power and -28.5 dBc
and -43 dBc respectively at 6 dB back-off from peak power. The amplifier was then fab-
ricated and measured. After noticed the differences between measured and simulated re-
sults, we optimized the input/output matching networks. Measurement has shown a PAE
of 75.9% for an optimum input power of 29.6 dBm which is in good accordance with the
simulated results. Based on a literature review, and to the best of our knowledge, our cir-
cuit exhibited one of the highest measured PAE for a GaN class-F amplifier working at
2.14 GHz. An inverse class F amplifier was also designed and simulated. Since the effi-

ciency was less than that of the class F amplifier, it was not fabricated.

Table 6.1: Comparison of performances of various class F PAs

Reference 51 52 53 54 55 This work
f- (GHz) 2 2 1.9 2.4 2.14 2.14
PAE (%) 70.5 76 63 59 70.9 75.9
Pou(dBm) | 19.85 21 30 222 40.2 40.8
Device GaAs GaAs GaAs GaAs GaN GaN
pHEMT pHEMT FET MESFET HEMT HEMT
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Chapter 7 Conclusion

7.1 Summary

In this work, a class F amplifier for WCDMA applications has been designed,
simulated and measured using a GaN transistor from Cree Inc. The amplifier was biased
as class AB amplifier.

In the course of this dissertation, the conventional PA types such as class A, AB,
B and C as well as high efficiency PA such as class E were discussed. Following this, a
detailed discussion on the theory of the class F amplifier was provided.

Based on the concept, a class F amplifier was designed. The selection of optimum
bias points, design of input and output matching networks and the design of appropriate
harmonic terminations were discussed. The design was simulated using Agilent’s Ad-
vanced Design System. Two amplifiers were then fabricated and measured to improve
the circuit PAE. The simulated and measured results were compared and acceptable
agreement was found. An inverse class F amplifier was also designed and simulated.

Since the efficiency was less than that of the class F amplifier, it was not fabricated.

7.2  Conclusion

The feasibility of class F amplifiers for WCDMA applications has been shown in
this thesis by achieving around 76% PAE with acceptable linearity. At this frequency,
and to the best of our knowledge, this is one of the highest PAEs exhibited by a Class-F
amplifier based on a GaN transistor. Therefore, the key contributions of this thesis are as
follows:

o A class F amplifier with a center frequency of 2.14 GHz for the

WCDMA standard has been designed and simulated using a commer-
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cial GaN transistor. The PA shows a maximum of 76.8% at around 30
dBm input power.

Measurements have shown a PAE of 75.9% for an optimum input
power of 29.6 dBm which is in good accordance with the simulated
results.

Based on a literature review, and to the best of our knowledge, our
circuit exhibited one of the highest measured PAE (75.9%) for a GaN
class-F amplifier working at 2.14 GHz [56-63].

An inverse class-F amplifier has been simulated but not fabricated

since it did not improve the obtained PAE.

7.3 Future Work

Several directions can be noted as for the expansion of this thesis.

First of all, we used a commercial transistor form Cree Inc. principally
because of its availability and thus, did not investigate for more other
commercial transistors. However, an exhaustive review should be per-
formed to select the most suitable GaN transistor for the desired
bandwidth, output power, and PAE.

From that, a whole large-signal transistor model should be generated
to achieve proper design and to facilitate the amplifier performance
optimization based on the transistor bias and its matching networks.
The designed class-F PA can be used as the main PA within Doherty
architecture in order to provide high efficiency at back off region to be
utilized in 3G applications.

The linearity of the designed class-F PA can be improved without de-
grading efficiency to meet more strict application requirements.
Inverse class-F amplifiers have to be investigated more in details to

obtain higher PAE.
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Appendix A: Measurement Setup
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Figure A-1: Test bench for small signal measurements
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Fig A-2: Test bench for large signal measurements
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Appendix B: CGH40010F Data Sheets

The datasheets of the GaN transistor from Cree Inc. are as follow,
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PRELIMINARY

CGH40010

10 W, RF Power GaN HEMT

Cree's CGH40010 is an unmatched, gallium nitride (GaN) high
electron mobility transistor (HEMT). The CGH40010, operating
from a 28 volt rail, offers a general purpose, broadband solution
to a variety of RF and microwave applications. GaN HEMTs offer
high efficiency, high gain and wide bandwidth capabilities making
the CGH40010 ideal for linear and compressed amplifier circuits,
The transistor is available in both screw-down, flange and solder-

down, pill packages.
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Electrical Characteristics (T, = 25°C)

Characteristics
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2 When tuned for best efficiency (see the applications chart in this data sheet).
3 When tuned for best P, (see the applications chart in this data sheet).

4 Measured on wafer prior to packaging.
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Designator Description
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Typical Package S~-Parameters for CGH40010F
(Small Signal, vV, = 28 V, I,, = 100 mA, angle in degrees)
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700:MHz

900 MHz

0.5928

0:8592
0.5918

3.7 GHz

3.9-GHz
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Typical Package S-Parameters for CGH40010F
(Small Signal, v, = 28 V, IDQ = 200 mA, angle in degrees)

Ang 8§21 Mag S$12 Ang S12 Mag 522 Ang S22

Frequency Mag S11 Mag S21
1405 0.6169 -163.03

500:MHz 0.884 ~147.00 13.01

706 -MHz

900 MHz

165.29

163.07




Typical Package S-Parameters for CGH40010F
(Small Signal, vV, = 28 V, IDQ = 500 mA, angle in degrees)

Frequency Mag $11 Ang S11 Mag S21 Ang S21 Mag $12 Ang S12 Mag $22 Ang S22




Product Dimensions CGH40010F (Package Type — 440166)

K NOTES:
1. DIMENSIONING AND TOLERANICING PER ANSI Y14.5M,
1982,
2, CONTROLLING DIMENSION: [NCH,
4 @x

3, ADHESIVE FROM LID MAY EXTEND A MAXIMUM OF 0420°
BEYOND EDGE OF L(D.

4. LID MAY BE MISALIGNED TO THE BODY OF THE
PACKAGE BY A MAXIMUM OF 0.008° IN ANY DIRECTION,

5. ALL PLATED SURFACES ARE N[/AU

L/ ﬁ F=1 T INCHES MILLIMETERS
M iy} i 1= A DIM | MIN | MAX | MIN | MAX
1 A 0.155 ; 0.165 | 3.94 4.19
r—' I B 0.004 | 0.006 [ 0.10 Q.15
o) 0.115] 0.135} 2.92 3.43
2 D | 0057{ 0067 1.45 | 1.70
£ | 0195|0205 495 | 5.21
_.L_ B F 0.045 | 0.055 114 1.40
S G | 0.545| 0.555 | 13.84 | 14.09
W | 0280 0.360 | 7.87 | 8.38
J @ 100 2.54
£ K 0.375 9.53
] PIN 1. GATE
T — ¢ PIN 2, DRAIN
D T T T T PIN 3. SDURCE
I |\ L]
\,
G

NOTES:

L. DIMENSIONING AMD TOLERANICING PER AMS! Y14.5M,
1982,

2. CONTROLLING DIMENSION: {NCH.

2] 3. ADHESIVE FROM LID MAY EXTEND A MAXINUM OF 0.020
BEYOND ENGE OF L{D.

—_— 4. LID MAY BE MISALIGNED 70 THE BODY OF THE
PACKAGE BY A MAXIMUM OF 0.008" [N ANY DIRECTION.

S. ALL PLATED SURFACES ARE Ni/AU

INCHES MILLIMETERS
[ DM | MIN | MAX | MIN | MAX
" J— J— S S 0 D I A 10.155]0.165| 394 | 4.19
B | 0.003)0.006 | 0.10 | 0.15
¢ Jo115]0.135]| 2.92 | 3.17
D | 0057|0067 1.45 | 1.70
g £ [0195]0205] 495 | 5.21
[ F|0045]0.055| 1.14 | 1.40
J L G [0195]0.205] 4.95 | 5.21
F H j0280]0360] 7.112] 9.114
PIN 1. GATE
PIN 2. DRAIN

PIN 3. SOURCE
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Specifications are subject to change without notice. Cree, Inc. believes the information contained within this data sheet

to be accurate and reliable. However, no responsibility is assumed by Cree for any infringement of patents or other
rights of third parties which may result from its use. No license is granted by implication or otherwise under any patent
or patent rights of Cree. Cree makes no warranty, representation or guarantee regarding the suitability of its products
for any particular purpose. “Typical” parameters are the average values expected by Cree in large quantities and are
provided for information purposes only. These values can and do vary in different applications and actual performance
can vary over time. All operating parameters should be validated by customer’s technical experts for each application.
Cree products are not designed, intended or authorized for use as components in applications intended for surgical
implant into the body or to support or sustain life, in applications in which the failure of the Cree product could resuit
in personal injury or death or in applications for planning, construction, maintenance or direct operation of a nuclear

facility.

For more information, please contact:

Cree, Inc.

4600 Silicon Drive
Durham, NC 27703
www.cree. com/wireless

Ryan Baker

Marketing

Cree, Wireless Devices
919.287.7816

Tom Dekker

Sales Director

Cree, Wireless Devices
919.313.5639
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