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Abstract

In all radio frequency (RF) electronic communication systems, power amplifiers (PAs) are used to
generate the final transmitted signal. Specifically, these PAs are used to increase the output power of
the transmitted signal. The PA accomplishes this by converting the applied direct current (DC) power
to the PA into RF power, while being driven by a RF input signal. The portion of DC power that is not
converted into RF power is dissipated as heat. The power conversion mechanism that takes place in a
PA is described by the power conversion efficiency (PE) and the power added efficiency (PAE).

A CubeSat is a small satellite in the shape of a 10 x 10 x 10 cm cube, weighing less than 1 kg and
contains a RF electronic communication system which allows communication with the satellite. A
CubeSat requires a PA with high PE in order to increase the lifetime of the on-board battery, facilitate
thermal management on-board the satellite, increase system reliability, and reduce the size and
manufacturing cost of the satellite.

To maximize the theoretical PE of a RF PA, several design techniques and classes of operation were
investigated, the basis of which lies in the fulfilment of the necessary and sufficient conditions for a
maximum PE. A PA, which uses the Class-F! (inverse Class-F) mode of operation, fulfils the
necessary and sufficient conditions for a maximum theoretical PE, and therefore presents itself as a
good option for a high efficiency PA.

This thesis presents the design of a Class-F* PA, using the Cree CGH40010F GaN power active
device. An optimum output matching network is used to terminate the drain of the GaN power active
device with the required load impedances at the fundamental, 2™ and 3 harmonic frequencies of
operation. The designed PA delivers a maximum PE of 95 % at an operating frequency of 2.2 GHz, a
maximum PAE of 82 % at an operating frequency of 2.2 GHz and a maximum output power of
40.6 dBm at an operating frequency of 2.2 GHz.
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Chapter 1
Introduction

This introductory Chapter presents the reasons for which the author, in accordance with the French
South African Institute of Technology (F’SATI) program, has decided to carry out the research
presented in this thesis. The objectives of the research are presented as well as the methodology to
achieve these objectives. RF power amplification is a wide field of research and, to delimit the scope
of this research, the focus area for this specific topic is presented in this Chapter. The organisation of
this document is also presented to facilitate the reading thereof.

1.1. Motivation

A CubeSat is a small satellite in the shape of a 10 x 10 x 10 centimetre cube, weighing less than 1
kilogram. A CubeSat has a mission lifetime of less than 2 years in a low earth orbit (LEO). A CubeSat
consists of different subsystems, each performing a specific task (Andrew & Christopher, 2012: 1).

CubeSats use solar panels and Li-lon batteries for their direct current (DC) power requirements.
However, the restricted surface area of a CubeSat limits the amount of solar power that may be
generated. The restricted space and the designated weight of the CubeSat impose the use of small
batteries. These facts lead to stringent DC power constraints in CubeSats, which are critical to the
design and operation of the communication subsystem of the CubeSat.

The communication subsystem of the CubeSat is one of the most power-consuming of all subsystems.
This is due to the necessity of having a power amplifier (PA) in the final stage of the transmitter of the
communication subsystem.

PAs are used to amplify the transmitted signal. This amplification is achieved at the cost of significant
DC power dissipation, resulting in the waste of useful energy.

PAs are used in a wide range of applications, such as jamming, imaging, RF heating, plasma
generation, laser drivers, magnetic-resonance, miniature DC to DC converters as well as CubeSats
(Raab et al., 2002: 814-816).

This research proposes a method of minimizing DC power dissipation in CubeSats while maximizing
the amplification of the transmitted signal.



The first ever African CubeSat, ZACUBE-1 (TshepisoSat), which was developed at the Cape
Peninsula University of Technology (CPUT) under the F’SATI program, was launched in 2013. The
second CubeSat, ZACUBE-2 is under development at F’SATI and will use a 2 W S-band transmitter
(STX) built by the F’SATI development team as part of its communication subsystem. However, the
STX uses an off the shelf PA with a power conversion efficiency (PE) of 25 %. This means that for a
power consumption of 8 W DC, ZACUBE-2 will be transmitting a 2 W RF signal. Thus, only 25 % of
the DC power is converted into useful RF power and 75 % of the DC power is dissipated as heat.
Knowing that CubeSats have limited DC power, losing 75 % of this power constitutes a major
problem and negatively impacts on the battery life on the CubeSat. Also, the 75 % of DC power
dissipated as heat means that a complex thermal management system is required to ensure that the heat
generated due to the dissipation of power does not damage other subsystems within the CubeSat.
Moreover, CubeSats have limited space due to their small size, hence the difficulty to accommodate
such a PA system.

1.2. Objectives
The objectives of the research presented in this dissertation are as follows:
Main objective:
e To design, develop, build and test a high efficiency S-band PA for ZACUBE-2.
Subsidiary objectives:

e To study and review the PAs in general.
o Select the optimum topology for a PA suitable for use in a CubeSat.
e To evaluate the performance of the built PA relative to existing PAs.

1.3. Research Methodology

o Determine the efficiency of the existing PA used in the STX on-board ZACUBE-1.

e Conduct a literature study on the maximum obtainable efficiency in existing PAs.

e Investigate existing solutions, that is, existing PAs used in CubeSats

e Investigate available PA design techniques, and select the most suitable topology for use in
the design of the PA.

¢ Investigate available RF power transistors and their suitability for applications in space.

o Define the specifications of the PA to be designed.

o Select the appropriate RF power transistor.

o Design and simulate the PA in ADS.

e Construct and test the designed PA

e Measure the efficiency and output power of the constructed PA.

e Compare the measured results and the simulated results.

e Compare the performance of the constructed PA to the defined specifications.

1.4. Delineation

In modern RF transmitters, the input drive signal to a PA is a modulated signal, which is generated by
shifting or keying the amplitude, frequency or phase of an analogue carrier signal in accordance with
the message signal.



It is important that the PA, which is the last stage in a transmitter, does not distort the modulated
signal, thus the need for linear amplification. However, a higher PE is obtained by driving the active
device of the PA into its non-linear region of operation. In the design of a PA, the techniques
implemented to achieve good linearity and high PE are mutually exclusive. The modulation scheme
used and the particular application of the PA determine the required trade-off that must be
implemented to achieve reasonable linearity and good PE.

According to Cripps (2006:133), applications using modulation schemes such as FSK, GMSK, QPSK
and DQPSK can tolerate significant amplitude distortion and thus the linearity of the PA can be traded
for a higher PE.

Since a QPSK modulation scheme will be used in the transmitter of ZACUBE-2, the linearity of the
PA will not be a major design goal in the design and performance of the PA.

1.5. Synopsis

In Chapter 2, an overview of RF PAs is presented, the performance parameters, classes of PAs, design
techniques, and RF power device technology are briefly described. A mathematical condition for
achieving 100 % theoretical PE is presented.

In Chapter 3, the Class-F and inverse Class-F (Class-F') PAs are discussed in more detail, the
operational conditions for the Class-F and Class-F* are mathematically described, a comparison
between the Class-F and Class-F* PA is made and an alternative topology of wave-shaping network
that meets the defined operational conditions is proposed.

Chapter 4 presents the different steps involved in the design of a Class-F! PA using the proposed
topology of wave-shaping network. The simulated performance parameters of the designed Class-F*,
the layout of the printed circuit board (PCB), the electromagnetic simulations and optimization are
presented in Chapter 4.

Chapter 5 presents the construction of the PA, the procedure involved, and the measured performance
parameters are discussed in detail, with an emphasis on efficiency. Comparisons between simulated,
measured and specified performance parameters are made.

In Chapter 6, conclusions and recommendations are made and future work proposals are presented.

1.6. Conclusions

CubeSats require a PA with high PE in order to increase battery lifetime, to facilitate optimal thermal
management, to increase reliability, and to reduce the physical size and manufacturing cost thereof.
Such PAs can be designed by carefully selecting a suitable design technique and active device. Based
on the available active devices and using the appropriate design techniques, it is possible to design
such a PA.



Chapter 2

Overview of RF Power Amplifiers
2.1. History of RF Power Amplification

Since the 19" century, RF power was generated by a spark, an arc and commutator action. The
invention of the Deforest audion in 1907 enabled power amplification of electrical signals. This made
wireless radio communication practicable as it offered a means of generating and controlling RF
signals (Raab et al., 2002: 814).

In the late 1960s, discrete solid state RF power devices such as the 2N6093 silicon power transistor
(active device) were introduced by the Radio Corporation of America (RCA) (Raab et al., 2002: 814).

The development of new materials such as, indium phosphide (InP), silicon carbide (SiC) and gallium
nitride (GaN), enabled the development of new solid state RF power devices. Examples are the high
electron mobility transistor (HEMT), the pseudomorphic high electron mobility transistor (0HEMT),
the heterojunction field effect transistor (HFET) and the heterojunction bipolar transistor (HBT), with
the ability of amplifying signals at 100 GHz or more in the late 1990s (Raab et al., 2002: 8).

2.2. Theory of Operation

A PA is an electronic circuit that is used in the final stage of a transmitter to increase the power of the
transmitted signal. The PA accomplishes this by converting DC power into RF power while being
driven by a RF input signal. The portion of DC power that is not converted into RF power is dissipated
as heat and constitutes a loss of power. The power conversion mechanism that takes place in a PA is
described by the power conversion efficiency (PE) and the power added efficiency (PAE) (Pozar,
2012: 596; Colantonio et al., 2009: 179; Prodanov & Banu, 2007: 350).
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Figure 1: Basic circuit diagram of a power amplifier (Adapted from Colantonio et al., 2009: 179)



The basic circuit diagram of an ideal PA is shown in Figure 1, where an RF choke Lgrec presents a low
impedance path (short circuit) to the DC signal and a high impedance path (open circuit) to the RF
signal. A coupling capacitor Cc presents a high impedance path (open circuit) to the DC signal and a
low impedance path (short circuit) to the RF signal. The active device is driven by an RF source
delivering an input power (Prrin) through the input matching network and the DC power (Ppc) from
the DC biasing circuit is converted into RF output power (Prrout) at the fundamental frequency.

2.3. Performance Parameters of a RF Power Amplifier
The operation of a RF PA is characterised by the following performance parameters:

2.3.1.Power Conversion Efficiency

The power conversion efficiency is the percentage of the DC power that is converted into useful RF
output signal power. It is additionally referred to as the drain efficiency or the collector efficiency
(Prodanov & Banu, 2007: 351-352), and is given by:

_ P RFout

PE (1)

Ppc

In a CubeSat, the PA is the primary consumer of DC power, thus, the PE is one of the most important
performance parameters of the PA. A higher PE leads to longer battery lifetime, simple thermal
management requirements, and a small size of PA for CubeSats (Hasani & Mahmoud, 2008: 1759;
Moon et al. 2012: 1937; Pozar, 2012: 597).

2.3.2.Power Added Efficiency

The power added efficiency is the percentage of DC power that is converted into useful RF output
signal power, taking into account the effect of the RF input signal or drive signal. For larger gain PAs,
the PAE approaches the PE (Prodanov & Banu, 2007: 351-352; Pozar, 2012: 597). The PAE is given

by:

Prrout — Prri
PAE = RFout RFin (2)

Ppc

2.3.3.Output Power

Colantonio et al., (2009:2-3), states that the output power of a PA is the power delivered to the load at
a specific frequency or in a frequency band and expressed as:

1 "
PRFout(f) = ERe{Vout]out} W (3)

The power level of a PA is expressed in logarithmic units, assuming 1 mW as the reference level, the
actual power level is expressed in decibels relative to 1 mW that is, in dBm.

=10 log,,(Pnw) =10 log,,(Pw)+30 (4)
5
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As the PA is driven into saturation, the output voltage and output current swing allowed by the active
device is limited by the non-linear behaviour of that active device and the output power reduces to its
saturated value (Colantonio et al., 2009:2-3), given by:

Psat(f) :PRli-ni [PRFout(f)] (5)

Fin—®

2.3.4.Power Gain

The power gain of a PA is the amount by which the power level of the input signal has been amplified
(Pozar, 2012: 597; Colantonio et al., 2009:2-3) and is given by:

PRFout(f)

6
Prrin(f) ©

G(f) =

Due to the nonlinear behaviour of the active device used in a PA, the power gain depends on the
power level of the input signal. For a low power level input signal, the active device of the PA
operates in its linear region and the corresponding gain is referred to as small signal or linear gain
(Colantonio et al., 2009:2-3) and is given by:

GL() = lim [G(f)] @)

RFin™

As the PA is driven into compression, the output power tends to saturate and the corresponding gain
approaches zero (Colantonio et al., 2009:2-3). This is mathematically described by:

lim [G(/)]=0 (8)

PRrEin—

The power gain expressed in dB is given by:

Gag =10 log,,(G) = Prpout, dBm — PRFin, dBm )

2.3.5.Linearity

The Linearity of a PA specifies the degree of similarity between the input signal and the output signal
of the PA, hence it constitutes one of the main design goals in a modern PA. In CubeSats the linearity
requirements depend on the modulation technique that is used in the transmitter (Cripps, 2006:17-37).

According to Raab et al., (2002: 814-815), for a given application, the linearity of a PA is
characterised, designated and quantified by the adjacent channel power ratio (ACPR), the gain
compression, the third order intercept point (IPs), the carrier-to-intermodulation ratio (C/I Ratio) and
the error vector magnitude (EVM):



2.3.5.1. Adjacent Channel Power Ratio

The ACPR is a measure of how much of the spectral power of the transmitted signal has leaked into
the adjacent channel due to the nonlinear behaviour of the PA. It is also referred to as adjacent channel
leakage ratio (ACLR) (Colantonio et al., 2009:15-16-17) and is given by:

Pin an
ACPR 2 band (10)

P in adjacent channels

2.3.5.2. Gain Compression

Gain compression refers to the decrease of the power gain of a PA from its linear value as the PA is
driven into compression by an increase in the power level of the input signal. A commonly used
Figure of merit to quantify gain compression is the 1 dB compression point (P1gs) Which is the level at
which the output power has decreased by 1 dB from the ideal linear characteristic. This P1gs point can
be stated with reference to the input power (IP14g) or the output power (OP14g) (Pozar, 2012: 511-513;
Colantonio et al., 2009:3-4; MacPherson & Whaits, 2007: 2-6).

PRFOut [dBm] V'S
G [dB] .
OP.ag 1dB
\\
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- N
] I
IPvbs IP14s Prrin [dBM]

Figure 2: 1 dB compression point (Adapted from Colantonio et al., 2009: 3)

The OP1gs is given by:

OPldB = (G - ldB) +1PldB dBm (11)

2.3.5.3. Third-Order Intercept Point

The third order intercept point is a hypothetical intersection point where the third order output (IP3ou)
or the input (IP3in) power level is equal to the ideal linear output power level or the first order power
level of a PA (Pozar, 2012: 513-515; Colantonio et al., 2009:13; MacPherson & Whaits, 2007: 2-6).
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Figure 3: Third order intercept point (Adapted from Colantonio et al., 2009: 13)

2.3.5.4. Carrier-to-Intermodulation Ratio

The C/I ratio is a measure of the useful output power level relative to the power level of the
intermodulation products, measured in decibel below the carrier dBc (Colantonio et al., 2009:14-15)
and is given by:

2.3.5.5. Error Vector Magnitude (EVM)

The EVM is a measure of the distortion caused by a PA to a digital signal and it is defined as the
difference between an ideal reference waveform and a measured one (Colantonio et al., 2009:20).
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Figure 4: Error vector magnitude and related quantities (Adapted from Colantonio et al., 2009: 3)



2.4. Power Balance in a RF Power Amplifier

The diagram of the power flow and power balance shown in Figure 5, constitute a starting point in the
analysis of the maximum achievable PE as it allows the identification of all circuit elements sharing
the supplied DC power.

— > PRF(out)

Power dissipated as heat
PIoss

Figure 5: Power flow and balance diagram in a typical PA (Adapted from Prodanov & Banu, 2007:
351)

For a PA to achieve 100 % PE, all of the DC power supplied must be converted into RF output power.

One of the major limiting factors in achieving 100 % PE is the power loss due to the power dissipated
in the active device. The main cause of power dissipation in the active device is the power reflected
back to the drain of the active device by the output matching network. In the case of a switching PA,
the switching loss caused by the non-ideal switching behaviour of the active device contributes to the
power dissipated in the active device as well. The power dissipated in the active device is a function of
the drain current and voltage as per Equation 13 (Colantonio et al., 2009:178-181).

1 T
Pyiss = }f vps(Dips(?) dt W (13)
0

The RF output power consists of two components, namely the power delivered to the load at the
fundamental frequency, Prrout (f), and the power delivered to the load at the multiples of the
fundamental frequency, called the harmonic frequencies, denoted Prrout (nf), With n a positive integer
greater than one (Colantonio et al., 2009:179).

The power delivered to the load impedance at the fundamental and harmonic frequencies is a function
of the amplitudes of the n'" harmonic voltage and current, V, and I, respectively, but also a function of
the phase shift ¢, between V, and I, . From first principles, Vi, and I, are related by the load impedance
Z, (nf) at the output port of the active. Thus, Prrout (nf) is given by Equation 14.

Prron) = 3 Valycos(4,) = 320 cos(6,) W (19



The consequence of the above observations are that, the power balance condition of a PA states that
the supplied DC power must be equal to the sum of the power delivered to the load at the fundamental
frequency, the power delivered to the load at the harmonic frequencies and the power dissipated in the
active device. That is,

PDC :Pdiss+ PRFout(f) +z PRFout(nf) W (15)

n=2

It can be noted that for a PA to achieve a theoretical PE of 100 %, the power delivered to the load at
the fundamental frequency must be equal to the DC power. This condition occurs when the sum of the
power dissipated in the active device and the power delivered to the load at harmonic frequencies is
zero. That is,

Piss + ) Prrou(#)=0 w 15)
n=2

Thus, two conditions must be simultaneously fulfilled for a PA to achieve a theoretical PE of 100 %.
That is,

1 T
Piss = }f vps (Dips(1) dt =0 w 17)
0
and
D Prrounf)=3 ) Valooos(9,)=3 ) 0N cos(9,)=0 W (18)
n=2 n=2 n=2

Equation 17 is the mathematical counterpart of the well-known no overlapping between the drain
voltage and the drain current, the fulfilment of which alone is erroneously considered sufficient to
achieve a 100 % PE, neglecting the condition in Equation 18. However, Colantonio et al., (2009:179),
have shown that a PA can achieve a maximum theoretical PE of 81.06 % by fulfilling the condition in
Equation 17 only, thus highlighting the importance of the condition in Equation 18.
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2.5. Classification of RF Power Amplifiers

s

Mode of operation

V-1 converter <~v> Switch
Conduction angle Wave shaping
Class-A Class-B Class-AB Class-C Class-D Class-E Class-F

Figure 6: PA family tree (Adapted from Prodanov & Banu, 2007: 354)

2.5.1.Linear Power Amplifiers

Linear PAs are biased in such a way that the transistor always operates in its linear region. Based on
the conduction angle of the transistor, linear PAs are further divided into Class-A, Class-B, Class-AB

and Class-C PAs (Nadir & Touati, 2009: 318).
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Figure 7: Basic topology of a linear power amplifier (Adapted from Berglund et al., 2006:

11

93)



2.5.1.1. Class-A Power Amplifiers

Class-A PAs are inherently linear circuits where the transistor is biased to conduct over the entire
period of the input signal cycle. The maximum theoretical PE of Class-A PAs is 50 %, thus half of the
supplied DC power is dissipated in the active device due to a non-negligible overlap between the drain
voltage and the drain current as illustrated in Figure 8 (Cripps, 2006:17; Pozar, 2012: 597;
MacPherson & Whaits, 2007: 12-16).

Vps(ot)
ips(t)

Drain voltage
‘. — . =Drain current
\. -------- DC bias

» ot

4

Figure 8: Drain voltage and current waveforms for a Class-A PA (Adapted from Prodanov & Banu,
2007: 355)

According to Paul (2004: 176), Class-A PAs are used in applications requiring low output power
levels and where power dissipation and efficiency are not critical.

2.5.1.2. Class-B Power Amplifiers

The transistor in Class-B PAs conducts for one half of the cycle period of the input signal, resulting in
a half sine wave output current. As a result of the reduced conduction angle, the linearity of Class-B
PAs is less than that of a Class-A PA. However, the area of overlap between the drain voltage and
current waveforms of a Class-B PA, as shown in Figure 9, is less than that of a Class-A PA, thus a
Class-B PA is more efficient than a Class-A PA. A theoretical PE of 78.5 % can be obtained from a
Class-B PA (Cripps, 2006:51; Raab et al., 2002: 817).

A
Vps(ot)
ips(t) —— Drain voltage
— . — Draincurrent
-------- DC bias
wt

0 T 2n 3n 4

Figure 9: Drain voltage and current waveforms for a Class-B PA (Adapted from Prodanov & Banu,
2007: 355)
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Class-B PAs are widely used in applications requiring a high output power level and a high PE (Raab
et al., 2002: 817; Paul, 2004: 176).

2.5.1.3. Class-AB Power Amplifiers

The Class-AB PA offers a compromise between linearity and efficiency. The drain voltage and current
waveforms for a Class-AB amplifier are shown in Figure 10. The Class-AB amplifier is widely used in
wireless communication systems, which use modern modulation schemes which require a certain
degree of linearity with an acceptable PE (Kophon et al., 2011: 380). Hayat et al., (2013:389), state
that a Class-AB PA can achieve a PE of up to 60 %.

—— Drain voltage

\/_Ds(mt) — . — Drain current
(13 (01 Y N A N AN —— DC bias
> ot

Figure 10:  Drain voltage and current waveforms for a Class-AB PA (Adapted from Prodanov & Banu,
2007: 355)

2.5.1.4. Class-C Power Amplifiers

The transistor in a Class-C PA conducts for less than one half of the cycle period of the input signal, as
shown in Figure 11, resulting in a much greater PE relative to those of a Class-A and a Class-B PA.
Ideally, a Class-C PA can achieve a PE of 90 % (Cripps, 2006:51; Raab et al., 2002: 817).
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Drain voltage and current waveforms for a Class-C PA (Adapted from Prodanov & Banu,

2007: 355)

According to Raab et al.,, (2002: 817) Class-C PAs are widely utilized in power vacuum-tube
transmitters, but are generally impractical for solid state PAs. The output power of a Class-C PA is
limited due to the reduced conduction angle of the active device.

2.5.1.5. Summary of Linear Power Amplifiers

Figure 12:

RF power Efficiency
+5dBm — — 100%
“a— Efficiency
D — — N — — — — — b
- RF power —» —
- 0,
5dBm 1 1T 1T 1T 1T 1T T 1 0%
2n T 0 Conduction angle
Class A AB B C

Output power and efficiency as a function of conduction angle of linear PAs (Adapted from

Cripps, 2006:46)
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As shown in Figure 12, a Class-A PA can deliver the same output power level as a Class-B PA.
However, the conduction angle of a Class-B amplifier is half of that of a Class-A amplifier, resulting
in better efficiency for the Class-B amplifier. A Class-C PA has a much higher PE relative to that of
Class-A, AB and B amplifiers, but this is associated with a significant reduction in output power
(Cripps, 2006:46; Prodanov & Banu, 2007: 356-357).

Table 1: Comparison of PAs classes of operation
Classes of operation Theoretical PE Linearity
A 50 % good
B 785 % poor
AB 60 % good
C 90 % Very poor

2.5.2.Switching Power Amplifiers

The transistor in switching a PA is operated as a switch. Based on the method of pulse shaping,
switching PAs are further divided into Class-D, Class-E and Class-F PAs (Nadir & Touati, 2009: 318).

2.5.2.1. Class-D Power Amplifiers

A Class-D PA consists of two transistors and either a series or a parallel resonant circuit at the output
port of the PA for the purpose of pulse shaping. A Class-D PA which utilises a series resonant circuit
is referred to as Voltage-Mode Class-D (VMCD) PA (Berglund et al., 2006: 94-95; Raab et al., 2002:
817). An example of such a PA is illustrated in Figure 13.
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Figure 13:  Basic topology of a VMCD PA (Adapted from Berglund et al., 2006: 94)
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A Class-D PA which utilises a parallel resonant circuit is referred to as Current-Mode Class-D
(CMCD) PA (Berglund et al., 2006: 94-95), an example of which is shown in Figure 14.
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Figure 14: Basic topology of a CMCD PA (Adapted from Berglund et al., 2006: 94)

Ideally, a Class-D PA can achieve a PE of 100 % as there is no overlap between the drain voltage and
current waveforms as shown in Figure 15 (Berglund et al., 2006:95; Raab et al., 2002: 817).

Vos (mt)“
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/- ’\ / \
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\ ' \
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Figure 15: Drain voltage and current waveforms for a Class-D PA (Adapted from Prodanov & Banu,
2007: 360)

The main drawback of Class-D PAs is that they require transistors with a high drain break down
voltage. They also suffer from losses due to saturation, switching speed, and drain capacitance which
become dominant at higher frequencies (Berglund et al., 2006:95; Raab et al., 2002: 817).

2.5.2.2. Class-E Power Amplifiers

Introduced in 1975 by Sokals, Class-E PAs are switching PAs in which the transistor is continuously
turned on and off. In their simplest form, Class-E PAs consist of a series resonant circuit at the output
port for the purpose of waveform shaping (Ramadan et al., 2009:117), as shown in Figure 16.

16



+Vopp

RF choke

%

Resonator

Shunt capacitor § R

ips W

Vbs

Input drive signal Input matching >

o > network

= F—=—
|

Figure 16: Topology of a Class-E PA (Adapted from Berglund et al., 2006: 94)

The shunt capacitor is connected in parallel with the transistor for current wave-shaping, thus making
a Class-E PA capable of achieving a PE of up to 85 % at microwave frequencies (Berglund et al.,
2006:95).

Vps(ot) 4

iDs((!)t)
—— Drain voltage
— - — Drain current

. - - - -
. ~
7
L »1
0 ' 2 3n
Figure 17: Drain voltage and current waveforms for a Class-E PA (Adapted from Prodanov & Banu,

2007: 360)

In an ideal Class-E PA, as the transistor turns on, the drain voltage drops to zero volts, resulting in no
overlap between the drain voltage and current, as shown in Figure 17. Hence, the elimination of losses
due to the drain capacitance and the reduction of the switching losses which are encountered in a
Class-D PA. The resonator provides the necessary termination to ensure that no power is delivered to
the load at harmonic frequencies. A theoretical PE of 100 % can be obtained with an ideal Class-E PA
(Seunghoon, et al., 2012: 89-90; Raab et al., 2002: 817). Figure 18 shows the measured performance
parameters for PE and Po. Of a typical Class-E PA.
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Figure 18: Measured performance of a Class-E PA (Adapted from Cripps, 2006:199)

Class-E PAs are widely utilized due to their simple circuit topology when compared to other switching
PAs, their relatively high PE values, their soft switching which reduces switching losses and their low
sensitivity to the circuit component variations. (Ahmed, et al., 2013: 153; Kizilbey et al., 2013: 8-9;
Hasani & Mahmoud, 2008: 1759).

A Class-E PA requires active device with a high break down voltage, since the peak drain voltage can
reach up to three times the supply DC drain voltage (Kizilbey et al., 2013: 8-9).

According to Seunghoon et al., (2012: 89-90) the maximum frequency at which a Class-E PA can
operate is limited by the drain capacitance of the active device, the maximum drain current and the DC
supply voltage.

__ s
21 Cout Vs

ys Hz (19)

The larger the drain capacitance the lower the maximum frequency of operation of a Class-E PA. It is
important to select an active device technology with a lower output capacitance (Kizilbey et al., 2013:
8-9).

Several authors among which Ahmed, et al., (2013: 158-159) and Seunghoon, et al., (2012: 92-95)
proposed a new design technique to operate Class-E PAs above the maximum frequency of operation
but this resulted in a significant degradation of the PE.

2.5.2.3. Class-F and Class-F* Power Amplifiers

The transistor in a Class-F PA is biased the same as that of a Class-B PA, that is, the transistor
conducts for half the period of a cycle of the input signal, resulting in a half sine wave current
waveform at the drain terminal. The PA is then driven into saturation resulting in the generation of a
high power level signal at the drain terminal containing multiple harmonic components. For this
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reason, a Class-F PA is often referred to as an overdriven Class-B PA. The output network of a Class-
F PA comprises a harmonic resonator which is used to shape the drain waveforms (Sadegh & Thomas,
2015: 39-40; Colantonio et al., 2009:268-269; Schmelzer & Long, 2007: 2130; Raab et al., 2002:

817).

VDs(t)A

ips(t) Drain voltage
— . —Drain current

/ . \ . /‘\
/ .
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h \ 4 \
0 T/2 T 3712 2T
Figure 19: Drain voltage and current waveforms for a Class-F PA (Adapted from Prodanov & Banu,
2007: 360)

In an ideal Class-F PA, the square-wave drain voltage waveform consists of an infinite number of odd
harmonics and the half sine wave current waveform consists of an infinite number of even harmonics.
The drain voltage and current waveforms are shown in Figure 19 above. The PE of a Class-F PA
depends upon the number of harmonic components actually permitted by the harmonic resonator
connected to the drain terminal, and can reach up to 90 % if the fifth harmonic is present (Sadegh &
Thomas, 2015: 39-40;Moon et al., 2012: 1937; Schmelzer & Long, 2007: 2130; Raab et al., 2002:

817).
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Figure 20: Basic topology of a Class-F PA (Adapted from Kim et al., 2008: 1177)
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The basic topology of a Class-F PA is shown in Figure 20. A Class-F! PA topology is exactly the
same as that of the Class-F PA, but the drain voltage and current waveforms are interchanged. The
drain voltage waveform is shaped like a half sine wave and the current waveform is shaped like a
square wave (Moon et al. 2012: 1937; Wang et al. 2011: 1).

2.6. Design Principles and Requirements

According to Raab et al. (2002: 814-816), no single PA design technique suits all applications. Each
application has specific output power and efficiency requirements, thus a different PA design approach
is required for each class of amplifier.

The fundamental requirements for the design of the PA in a CubeSat are a high PAE and a high output
power level. A high output power level is required to reduce the number of amplifier stages, the size
and the weight of the transmitter, thus decreasing the manufacturing costs. A high PAE is required to
increase battery lifetime and facilitate optimal thermal management thereby reducing the operating
costs (Colantonio et al. 2004: 191; Chiang & Chuang, 1997: 1150).

2.6.1. Design Techniques

The goal in the design of a PA is to transform a challenging non-linear design problem into one which
can be solved utilizing the most fundamental design tools (Cripps, 2006: 36-37; MacPherson &
Whaits, 2007: 12-16).

2.6.1.1. Load-Line Theory

The load-line theory is a useful design technique used as a starting point in the design of a PA by
considering the transistor as an ideal voltage controlled current generator. This technique has been
used before the development of computer aided design (CAD), to predict the performance of a linear
PA (Cripps, 2006: 21-26).
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Figure 21: Load-line match (Adapted from MacPherson & Whaits, 2007: 12-16)

According to MacPherson & Whaits (2007: 12-16), a PA will deliver maximum power to a load under
the condition that the output port of the active device is terminated with an optimum resistance value.
Load-line theory can be used to determine the value of this optimum resistance as shown in Figure 21
above.
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Load-line theory is used to estimate the performance, that is, the output power and PE of a PA under
the assumption that the transistor is ideal, meaning that the knee voltage is equal to zero (Sandro et al.,
2013:1459).

In cases where the knee voltage of the transistor cannot be neglected, load-line theory would lead to
both sub-optimal output power and a sub-optimal PE. The ratio of the knee voltage to the maximum
drain voltage is a determining factor in deciding whether load-line theory can be used to predict the
performance of a PA (Sandro et al., 2013:1462).

2.6.1.2. Load-Pull Technique

Load-pull analysis consists of plotting the performance parameters for output power, PE and PAE of a
transistor, by varying or tuning the impedance presented at the output port of the transistor. The
purpose of the load-pull technique is to determine the value of impedance termination required for the
transistor to deliver either maximum power or maximum achievable PE or a compromise between the
two (Cripps, 2006:17-18; Moravek & Hoffmann, 2011: 828).

Load-pull data can be used directly for PA design to achieve maximum output power or maximum PE
by determining the optimum impedance terminations required for the transistor operation (Zargar et
al., 2012:1).

Load-pull data can be obtained from large signal simulations. This requires a large signal model of the
transistor from the manufacturer. However, the accuracy of these models is far from being acceptable
in a practical design (Moravek & Hoffmann, 2011:828; Colantonio et al., 2004: 191). The discrepancy
of the HEMT changes the phase of the harmonics and degrades the PE and the prediction between
varying large signal and fixed linear impedance.

Load-pull data can also be obtained by direct measurements as shown in Figure 22. In this case the
transistor is fully characterized in terms of output power, PE and any other required performance. The
cost of the test-bench equipment and the complexity of the measurement set-up are the drawbacks of
this method (Yeap, 2004:1; Colantonio et al., 2004: 191; Chiang &Chuang, 1997: 1150).
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Figure 22: Load-pull measurement setup (Adapted from Chiang &Chuang, 1997: 1150)

Cripps (1983: 221), has shown that there is a simple mathematical formulation from which load-pull
contours can be generated on the Smith chart. The problem with this approach lies in the fact that the
shape of the load contour is not a circle, thus any mathematical formulation should take into account
the non-linear behaviour of the transistor.
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For the design of a non-linear PA based on shaping and controlling waveforms, it is imperative to
measure the load-pull data of the harmonics to obtain optimum impedances at harmonic frequencies
(Zargar et al., 2012:1).

2.6.2.RF Power Device Technology

Silicon LDMOS, GaAs and GaN are the most predominant technologies used in the design of RF PAs.
LDMOS transistors are used for high power RF PAs. GaN transistors have a higher power density
than GaAs and silicon transistors, resulting in low input and output parasitic capacitor values
(Berglund et al., 2006:96; Schmelzer & Long, 2007: 2130).

RF power devices such as bipolar junction transistors (BJTs), metal oxide semiconductor field effect
transistors (MOSFETS), junction field effect transistors (JFETs), gallium arsenide metal
semiconductor field effect (GaAs MESFET), GaN HEMTs, pHEMTSs and vacuum tubes are all used in
the design of PAs (Raab et al., 2002: 816).

Recently, GaN HEMTSs are predominantly used for the design of PAs in satellite communication
systems due to their high dynamic range, high drain break down voltage, high power density, high
thermal dissipation, a superior current density and high carrier mobility. Thus, GaN HEMTSs are most
suita