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Abstract

Power amplifiers are used in the final amplification stage of all wireless electronic communication
systems to transmit information-bearing signals for a diverse range of applications. Power
amplifiers are fundamentally power converters that convert direct current power to radio frequency
power. The fraction of direct current power that is not converted to radio frequency power is
dissipated as heat within the power amplifier. This phenomenon is described by the power
conversion efficiency, and power added efficiency.

A CubeSat is a very small satellite, which must conform to specific standardised criteria that
allocate constraints on factors such as the size, shape, and weight of the CubeSat and its
components. CubeSats are battery operated and have limited available direct current power. This
constraint warrants extensive investigation to minimize the direct current power consumption. One
of the methods to achieve this minimising of direct current power consumption on the CubeSat is
by maximizing the efficiency of one of the components, which is the power amplifier, that wastes

much of this precious resource.

To achieve maximum power efficiency a review into power amplifier classes and their respective
operations were performed. A power amplifier operated in Class-F mode is a suitable candidate to
achieve high power efficiency and thus further investigation and analysis was conducted into this

power amplifier class and mode of operation.

The design of a Class-F power amplifier is presented in this thesis. The power amplifier uses the
GaN HEMT CGH40010F active device from Cree/Wolfspeed. A special output network,
connected to the drain of the active device, was designed to achieve high efficiency. This Class-F
power amplifier achieved a power efficiency, power added efficiency, and output power of
82.16 %, 72.4 %, and 40.06 dBm respectively, at a frequency of 2.1 GHz.
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Chapter 1

Introduction

1.1 Motivation

A CubeSat is a tiny satellite, which must conform to specific standardised criteria that allocate
constraints on factors such as the size, shape, and weight of the CubeSat. These standards are
necessary to reduce the cost of mass-manufacturing components which also allows the use of
standard off-the-shelf components (Chin et al., 2017:4).

There are various sizes of standard CubeSat units, for example, 1U, 2U, and 3U sizes. The standard
size of a 1U CubeSat is 10cm x 10cm x 11cm and that of a 3U CubeSat is 10cm x 10cm x 34cm
(Chin et al., 2017:4).

A CubeSat makes use of small solar panels to generate energy and batteries to store this energy.
The limited size of the solar panels on the CubeSat places severe constraints on the power available
from the batteries and hence the direct current (DC) power consumption of systems onboard the
satellite.

The transmitter, within the communication system, requires a power amplifier (PA) which is
located in the final stage of the transmitter, to amplify the information bearing signal to a suitable
level for transmission. This amplification stage requires a significant amount of power to achieve
the required signal power level. Fundamentally a PA is a DC to radio frequency (RF) power
converter and this conversion causes a significant loss of DC power which is dissipated within the
amplifier. Since the available DC power within a CubeSat is very limited, an obvious system
requirement is to use this available DC power as efficiently as possible.



The Cape Peninsula University of Technology (CPUT) satellite program, in association with
F’SATI (French South African Institute of Technology), successfully developed and launched the
first African CubeSat, a 1U size CubeSat named ZACUBE-1, in November 2013. In December
2018, this satellite program launched another 3U CubeSat named ZACUBE-2.

The PA integrated into the 2W S-Band transmitter (STX) on ZACUBE-2 has a power conversion
efficiency (PE) of 25%. That is, the PA has a DC to RF output power conversion ratio of 1:4. The
remaining 75% of the DC power consumed is dissipated within the amplifier module as heat. The
pass-over time of ZACUBE-2 is five minutes and occurs twice every twenty-four hours, where it
must communicate with the ground station on earth. During this time a significant amount of data
must be transmitted down to earth and places sudden power demands on the battery system within
the CubeSat. It is thus crucial to minimise any power wastage, hence conserving this limited DC

power resource.

The main aim of this research is to produce a highly efficient RF PA suitable for use in future
CubeSats and which will optimise the DC to RF power conversion, and in doing so minimise the
DC power consumption in the active device, control the harmonic content of the output signal, and
maximise the amplification of the applied signal.

1.2 Objectives
The specific objectives of this project are:
Primary:
- To design, build, measure, and characterise the performance of a highly efficient class-F
PA.

Secondary:

- To investigate and analyse RF PAs in general.

- To compare the performance parameters of the constructed PA circuit to similar class PAs.



1.3 Research Methodology

e Research the performance of the current PA on ZACUBE-2.

e Execute research to find possible solutions to maximise the efficiency of PAs.

e Research RF active device technologies that are suitable for satellite applications.

e Determine if the design techniques are attainable and feasible.

e Use Keysight’s Advanced Design System (ADS) extensively in the design process.

e Use appropriate RF design techniques for the construction of the PA.

e Measure the performance parameters of the PA.

e Compare the measured performance parameters, the simulated parameters with the design

specifications.

1.4 Delineation

In modern digital communications, the complexity of the modulated signal has been raised
significantly to increase the rate of information transfer, that is, to increase the data rate thereof.
Hence, modern digital information-bearing signals convey the data by simultaneously varying the
amplitude, frequency, and/or phase of the carrier signal. This requires a PA, the operation of which
must be highly linear to prevent distortion of the modulated signal. However, the efficiency of a
PA is maximised when the active device is driven into saturation, that is, the amplifier is operated

in its non-linear region.

The requirements for achieving maximum efficiency and optimum linearity in a PA are conflicting
and thus a compromise is necessary to achieve maximum efficiency while still maintaining
sufficient linearity. Typically, a modern PA will be driven at a certain back-off input power level
thus maintaining sufficient linearity and acceptable efficiency. This will ensure minimal distortion
of modern digitally modulated signals which must be amplified by a PA which minimises DC

power wastage.

Based on the type and the relatively limited amount of data to be transferred from the CubeSat to

the ground station, at this stage the plans for the modulation schemes in future CubeSats developed

3



in the CPUT satellite program are to use linear modulation techniques such as QPSK and 8-PSK.
Hence, in this research, maximising the linearity of a PA is not the main design goal but rather is

focused on maximising the efficiency of a PA which is achieved by driving the amplifier into

saturation.



Chapter 2

History of the Transistor

2.1 Introduction

The invention of the triode valve by De Forest in 1906 resulted in an evolutionary step towards
our modern way of living. The triode is a device where an electron stream is controlled in a vacuum
by a voltage potential which is applied across a grid. This discovery laid the foundation for the
variety of electron tubes (commonly known as vacuum tubes) and eventually to the transistor
which is the most fundamental component in modern electronic systems (Guy et al., 1958:131).
The electron tube ranges in a variety of sizes and was used as a fundamental component in
oscillators, detectors, amplifiers, modulators, and rectifiers in applications that range from
computers, radars, radios, automation systems, transmitters, and receivers, to list a few. The
operation of electron tubes includes the injection of free electrons into an evacuated envelope. The
free electrons are attracted to more positively charged electrodes in the tube and are then controlled
by voltage potentials across a grid interposed between the free electrons and their destination (Guy
etal., 1958:131).

Cathode (-)
Control Grid

Anode (+)
Glass Tube

Figure 1: Vacuum Tube (Anthony, 2014)
The development of the transistor in 1947 at Bell Laboratories, replaced the electron tube in almost

every application in the years to come due to its size, manufacturing cost, and efficient operation.



The transistor operates by controlling the electrical conduction properties of a material categorised

as a semiconductor.

1. Collector
2. Base
3. Emitter

Figure 2: BJT Transistor

2.2 Materials

Metals such as gold, silver, copper, and iron are labelled as outstanding conductors of electricity
due to their number of free electrons. Materials like glass, rubber, and plastics are labelled as
insulators due to their lack of free available electrons. Materials, the conduction properties of
which fall between these two categories, are called semiconductors and have relatively few free
electrons. The properties of semiconductors which are exploited are their amount of free charged
carriers. The amount of these charged carriers is proportional to the ambient temperature or the
amount of impurities present and are controlled to obtain a component which will conduct current

in one direction and limit the conduction of current in the opposite direction (Guy et al., 1958:131).

When the conduction of current in a material is mainly by means of an electron then it is termed
N-type (N: negative carrier) material, and when the conduction of current is mainly by means of
holes then it is termed P-type (P: positive carrier) material (Guy et al., 1958:161-162). Different
methods can be employed to join N-type and P-type materials and result in a junction being formed
between them, as depicted in Figure 3.
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Figure 3: Different junction formations: (a) grown (b) diffused (c) plated (d) point contact (Guy
et al., 1958:163)

2.3 Semiconductor Diode

The development and fusion of N- and P-Type material gave birth to the semiconductor diode.
Referring to Figure 4 (a), the P-N junction has no applied potential across its terminals resulting
in the N-region which contains an excess of free electrons and the P-region containing an excess
of holes. Typically these excess free electrons and holes are referred to as the majority carriers
(Guy et al., 1958:163).

Referring to Figure 4 (b), when a potential is applied across the diode as illustrated, the holes and
electrons are forced to move to the junction by the electric field. Electrons will move across the
junction to fill the holes and new holes are created by the positive electromotive force (emf) which
then moves to the junction to support the loss of holes. The negative terminal which is connected
to the N-type material provides electrons, and this process causes current to flow as long as the
conditions are maintained and are commonly known as the forward bias state (Guy et al.,
1958:163).

With regards to Figure 4 (c), when a potential is applied across the diode and the N-region is
positively charged the majority carriers of each region will move away from the junction and to
their respective terminals. The junction is then lacking charge and is representing a high resistance
and is thus restricting the flow of current. This particular state is known as a reverse bias state. A

small leakage current could occur due to the conduction properties of the particular material and



should be insignificant enough to be considered negligible with regards to the desired operating
current (Guy et al., 1958:163).
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Figure 4: Semiconductor diode in (a) neutral, (b) forward bias and (c) reverse bias state (Guy et
al., 1958:164)

The current-voltage (I-V) characteristic curve of a silicon diode is shown in Figure 5.

Vbr

Reverse
Bias

Figure 5: Ideal I-V characteristic curves of a diode (Floyd, 2012: 38)

At some negative value of voltage, referred to as the breakdown voltage (Vbr), the diode will

conduct a large amount of current as there is little resistance present.



2.4 Transistor

Joining two semiconductor diodes together results in a semiconductor triode which is commonly

known as a transistor (Guy et al., 1958:165).

Emitter Collector
A Ve C E
Pl
Base
_ oz .
|| .
(a) (b)
Emitter\ P ~'~,\1 P — Collector
C E
Pl
Base
’ L
|‘ | | | | B
(© (d)

Figure 6: The Transistor: (a) NPN, (b) Bipolar Junction Transistor (BJT) NPN Symbol, (c) PNP,
(d) Bipolar Junction Transistor (BJT) PNP Symbol, (Guy et al., 1958:165)

Forward biasing the left-hand side PN junction of the transistor in Figure 6 (a) will initiate a low
resistance path and electrons can easily flow into the P-region of the base. This will allow the N-
region to emit electrons and is labelled the emitter. The PN junction on the right-hand side of the
transistor in Figure 6 (a) is reversed-biased and will lure most of the electrons, injected into the
base, towards the P-region on the right. The collection of electrons on the right-hand side P-region
is labelled as the collector. If the base-emitter junction potential is modulated by a signal es , then
the flow of electrons through this junction will vary according to the applied signal (Guy et al.,
1958:165-167).



2.5 RF Device Technology

Initially, the most utilised semiconductor technology for RF PAs was Silicon (Si) since it was the
most affordable. Gallium Arsenide (GaAs), although more expensive, became favoured for its use
in microwave applications due to improved performance (Cripps, 2006:14).

The production of modern commercial active devices predominantly incorporates the use of silicon
(Si), gallium arsenide (GaAs), and associated semiconductor materials. A tremendous amount of
research has since been conducted to develop high power density devices that use silicon carbide

(SiC) and gallium nitride (GaN), commonly referred to as wide-bandgap materials (Colantonio,
Giannini & Limiti, 2009:29).

Device performance is predominantly affected by the substrate properties as presented in Table 1.
The energy needed to migrate an electron from valence- to conduction-band is referred to as the
energy bandgap and according to Colantonio, Giannini & Limiti, (2009:30), this energy bandgap

affects the power capabilities of the device and the maximum temperature permitted.

Property Si Ge GaAs GaN 4H-SiC InP
Electron mobility (cm?v—Ls7%) 1500 | 3900 | 8500 1000 900 5400
Hole mobility (cm?v~Ls7%) 450 | 1900 | 400 350 120 200
Bandgap (ev) 112 | 066 | 1.42 3.2 3.23 1.35
Avalanche Field 10° Viem 3.8 2.3 4.2 50 35 5.0
Saturated Drift velocity (107 cm/s) 0.7 0.6 2.0 1.8 0.8 2.0
Saturation field (103 V/cm) 8 3 15 25 25
Thermal Conductivity at 25°C (W/cm-°C) 14 | 06 0.45 1.7 4.9 0.68
Dielectric constant 11.9 12.9 14 10 8
Substrate resistance (€ cm) >1000 >1000 1-20 >1000




Transistors MESFET MESFET

HEMT MESFET | MESFET HEMT

HBT HEMT HEMT HBT

P-HEMT P-HEMT

Table 1: Properties of Semiconductors (Colantonio, Giannini & Limiti, 2009:30)

Devices, such as GaN and SiC, which exhibit wide bandgaps, operate at higher temperatures which
allow for the manufacture of physically smaller devices with higher power density properties.
These devices also allow, before the occurrence of breakdown, the sustainability of a larger internal
electric field (Colantonio, Giannini & Limiti, 2009:30).

2.6 Conclusion

The invention of the triode valve by De Forest paved the way for the evolutionary step towards
the discovery of the semiconductor diode and eventually the semiconductor triode which is

commonly known as a transistor.

The transistor became the most fundamental component in modern electronic systems and has
been improved continuously as research conducted in the field provided newly enhanced

capabilities.

The development of high power density devices that use silicon carbide (SiC) and gallium nitride
(GaN), commonly referred to as wide-bandgap materials, has paved the way to yet another

evolutionary step in modern electronics.



Chapter 3

Theory of Power Amplifiers

3.1 The RF Power Amplifier

The key function of a PA, which operates in the RF band, is to increase the amplitude of the output
signal to an appropriate level at the required frequency of operation. The ability of the PA to
transform DC energy into RF energy is defined, for a particular PA, by the power efficiency (PE)
and the power added efficiency (PAE) (Colantonio, Giannini & Limiti, 2009:5).

PDC

RFin

Heat dissipation

Figure 7: Power Conversion and Loss in a PA (Adapted from Colantonio, Giannini & Limiti,
2009:4)

The portion of DC power (Ppc) not transformed into RF output power (Prrout) is thermally
dissipated in the active device, resulting in a reduction in RF output power and is illustrated in

Figure 7 (Prodanov & Banu, 2007:352).

The design of PAs generally involves a trade-off between numerous conflicting requirements
which typically include efficiency vs linearity or increased RF output power level vs minimal

distortion (Colantonio, Giannini & Limiti, 2009:1).



The fundamental block diagram of an RF PA consists of an active device (FET or BJT), output
network, input network, RF chokes, and coupling capacitors. The active device operation can be

either that of a switch or a dependant current source (Kazimierczuk, 2008:1).
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Figure 8: RF PA Block Diagram (Adapted from Kazimierczuk, 2008:2)

3.2 Performance Parameters of a PA

3.2.1 RF Output Power Prrout

The power delivered to the load of the PA, denoted Prrout , is the power developed in this load at
the fundamental frequency of operation (Colantonio, Giannini and Limiti, 2009:2) and is expressed

as:

1 .
I:>RFout ( fO) = E Re{vout Iout} (31)

Expressing the output power level in logarithmic units and referencing it to 1 mW results in:

Preou (dBmM) =1010g (%) =30+10log ( Py, MW) dBm (3.2)



3.2.2 RF Input Power Prrin

The RF input power refers to the power level developed across the input port of the PA at the

fundamental frequency (Colantonio, Giannini and Limiti, 2009:2) and is expressed as:

RFln ( f ) Re{vln Iln} W (33)

Expressing the input power level in logarithmic units and referencing it to 1 mW results in:

Peri, (dBM) = 10Iog(PSF'"j 30+10log ( Pyg;, MW) (3.4)

3.2.3 Linear Power Gain G_ of PA

The power gain is a comparison of RF output power to RF input power (Colantonio, Giannini and
Limiti, 2009:2), as given by:

Preou (fo)
= 3.5
( 0) RFln(f ) ( )

For low-level input signals as shown in Figure 9, the PA behaves in a linear manner and the linear

gain is defined as:

(fo)=lim [G(fo)] (3.6)

3.2.4 Non-Linear Power Gain of PA

Referring to Figure 9, as the level of the input signal to the active device is increased, the power
level of the output signal will increase linearly up to the output 1 dB compression point (OP14g).

As the level of the input signal is increased above the input 1 dB compression point (IP14s), the

10



active device goes into compression. That is, the increase in the power level of the output signal
reduces when the power level of the input signal is increased to an extent such that the non-linear
properties of the active device restrict the voltage and current waveforms of the output signal. The
non-linear characteristics in this region of operation restrict the output current and voltage swings
and limit the output power to its saturated quantity (Colantonio, Giannini and Limiti, 2009),
expressed as:

Ra(fo)=lim [Ry(f))] W @7

n

According to Colantonio, Giannini, and Limiti (2009:2) as the power gain approaches zero the

power gain in dB is expressed by:

GdB = (10) IoglO (G) = PRFout,dBm - PRFin,dBm (3.8)

3.2.5 PA Linearity

PAs are classified as non-linear amplifiers since they are operated within their non-linear region
to reduce the power dissipation within the active device. The operation of PAs in their non-linear
region leads to an unfavourable replication of the input signal at the output port. That is, the output
signal is severely distorted and contains multiple harmonics of the fundamental component of the

input signal (Colantonio, Giannini & Limiti, 2009:1).

PA linearity parameters include:
e 1dB Compression Point: IP1gs and OP14s
e Minimal Detectable Signal Level (IPmps and OPmps)
¢ Intermodulation Distortion Products (IMD)
e Dynamic Range (DR)
e Third Order Intercept Point: 11P3 and OIP3
e Error Vector Magnitude (EVM)
e Adjacent Channel Power Ratio (ACPR)
11
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Figure 9: Py, Vs Py, (Adapted from Colantonio, Giannini & Limiti, 2009:4)

3.2.5.1 The 1 dB Compression Point

Ideally, as the amplitude of the input signal is increased so will the amplitude of the output signal
in a linear fashion. However, a further increase in input signal power will cause the amplifier to
saturate and operate in its region of compression (Whaits & MacPherson, 2004:6-2)

The OP14s power level, specified in dBm, is a parameter used to quantify the linearity and the
maximum output power which an amplifier can provide while still being considered to operate

within its linear region (Louw, 2015:19).

The IP; and OP,; power levels are determined by:

I, =OP,+1dB-G,  dBm (3.9)

OP, =(G, -1dB)+IP,,  dBm (3.10)

12



The greater the DR the greater the linearity of the amplifier and the greater the maximum output

power level obtainable.

3.2.5.2 Minimal Detectable Signal Level

An amplifier is deemed to have a linear region of operation where an increase in input signal level
will result in a proportional increase in output signal level. This region of operation is referred to
as the region of linear gain (Whaits & MacPherson, 2004:6-1)

Noise is an inevitable phenomenon in electronic circuitry and the minimum level of the input signal
which an amplifier can operate on is limited to and determined by the level of the noise floor. This
minimum input signal level is known as the IPmps. This IPwvps level corresponds to an output
power level known as the OPwmps (Whaits & MacPherson, 2004:6-3).

These quantities can be determined as follows:

IPyos =—174+10log(B)+10log(F )+ x dB (3.12)

OPyps =—174+10log(B)+10log(F )+ x+10log (G, ) dB (3.12)

where,
the minimum level of the input signal is x dB above the thermal noise floor
K.To.B =—-174 dBm.Hz!
K = Boltzmann’s constant
To = Standard room temperature in Kelvin
B = System Bandwidth in Hertz

F = Noise factor

13



3.2.5.3 Intermodulation Distortion Products

Typically, the input signal to an amplifier comprises several components at different frequencies.
The amplifier does not only amplify this complex input signal but also generates other unwanted
signal components due to its non-linear behaviour. The unwanted signals generated are harmonics
and also intermodulation distortion (IMD) products (Krauss, Bostian & Raab, 1980:361-362).

Intermodulation distortion products consist of sums and differences of the signal components of
the input signal, as shown in Figure 10. The lower the level of the third-order components the

greater the level of OIP3 and the more linear the amplifier is deemed to be.

P (f)[dBm]
A

Pout ( fl)

pOut ( fz) X A
Pout (2 fl - f2)
Pout (2 f2 - fl) 0 0
Pout (3 fl - fz)
Pout (3 fZ - fl) * 1

3,-2f, 261, 1, f,  2f,-f 3f,-2f ©f [Hz]
Fundamentals
3" Order Components

5" Order Components

Figure 10: Two-Tone IMD Products (Whaits & MacPherson, 2004:6-5)

3.2.5.4 Third-Order Intercept (TOI) Point

According to Whaits & MacPherson, (2004:6-5) the OIP3 level can be defined as the theoretical
output power level at which the third-order and fundamental components intersect. At this point,

the theoretical output power level of the fundamental component is equal to the theoretical output

14



power level of the third-order component of the output signal. The greater the value of OIP3 the

more linear the amplifier is deemed to be. The TOI point is given by:

Referenced to the output port of the DUT:

A
OIR, =P,, [dBm]+E dBm (3.13)
Referenced to the input port of the DUT:
A
IR, =P, [dBm]+E—GL dBm (3.14)
PRFout [dBm]
A
TOI
OIPR, A
1dB) !
OP et X o
1 4 )
DR DR,
OPMDS_JV! ‘‘‘‘‘ S_Oée.l_l‘._‘_.‘_.._‘._w%/i’e.s‘]_.._ ..........

IFos IR Py [dBM]

Figure 11: Third Order Intercept Point (Whaits & MacPherson, 2004:6-3; Colantonio, Giannini
& Limiti, 2009:3)

3.2.5.5 Dynamic Range

The dynamic range of an amplifier is defined as the range of output signal power levels over which
the amplifier is deemed to operate within its linear region (Whaits & MacPherson, 2004:6-2). This

range is limited by the level of the noise floor and the OP14g point of the amplifier.

DR =OP,,; — OP, dB (3.15)
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According to Whaits & MacPherson, (2004:6-6) The spurious-free dynamic range of an amplifier
is the range of signal power levels over which the output signal will not contain any significant

IMD products and is given by:

2
DR, :E(OIP3 —OPyps) dB (3.16)

The greater the DR the greater the range of linear operation.

3.2.5.6 EVM

According to Colantonio, Giannini & Limiti, (2009:20), the EVM is used to further characterise a
non-linear PA by assessing the generated distortion of the output signal. This distortion refers to
the unwanted change in the amplitude, frequency, and phase of the output signal. The EVM is the
Euclidian distance measurement between an ideal reference waveform (signalling point) and the
distorted waveform (signalling point) and is illustrated in Figure 12. This measurement is used in
profiling the linearity performance of a PA when driven by a modulated signal. The less the EVM

the greater the linearity of the PA.

QA Magnitude

Error \
Error
Measured Vector
Signal
Reference
O Signal
Phase
Error
>

I
Figure 12: EVM and Associated Quantities (Adapted from Colantonio, Giannini & Limiti,
2009:20)
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3.2.5.7 ACPR

Due to the non-linear behaviour of PAs, a certain amount of the power spectral density of the
output signal is present in adjacent channels. The measurement of the ACPR is used to quantify
the level of the output signal which exists in the adjacent channel, and further characterise the
power spectral behaviour, that is the BW and hence the filtering characteristics of a PA when driven
by a modulated signal (Colantonio, Giannini & Limiti, 2009:15-17; Mugisho, 2016:7). According
to Colantonio, Giannini & Limiti, (2009:16) the ACPR is given by:

ACPR = _ oo (3.17)

in the adjacent channel

The greater the value of ACPR the less the interference of the output signal in the adjacent channel.

3.2.6 PE

Since a PA can be construed to be a DC to RF power converter as is illustrated in Figure 7, the DC
power supply, according to Colantonio, Giannini & Limiti, (2009:4), is the product of the DC bias
voltage and the average value of the bias current, and given by:

1 T
=V bias ? J.Iblas W (318)
0

The PE is the conversion ratio of DC power to usable RF output power and is also known as the
drain efficiency (DE) in the case of FETs or collector efficiency (CE) in the case of BJTs. The

power efficiency ratio is given:

Mo = — (3.19)
The greater the value of 7, the more efficient the amplifier is deemed to be.

17



3.2.7 PAE

The PAE of a PA, as stated by Kazimierczuk, (2008:6), is the comparison between (PRFout - PRFin)
and P,., which is given by:
PRFout -R

Meae = P—RFin (3.20)
DC

The greater the value of 7,,. the more efficient the amplifier is deemed to be.

3.3 PA Power Balance

To obtain 100% PE, it is required that all the DC power utilised by the active device be converted
into RF output power. The two factors which limit the PE are the power dissipated in the active
device and the power due to the harmonic content which is dissipated in the load. The power
dissipated in the active device is a function of the drain- current and voltage waveforms

(Colantonio, Giannini & Limiti, 2009:178) and expressed as:
1,7 :
Picc =?j0 Vps (1)iog () dt w (3.21)

The output power delivered by the active device comprises the following two entities: Pse,, ( f,)
and Peeow (NTo). Preow (o) is the power delivered to the load of the active device at the

fundamental frequency and Py, (nf,) is the powered delivered to the load of the active device

at multiples of the fundamental frequency, where {n e Z,n>1} (Colantonio, Giannini & Limiti,

2009:178).

The Fourier series expansions of the drain voltage and current waveforms are given by:
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ios (1) = 1, + 31, -cos(nest + &,) (3.22)

Vps (1) =Vpp + ivn -cos(nat +y,) (3.23)

n=1

where, w=27f, & and y, are the phases of the n™ harmonic current 1, and voltage v,

components respectively, (Colantonio, Giannini and Limiti, 2009).

The power dissipated in the active device is a function of the phase shift ¢ between v and 1I_,
and also a function of the magnitude of the harmonic components present. The quantities V. and
I, are directly- and indirectly proportional to the load impedance of the active device z, (nf,), in
accordance with Ohm’s law. The power due to the harmonic components, according to

Colantonio, Giannini & Limiti, (2009:179) to Py, (nfo) is given by:

Parou (Nfy) = %ann cos(4,) =%ZL (nf)13cos(g,)= %annz cos(d, ) W (3.24)

The DC input power to the active device is expressed as the sum of the power dissipated in the
active device, the power delivered to the load at the operating frequency, and the power delivered

to the load at the frequencies of the harmonic components.

Poc = Preout ( o ) + Pigs + Z Prrout (n fO) W (325)

n=2

Therefore (3.19) can be expressed as:

PRFout ( fO) (326)
PRFout ( fO ) + Pdiss + z PRFout (n f0)

n=2

Mee =
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Hence, it becomes clear that to obtain a PE of 100%, that is B, = Pee ( o) » the second two terms
in the denominator of equation (3.26) must be zero. That is,
Pics + O Prroue (N5 ) =0 W (3.27)

n=2

Thus, to obtain the maximum PE of 100% the two conditions that must be simultaneously satisfied

are:
1,7 .
Pass =7 [ Vos (Digs ()t =0 W (3.28)
and

P

RFout

(nfO)Z%ann cos(¢n):%ZL(nfo) Inzcos(qﬁn)zéYnVn2 cos(4,)=0 W (3.29)

wheren # 1

Achieving the conditions as specified in equations 3.28 and 3.29, are theoretically possible but in

practice, these conditions are the focus of much research.

3.4 Design Principles

The main objective in implementing an optimum design of a PA is to extract the maximum
performance from the active device while operating it in a reliable and non-damaging manner
(Whaits & MacPherson, 2004:12). Precautions must be implemented to ensure that the practical

constraints placed on actual active devices do not cause damage or limit the performance thereof.

3.4.1 Load-Line Matching

The load-line matching technique is used to ensure that maximum power can be extracted from an
active device by utilising the maximum permitted current and voltage swing for that particular
active device. According to Whaits and MacPherson, (2004:6-12), this is achieved by
implementing load-line theory to select an optimum load resistance which is given by:
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V

Ry = % Q (3.30)
IDSmax
where, v,...and i, equal the maximum selected drain voltage and current, assuming that Rgen

>> Ropt, Where Rgen IS the impedance of the source generator.
Vosa

VDSmax

\/
R, =-2m

DSmax

>

iDSmax IDS

Figure 13: Load-Line Match (Whaits & MacPherson, 2004:13)

The load-line match is a real-world compromise implemented to extract maximum power from
active devices and simultaneously keep the RF voltage swing within specified limits and the
available DC supply. The load-line method is a useful and convenient way to strive for optimum
load conditions, especially during the absence of modern computer-aided design (CAD)
techniques. However, according to Colantonio, Giannini and Limiti, (2009:23) the load-line

method results in the degradation of the output VSWR of the system.

3.4.2 Load-Pull

According to Cripps, (2006:20), there is a relationship between output power and output matching.
A load-pull measurement is performed by using a form of calibrated tuning at the output port of

an active device and then displaying the measured data on a Smith chart.

Load-pull data allows a designer to more accurately target a predefined impedance which can be
of assistance to design appropriate matching networks. In essence, it allows the transformation of

a non-linear problem to be solved in a linear fashion (Cripps, 2006:20).
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There are numerous methods to implement load-pull techniques and it is eventually decided by the

designer, customer, or based on design requirement (Simpson, 2014:1-6).

Fundamentally the load-pull technique implements a controlled varied impedance at the output
port of an active device to obtain the optimal performance of this active device (Ghannouchi &
Hashmi, 2011:1).

The conventional laboratory technique to design and build PAs is more reliable and accurate but
is not ideal enough for mass production and is not time-efficient for market turnover (Ghannouchi
& Hashmi, 2011:1).

CAD techniques have decreased the time for the design process and greatly simplified
manufacturing procedures. The performance of the active device is governed by the precision of
the active device model which is provided by the vendor (Ghannouchi & Hashmi, 2011:1).

The load-pull technique plays an essential part in high-performance PAs, high efficient harmonic
tuned PAs and for the data generation for non-linear PAs (Ghannouchi & Hashmi, 2011:1).

A typical setup for a load-pull measurement is illustrated in Figure 14.

[E= ]
BE=Soo]

Power Meter

Power

Sensor
(] [}
a il Power
Signal Amplifier Impedance Impedance Sensor
Source Tuner Tuner

Figure 14: Classical Load-Pull Setup (Keysight, 2014:9)
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3.5 Conclusion

Fundamentally a PA is a DC to RF power converter and the efficiency of this power conversion
process is fundamental in the performance of a PA. Important characteristics of a PA are the RF
output power, the power gain, the efficiency, and the linearity.

The output power is a function of the shape and phase of the drain voltage and current waveforms

and must be closely controlled to ensure maximum output power and efficiency.

The most important linearity parameters of a PA are the 1 dB compression point, the third-order

intercept point, the intermodulation distortion parameter, the dynamic range, the EVM, and ACPR.
The design of PAs is a trade-off between many conflicting requirements which typically include

efficiency vs linearity or increased RF output power level vs minimal distortion and a balance

between these conflicting requirements must be pursued to maximise the performance of the PA.
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Chapter 4

Classes of Power Amplifiers

4.1 Introduction

PAs are traditionally categorised based on their classes of operation. The literature on these
established classes initially seems relatively straightforward but can be complex to perceive due
to ambiguities and vagueness which can also be delusive (Colantonio, Giannini & Limiti,
2009:24).

Examination of the circuit topology of an amplifier is not enough to accurately characterise the
class of operation (Sokal, 1997:179). The operating class can be broken down into the following
sub-categories: bias-point, matching-network topology, operating conditions and conduction angle
(Colantonio, Giannini & Limiti, 2009:24).

According to Colantonio, Giannini & Limiti (2009:24), the term biasing class defines the quiescent
bias point of the active device. The quiescent bias point determines the output current waveform
conduction angle (CWCA), that is, the portion of the cyclic nature of the input signal over which
the active device is conducting current. In this thesis, the term biasing class will also define the

quiescent bias point of the active device.

The various operating classes of a PA will be explained with the aid of idealised devices to gain a

more in-depth and illustrative understanding as to why they are categorised as such.
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) Current Dependence Biasing
Operating
Conduction on Drive
Class FET BJT
Angle (6 °) Level
A 6 =360° No Midway between Midway Between
Device Pinch-off and Device Cut-off and
Saturation regions Saturation regions
AB 180° < 4 < 360° Yes Above Pinch-off Above Cut-off
B 6 =180° No Device Pinch-off Device Cut-off
C 0 <180° Yes Below Pinch-off Below Cut-off

Table 2: Classifications of PAs in terms of output conduction angle & or biasing point (Adapted

from Colantonio, Giannini & Limiti, 2009:24)

In Table 2, the input signal to the PA is sinusoidal and the amplifying device is used in current

source mode with regards to a BJT and voltage-controlled mode with regards to a FET.

The PE of the bias-class amplifiers is presented in Table 3.

Biasing Class | Maximum Theoretical Efficiency Reference
A 50% (Mugisho, 2016:26)
AB 60-70% (Berglund, Johansson and Lejon, 2006:93)
B 78.5% (Prodanov & Banu, 2007:6)
C Tends to 100% (Prodanov & Banu, 2007:355)

Table 3: Bias-Class Power Efficiencies
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4.2 Current Controlled Device

A BJT is termed a current controlled device due to the collector current (Ic) being controlled which
is achieved by controlling the base-emitter voltage (Vse). Referring to Figure 15 (a), as the base
current (Ig) will vary according to Ohm’s law. Ig causes a potential difference across the base-
emitter junction. An increase in Vge causes Ic to increase and a decrease in Vge causes Ic to
decrease. This increase and decrease in Ic is due to the variation in the size of the depletion region
in the transistor, as shown in Figure 15 (b), being reduced when less base current flows or enlarged
when more base current flows. Thus, Ic is proportional to the Ig and thereby making the BJT a
current controlled device (Watkins, 2008:1).

Emitter Collector
) e
= N ]
l Depleti
epletion
Base Regions

(b)

Figure 15: (a) Biased BJT (b) Band Diagram of NPN BJT depicting the Depletion Region
(Freescale Semiconductor, 1993:1)
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4.3 Voltage Controlled Device

A FET is termed a voltage-controlled device due to the gate-source voltage (Ves) controlling the
drain current. Referring to Figure 16 (a), the resistance between the drain and source terminals of
the FET is controlled by Ves which in turn controls the drain current Ip (Watkins, 2008:1).

V
OD
ID
D
g Pl
ld DS
[
_VG—__ VGSJ

Source Drain
—o
Depleti
Gate (- epletion
) Regions
(b)

Figure 16: (a) Biased JFET (b) Internal Representation of a PNP JFET depicting the Depletion
Regions (Freescale Semiconductor, 1993:1)

In Figure 16 (b), the depletion region encloses the P-type material of the gate terminals when the
gate terminals are reversed biased. An increase in the reverse bias voltage will broaden the
depletion regions until these two regions touch. This will create a nearly infinite resistance between
the drain and source terminals thereby preventing current flow between drain and source (Freescale

Semiconductor, 1993:1).
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4.4 Operating Classes of PAs

Another important approach of classifying a PA is the operating conditions of the active device
which are controlled by the load terminations of this active device. The operating classes of a PA
can be divided into two broad categories, namely switching- and current-mode PAs (Colantonio,

Giannini & Limiti, 2009:24).

Current-mode amplifiers are categorised based on the conditions of the load at harmonic
frequencies of the fundamental, which determines the characteristics of the drain voltage and

current waveforms, that is, wave-shaping, all to improve the level of the output power and the PE

of the amplifier.

Switch-mode amplifiers are categorised based on their switching (conduction) time, their duty-

cycle, or combinations of these. Figure 17 illustrates both the biasing and operational classes of

PAs (Colantonio, Giannini & Limiti, 2009:24).

Power Amplifier Classification

Biasing Class

Class-A
Class-B
Class-AB
Class-C

Operating Class

Switched-Mode

Class-D
Class-E
Class-G
Class-H
Class-J

Class-S

Current-Mode

Class-F
Class-2" HT
Class-2"™ & 3" HT

Figure 17: Graphical Summary of PA Classification Structure (Adapted from Colantonio,
Giannini & Limiti, 2009:24)
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4.5 1-V Characteristic Curves

The characteristic curves of current vs voltage (I-V curves) of an active device graphically define
the behaviour of a device. The I-V characteristic curves are typically used to map the behaviour of
transistors so that a better understanding can be obtained of the limitations of the device and so to
extract the optimal operational conditions. These operational conditions include the efficiency and
power gain or a combination of the two. Figure 18 and Figure 19 illustrate the I-V characteristic

curves of a BJT and JFET transistor respectively.

BJT I-V Characteristic Curves

Ic (A)
A
Active / Linear

Region | Break Down
Avalanche
Region

Saturation
Region

Undisputed Area

Figure 18: 1-V Curves of a BJT (Adapted from Floyd, 2012:161)
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Figure 19: I-V Curves of a FET (Adapted from Colantonio, Giannini & Limiti, 2009:39; Floyd,
2012:388)

4.6 Biasing Classes

4.6.1 Class-A

The Class-A amplifier is considered as a linear amplifier due to its nature of producing an output

signal which is an amplitude scaled replica of the input signal and is illustrated in Figure 20.

Vin(t) Vout(t)
A A

Class-A /\
' -t

>t L .
\/ Amplifier

Figure 20: Input-Output Relationship of a Class-A Amplifier
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The BJT is operated as a dependant current source and is defined as a device that conducts current
continuously over a full period of the input signal. The level of the input signal is maintained low

enough to prevent the transistor from being driven into cut-off.

A Class-A amplifier is defined by the specific quiescent bias conditions, often referred to as a Q-
point, but more accurately it is the necessary and sufficient conditions which allow the
amplification of the input signal to be linearly reproduced. The Class-A amplifier is biased midway
between the device pinch-off and saturation region for FET amplifiers, and midway between the

device cut-off and saturation region for BJTs, as shown in Figure 21.
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Figure 21: Biasing Conditions for a Class-A BJT Amplifier

The maximum theoretical PE which can be obtained from a Class-A PA is 50 %. This implies that
half of the power drawn from the DC supply is dissipated in the active device (Mugisho, 2016:26).
This phenomenon is due to the overlap in the time domain representations of the collector current
and collector voltage or the drain voltage and drain current for BJTs and FETSs respectively, as
shown in Figure 22. This maximum overlap implies a greater dissipation of power, hence a lower
PE.
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Vps
vos (1) ins

ios (1) A — — — DCQuiescent Level

l ' Overlap
>t

Figure 22: The Drain Voltage and Current Waveforms of a Class-A Amplifier (Adapted from
Prodanov & Banu, 2007:355)

4.6.2 Class-B

The Class-B amplifier operates within its linear region for half of the period of the input signal and

in cut-off for the second half cycle.

Vin(t) Vout(t)
A A

i —p| ClassB > >
\/ Amplifier

Input Signal Output Signal

Figure 23: Input-Output Relationship of a Class-B Amplifier

The Class-B amplifier is biased at its cut-off point for both BJTs and FETs. These quiescent biasing

conditions accommodate for a much larger input signal to be amplified.
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Figure 24: Biasing Conditions for a Class-B Amplifier

The Class-B amplifier is particularly useful when operated in a push-pull configuration with a

complimentary pair of transistors being used. That is when two transistors with matched

characteristics, one transistor is a npn and the other a pnp transistor, then a highly symmetrical

output signal can be obtained. The one transistor is used to amplifier the positive half-cycle of the

input signal and the other is used to amplify the negative half-cycle thereof (Kazimierczuk,

2008:95). This is illustrated in Figure 26, where transistors Q1 and Q2 are a complementary pair.

Vin(t)
A

\-/Ft—b

Class-B
Push-Pull

Amplifier

Vour(t)

A

VA

Figure 25: Input-Output Relationship of a Class-B Complementary Push-Pull Amplifier
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Figure 26: Classical Class-B Complimentary Push-Pull Amplifier (Floyd, 2012:348)

The maximum theoretical PE attainable from a Class-B PA is 78.5 % (Prodanov & Banu, 2007:6).
As illustrated in Figure 27, the drain voltage and drain current overlap is less than that of the Class-

A amplifier, resulting in less power being dissipated in the active device, hence a greater PE.

Vps (t) ¥os

. Ips

ips (1) A — — - DCQuiescent Level
Overlap

Figure 27: The Drain Voltage and Current Waveforms of a Class-B Amplifier (Adapted from
Prodanov & Banu, 2007:355)

The complimentary Class-B push-pull amplifier has a major draw-back termed crossover

distortion, and which causes an unwanted distorted output signal, as shown in Figure 28.
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Crossover distortion

Figure 28: lllustration of Crossover Distortion

Figure 28 illustrates that crossover distortion occurs at the zero crossings of the output signal. This
distortion is due to the reverse breakdown voltage of the base-emitter or the gate-source junction
which needs to be reached before conduction occurs. This crossover distortion phenomenon led to

the development of the classic Class-AB amplifier.

4.6.3 Class-AB

The bias conditions of a Class-AB amplifier are set to overcome the crossover distortion
experienced in a Class-B push-pull amplifier. This is achieved by biasing the amplifier slightly
into conduction, which will allow the reverse breakdown voltage of the respective junctions of the
transistors to be overcome before applying the input signal. To implement the latter, the Class-AB
amplifier is strategically biased well below saturation and slightly above cut-off for BJTs and well
below pinch-off and slightly above cut-off for FETs, as shown in Figure 30. The Class-AB
amplifier, as illustrated in Figure 29, can now be considered as a linear amplifier and is a

compromise between linearity and PE.
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Figure 29: Input-Output Relationship of Class-AB Complementary Push-Pull Amplifier
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Figure 30: Biasing Conditions for a Class-AB Amplifier

The maximum PE attainable in a Class-AB amplifier is 60 % to 70 % (Berglund, Johansson &
Lejon, 2006:93). The PE is a function of the overlap in the time domain representations of the
voltage and current waveforms as illustrated in Figure 31. This PE is more than that of a Class-A

amplifier but less than that of a Class-B amplifier.
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Overlap

Figure 31: The Drain Voltage and Current Waveforms of a Class-AB Amplifier (Adapted from
Prodanov & Banu, 2007:355)

4.6.4 Class-C

The Class-C amplifier is a non-linear amplifier, that is, the output signal is not an amplitude scaled
replica of the input signal. The active device conducts current only when the base-emitter voltage,
in the case of BJT’s or gate-source voltage in the case of FET’s, are exceeded by the level of the
input signal, as shown in Figure 34 (a) and (b). The Class-C amplifier is biased below the cut-off
region for FET and BJT amplifiers.

Vin(t)

Input Signal Output Signal

Figure 32: Systematic View of a Class-C Amplifier
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Figure 33: Biasing Conditions for a Class-C Amplifier
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Figure 34: (a) Class-C Amplifier Illustrating Input and Output Relationships (b) Conduction
Period Relative to Period of Input Signal
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The Class-C amplifier has a theoretical PE tending to 100% (Prodanov & Banu, 2007:355). The
drain voltage and current overlap for the Class-C amplifier, as shown in Figure 35, is considerably

less than that of the Class-A, B and AB amplifiers. Hence, the power dissipated in the active device
will be significantly less, thus maximising the PE.

vps (1)
ips (t) A

Vbs
Ibs
— — — DCQuiescent Level

_ Overlap

Figure 35: The Drain Voltage and Current Waveforms of a Class-C Amplifier (Adapted from
Prodanov & Banu, 2007:355)
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4.6.6 BJT Biasing Class Summary

Quiescent Biasing Points and Corresponding Collector-Emitter Voltage Waveforms for
BJT Classes-A, AB, B and C

Ic (A)
A
DC - Load Line
« -
Base Current
A -- Curves
AB
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] | » Ve (V)
| C
|
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] |
|
Class-A :
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|
<l
Class-AB II ~~~~
| . .
| Collector-Emitter
<’J| Voltage Waveforms
|
|
Class-B AR R
|
A
L...
[
Class-C :! ...............
|
v T
Arg[;’;;?er Vce (Icut—off)

Figure 36: Quiescent Biasing Points and Corresponding Collector-Emitter VVoltage Waveforms
for BJT Classes-A, AB, B and C (Adapted from Guy et al., 1958:215)
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4.6.7 FET Biasing Class Summary
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Figure 37: Quiescent Biasing Points and Corresponding Gate-Source Voltage Waveforms for
JFET Classes-A, AB, B and C (Adapted from Guy et al., 1958:215)
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4.6.8 Biasing Class Summary

Class C Efficiency
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Figure 38: Amplifier Efficiency in terms of Conduction Angle

With regards to Figure 38, a Class-A PA is the least efficient biasing class of PAs but is the most
linear, whereas a Class-B PA is less linear than a Class-A PA due to its conduction angle being
half of that of the Class-A PA. This also means that a Class-B PA is more efficient than a Class-A
PA. A Class-AB PA is a compromise between the efficiency of a Class-B PA and the linearity of
a Class-A PA and minimises the crossover distortion present in Class-B operation. A Class-C
amplifier produces the highest PE of the biasing-class amplifiers but at the cost of having the least

linearity.
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4.7 Operating Class Amplifiers

4.7.1 Switch-Mode Amplifiers

Amplifier efficiency can be maximised when the BJT or FET is operated as a switch. When the
transistor is conducting, the impedance presented in the conduction path is low and acts as an ideal
closed switch. Consequently, the active device has a low potential difference across its conduction
terminals and a large current is flowing through it (Grebennikov & Sokal, 2007:55).

When the transistor is non-conducting, the impedance presented in the conduction path is very
high and acts as an ideal open circuit. Consequently, the active device has a large potential
difference across its terminals and no current flows through it (Grebennikov and Sokal, 2007:55).
Switch-mode amplifiers incorporate a push-pull technique and can achieve a theoretical PE of
100% (Sommarek et al., 2004:115).

4.7.1.1Class-D

The Class-D PA can be sub-divided into two categories: the current-mode Class-D (CMCD) and
the voltage-mode Class-D (VMCD). The CMCD PA is driven by a constant current source and
incorporates a parallel resonant circuit in the output network, whereas the VMCD PA is driven by
a constant voltage source and incorporates a series resonant circuit in the output network
(Sommarek et al., 2004:115; Berglund, Johansson & Lejon, 2006:93). Figure 39 and Figure 40
illustrate a VMCD and a CMCD PA respectively.
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Figure 39: Circuit Topology of a VMCD PA (Adapted from Berglund, Johansson & Lejon,
2006:94)

+Vpp T

RF
Resonator RF

Choke ‘ l'DC 'Dcl H Choke

|1 1

I M\ L

ios DC Bl_ock RL DC Bl_ock ins
Input Port Input { apacitor Capacitor nput Input Port
Drive Signal Drive Signal
( og—>)— Matching Vps Vbs Matching —i—o gnal)
Network 4/ \ Network

Figure 40: Circuit Topology of a CMCD PA (Adapted from Berglund, Johansson & Lejon,
2006:94)

Theoretically, it is possible for a Class-D amplifier to reach a PE of 100% because the drain voltage
and current waveforms do not overlap as shown in Figure 41. This implies that zero power is

dissipated in the active device, hence maximising the PE.
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Figure 41: The Drain Voltage and Current Waveforms of a VM Class-D Amplifier (Adapted
from Prodanov & Banu, 2007:60)

The major disadvantage of the VMCD PA is that the capacitance present between the drain and
source as well as the speed at which the transistors switch severely limit the highest frequency at
which the amplifier can operate and thereby degrade the PE at VHF and above (Berglund,
Johansson & Lejon, 2006:93).

4.7.1.2 Class-E

The Class-E PA is a combination of a switching and a Class-AB PA (Berglund, Johansson &
Lejon, 2006:93). The Class-E PA is categorised as an amplifier which switches on and off at a
certain predefined frequency and the specifically shaped drain voltage and current waveforms do
not overlap at any point in time. This trait of the Class-E PA facilitates a high PE since much less
power is dissipated in the active device (Grebennikov, 2002:64). Wave-shaping is achieved by a

series resonant circuit which is coupled between the drain and the load of the amplifier, as shown

in Figure 42.
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o)
RF I
Choke P
Output
Termlnal

Reson ator

| nput iDS \4
Terminal

(Drive Signal) Input j:
o—»—| Matching ICE?;:CTIW e
Network

Figure 42: Circuit Topology of a CM Class-E PA (Adapted from Berglund, Johansson & Lejon,
2006:95)
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The capacitor connected between the drain and ground, as depicted in Figure 42, has the important
function of absorbing the parasitic capacitance present across the drain-source terminals of the
transistor. The resonator is responsible for performing the wave-shaping function (Berglund,
Johansson & Lejon, 2006:95). There is no overlap of vps and ips since (vps)(ips) = 0 at all times
as illustrated by the time-domain representations of the drain voltage and current waveforms in
Figure 43.

vps (1)
ips (t)

Vps
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»t

Figure 43: The Drain Voltage and Current Waveforms of a Class-E Amplifier (Adapted from
Hashjani, 1997:56)

Ideally, when the active device switches into conduction, Vs reduces to zero and I increases.

There is no overlap of Vg and i, as illustrated in Figure 43. This absence of overlap implies

no loss of power due to dissipation in the active device, hence a possible PE of 100%
(Grebennikov, 2002:68-69).

An additional advantage of incorporating the drain-source capacitance at the output port is the
minimising of the loss of power due to the shunt capacitor being charged and discharged, hence
improving the PE (Hashjani, 1997:13).

In Class-E PAs V¢ (peak) can extend to 3Vpc, thus the active device must be able to handle

greater breakdown voltages (Kizilbey, Palamutcuogullari & Yarman, 2013:1).
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This drain-source capacitance and the DC supply,VDD, according to Mader et al., (1998:1393)

limit the maximum frequency of operation of a Class-E PA. This maximum frequency of operation

is given by:

|
fmax =— Hz (41)
27°C Ny,

where, Ips is the drain-source current

An increase in Vp, or the value of the drain-source capacitance, Cg, will result in a decrease of

the maximum operating frequency.

4.7.2 Current Mode Amplifiers

The categorisation of current-mode amplifiers is based on the load terminations presented to the
active device at harmonic frequencies. Also, these terminating load impedances perform the wave-
shaping at the drain terminal which improves both output power and PE(Colantonio, Giannini &
Limiti, 2009:24).

4.7.2.1 Class-F and Class-F*

The Class-F PA is a combination of a Class-B PA and a switching amplifier (Berglund, Johansson
& Lejon, 2006: 94). The Class-F PA incorporates multiple resonators to purposely shape the
voltage waveform to be rectangular and thereby manipulating the harmonic content thereof. By
driving the transistor into saturation results in a half sinusoidal drain current waveform which also

manipulates the harmonic content of the signal at the drain terminal (Jee et al., 2012:89).

This is achieved by implementing an output network which presents the appropriate impedances
at the fundamental frequency and multiples thereof to the drain terminal. This will ensure that the
drain voltage waveform is a square-wave and will thus include the fundamental and all odd
harmonic components. The half-sinusoid drain current waveform will include the fundamental
component and all even harmonic components. (Cui et al., 2018:2). These waveforms are shown

in Figure 45.
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Figure 44: Basic Class-F PA topology (Adapted from Berglund et al., 2006: 94)
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Figure 45: The Drain Voltage and Current Waveforms of an Ideal Class-F Amplifier (Adapted

from Raab, 1997:2007)

In the Class-F! PA, the shapes of the drain waveforms are reversed with respect to those in a
Class-F PA. That is, the drain current waveform is a square-wave whereas the drain voltage
waveform is a half sine-wave. Thus, the drain current waveform will contain the fundamental
component and all odd harmonics, and the drain voltage waveform will contain the fundamental
component and all even harmonic components (Cui et al., 2018:2). These waveforms are achieved

by presenting the appropriate impedance to the drain terminal at the fundamental frequency and

harmonics thereof.

Assuming an ideal scenario, that is, there is perfect wave-shaping by the output network which
will ensure an infinite number of even and odd harmonic components are present at the drain

terminal of the active device, then there will be no overlap between these voltage and current

waveforms, hence a PE of 100% is achievable (Cui et al., 2018:2).
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4.8 Comparison of Different Classes of PAs

Amplifier | Frequency | PAE | Output Power Transistor
Reference
Class (GHz) (%) (W) Technology
A 2.142 25 33 dBm GaAs HBT ZACUBE-2
AB 3.4-3.7 59 38 dBm GaN HEMT (Algadami et al., 2017)
C 4 62 50.41W GaN HEMT (Yamasaki et al., 2010)
D 1 60 41.14 W LDMOS FET (Lawrence. Long, 2003)
E 1.5-3.8 62 27 dBm GaAs PHMET (Lin and Chang, 2010)
F 2 80.1 40.7 dBm GaN HEMT (Hwang, et al., 2013:1-3)
Fl 3.5 78 40.79 W GaN HEMT (Saad et al., 2010)

4.9 Conclusion

Table 4: Comparison of PAs

Modern PAs mostly fall into the class of operational PAs, however, they are mostly still biased

according to the biasing class of operation. Operational mode PAs are a combination of the bias

class and the operational class. The quiescent point of the bias class and the load termination of

operational mode jointly forms the operational class. For example, Class-F/F are biased at Class-

B cut-off, yet they are operational in Class-F/F! modes. Compared to three decades ago,

operational class amplifiers were not as popular and traditional bias class PAs were used, such as

Class-A, B, and C. As time has gone by an effort to improve efficiency in PAs has led to the design
and implementation of Class-D, Class-E, and Class-F PAs.
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Chapter 5

Class-F PA

5.1 Introduction

Numerous classes of PAs have been researched and subsequent design techniques developed to
achieve a PE of 100%. The focus in this chapter is on the Class-F PA and will describe in detail
the operation thereof. Additionally, a new output network topology, which conforms to Class-F

PA criteria will be presented.

5.2 Description of a Class-F PA Including Waveform Shaping

The Class-F PA has uniquely shaped waveforms for the drain voltage and the drain current which
allow the achievement of 100 % PE. Both of these waveforms are purposely shaped into a half
sine-wave and a square-wave, respectively. The half sine-wave is due to the Class-B biasing
condition and the square-wave is due to the rich harmonic content of the drain voltage and current

waveforms. The Class-F PA schematic diagram is illustrated in Figure 46.
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Figure 46: Schematic Diagram of Class-F PA (Adapted from Kazimierczuk, 2008:306)
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Figure 47 illustrates the waveform shapes of the drain current and voltage for an ideal Class-F PA.

Vps (1)
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Figure 47: Ideal Waveforms of a Class-F PA

These ideal waveforms for 0 < wt <27 are given by:

0 , 0<aot<
i (cot) = ) o=7 A (5.1)
lyax SiN(a@t) | 7<wt<2r
and
2V O<Lowt<r
Voo (ot) =4 > \Y, 5.2
os (1) {O , T<ot<2r (62)

It is apparent from Figure 47 and from equations (5.1) and (5.2) that v . (et) and i, (wt) do not

overlap, which implies that the power dissipated in the active device is zero, and thus the first

necessary condition for achieving a maximum PE of 100% in equation (3.26) is satisfied.
The Fourier expression for the drain current is given by:
ips (@t) =" 1, cos(net) A (5.3)
n=0
where the coefficients of the basis function cos(nwt) are given (Colantonio, Giannini & Limiti,

2009:269), for all values of n, by:
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The spectral components of the drain current are shown in Figure 48.
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Figure 48: Spectral Content of |1 |

The Fourier expression for the drain voltage is given by:
Vps(@t) =DV, sin(nat) Y, (5.5)

n=0

where the coefficients of the basis function sin(rnwt) are given, for all values of n, by:
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The spectral components of the drain voltage are shown in Figure 49.
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Figure 49: Spectral Content of |V, |

Analysis of equations (5.4) and (5.6) reveal that the current waveform consists only of even
harmonic components whereas the voltage waveform comprises only odd harmonics. However,
both voltage and current waveforms have the same fundamental frequency. For maximum PE only
the fundamental components of both current and voltage waveforms must be dissipated in the load,
thus the second necessary condition for achieving a maximum PE of 100% in equation (3.26) is
satisfied.

The magnitude of the drain current at the fundamental frequency is expressed as:

1y =L A (5.7)
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and the magnitude of the drain voltage at the fundamental frequency is expressed as:

v=Peo v (5.8)

T

The output power at the fundamental frequency is expressed as:

1 1 4V, | Vool
Pfo :_Vl' |1 _E_ ﬂDD . M2AX _ DDﬂMAX W (59)

The DC power of a Class-B biased device is given by (Colantonio, Giannini & Limiti, 2009:271):

Poo =Voo - Ine :\% W (5.10)

Consequently, the theoretical PE is expressed as:

P, Vool max T
PE = —--100% = . -100% =100% (5.11)

DC T ob ' max

The impedance presented by the load network to the drain of the active device determines the
magnitudes of the drain current and voltage, as well as the shape of these waveforms. This

impedance, using Ohm’s law, is given by:

=R

I opt '

8.
T
7 —

) MAX Q (5.12)
0 , heven
o0

To obtain a maximum PE, the output port (drain) of the active device must be terminated in an

impedance value of Z =R, Q for n=1, Z =0Q forn=even and Z =00 Q forn =odd,

as shown in equation (5.12). These optimum impedance values will ensure that the waveforms are

a square-wave drain voltage and half sine-wave drain current.
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Colantonio, Giannini & Limiti, (2009:184) suggest that the control of the higher-order harmonic
components is not justified, since a minimal improvement in PE is obtained at the cost of a
significant increase in circuit complexity. In practice, only the amplitude of the harmonic

components f wheren=2,3 are reduced, that is, filtered out, resulting in a high PE being

achieved, a philosophy which will be incorporated in the design of this class-F PA.

5.3 Limitations Effecting Maximum PE

The efficiency of a PA is typically limited by the effect of the parasitic components in an active
device. Such components include the total output capacitance which predominantly consists of the
drain-source capacitance (Cps). Also, the bond wire and the lead inductance of the transistor
package (Lout) significantly limit the achievement of a maximum PE. The parasitic components
alter the relationship between the phase of the drain current and voltage waveforms and which
must be eliminated to minimise the limitations imposed on the PE of the PA (Grebennikov,
2011:70-72).

If possible, Cps of the transistor should be incorporated into the load network as one of the
capacitive elements, thus minimising its influence on the PE. Moreover, at high harmonic
frequencies, the impedance of Cps will be lower, thereby shorting to ground the higher harmonic
components, thus eliminating the necessity for the removal thereof.

If possible, the parasitic lead inductance of the bond wire should also be absorbed into the load
network. That is, the value of this inductor can form part of the first series component in the load
network. This can be achieved by selecting the first series component of the load network to be an

inductive transmission line section.

5.4 Transmission Line Theory

To complement the detailed explanations of the functioning of the load network, a brief review of

transmission line theory will now be presented.
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Figure 50: Loaded Transmission Line Section (Adapted from Pozar, 2012:57)

From transmission line theory the impedance transformation equation is expressed as:

2(d)=| ZtZetanh(yd) 1, g (5.13)
Z,+Z, tanh(yd)

where, y = propagation constant of the transmission line
d = distance from Z, to the input port of transmission line
Z, = characteristic impedance of transmission line
Z, =load impedance of transmission line

When d =1 meters then equation (5.13) provides the impedance at the input port of the

transmission line, that is Z,y .

ZIN
IIN IL
) O——
Zs 0
V|N ZO! a’ ﬁ; V V|_ [] ZL
€.pp (1) 1 1
9 O—
d:Ii +d < i d=0
& ' >

Figure 51: Transmission Line Parameters (Adapted from Pozar, 2012:57)

The propagation constant is given by:
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y=a-+jp per unit length (5.14)

where, oc:M
m
2
B 7

g9
| : the physical length in meters

p : the electrical length in radians

If the transmission line is considered lossless, then « =0 Nepers, and equation (5.14) reduces to:

. Nepers
7/| Lossless — Jﬂ ’ p (515)
m
Equation (5.13) then simplifies to (Pozar, 2012:59):
Z, + jZytan(pI)
Z,(d)=| == 0 z Q 5.16
w(d) {ZO+jZLtan(ﬂl) ° (5.16)

Since the transmission lines used in this load network are short enough to be considered lossless,
equation (5.16) will be used extensively to explain the behaviour and functionality of the load

network. This will be presented in the following section.
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5.5 WHIP Network for a Class-F PA

An in-depth literature search revealed that numerous topologies for the load network have been
developed for PAs to maximise the PE. This literature study also revealed that the load network

utilised in these PAs perform four very important operational functions, namely that of:

e Wave-shaping
e Harmonic suppression
e Impedance transformation

e Parasitic component absorption

The load network proposed in the following section will hereinafter be referred to as a WHIP
network, the name of which is based on these operational functions.

5.5.1 The Proposed WHIP Network

The proposed WHIP network topology, that will be implemented in this Class-F PA, is shown in
Figure 52.

Zet(fo) = Roth . Zr,
Ze(2f)=0 Q  Deviee  TLLf |3 /8atf,
Znet(3f0) =0 Q r P_ariSIHC TL3
A B
O—t--@--ceenes : [ 1
| : | Z113
| 232 Cps | Zri Zria
| | TL2| [ag8atf, T4l [a12atf, S RL

Figure 52: The Proposed WHIP Network

The WHIP network presented in Figure 52 is based on the network topology presented by

(Grebennikov, 2000) where the %9 transmission line has been replaced by two %9 transmission line

sections (TL1 and TL2), one with an open-circuit load and the other with a short circuit load.
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This proposal is based on the research performed by Thian, Barakat & Fusco, (2015:661-662) who
demonstrated that these open- and short-circuit %9 stubs will provide a much lower impedance

value at their input ports to that of a short-circuit ]Tg stub. This lower impedance value significantly

improves the harmonic filtering function of the WHIP network, hence suggesting the possibility
of an improved PE. Since the physical length of a % stub is half that of a ;Tg stub, a lower

impedance value will be presented at its input port and hence an improved short circuit termination.
The actual impedance presented by the input port of a %9 stub section is half that of the ’179 stub

section and is mathematically verified in Appendix A.
The detailed functionality of the proposed WHIP network will now be presented:

Referring to Figure 52 and at the fundamental frequency (fo), transmission lines TL1 and TL2 have

physical lengths of %gmeter and their combined physical topology forms an open-circuit at node

A. Hence, the WHIP network is transformed into the circuit topology illustrated in Figure 53.

Znet(fO) = Ropt Q
Zri3

TL3

...E... Cobs Zt14 §
..... . TL4 R
; 212 at fy L

Figure 53: Equivalent WHIP Network at fo

One of the functions of the WHIP network is to convert the load resistance, R, into the optimum
value of resistance, Ropt, Which will ensure maximum power is dissipated in the load. This
impedance transformation is optimised by adjusting the characteristic impedance and the physical
length of TL3 as well as the characteristic impedance of TL4 (Schmelzer & Long, 2006). The
physical length of TL3 was determined from the equation for its electrical length given by
(Grebennikov, 2000):773:

6?TL3:£tan’l 1 7 radians (5.17)
3 3Z,0,Cps | 6
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Referring to Figure 52, and at 2fo , the physical lengths of TL1 and TL2 will be %9 meters long and

their combined physical topology presents an ideal short circuit at node A. The resulting equivalent

circuit of the WHIP network at 2fo, is illustrated in Figure 54.

Znet(ZfO) =0Q

pubioy sic

Figure 54: WHIP Network Equivalent Circuit at the Second Harmonic Frequency

Referring to Figure 52 at 3fo, transmission lines TL1 and TL2 have physical lengths of “Tg meters

and their combined physical topology forms an open circuit at node A. The physical length of
transmission line TL4 is ]Tg meters, and will transform the open-circuit load of TL4 to a short
circuit at node B. The physical length of transmission line TL3 is selected such that it behaves as
an inductive element and with the parasitic component Cps forms a parallel circuit, resonant at 3fo,

with the subsequent, very high impedance at its input port. The equivalent circuit at 3fp is illustrated

in Figure 55.

Zet(3fg) = 0 Q

Figure 55: WHIP Network Equivalent Circuit at the Third Harmonic Frequency
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At the fundamental frequency, TL3 can be lengthened by %9 meters (electrical length of 60°) to

provide fundamental matching versatility. At 3fo a multiple of ’179 meters does not influence the

harmonic termination as detailed in equation (5.17).

5.6 Conclusion

In this chapter, a mathematical analysis of the required performance of the WHIP network was
presented and supported with appropriate time-domain representations of the drain-source
waveforms of the active device.

The main parasitic component of the amplifying device which limits the attainment of a maximum
PE was presented. It is imperative to incorporate the parasitic component into the functionality of
the WHIP network to achieve a higher PE. The topology and functionality of a wave-shaping,
harmonic suppression, impedance transformation and parasitic absorbing network were presented.
It was clearly explained that by using various lengths of transmission line sections, that the optimal
terminating impedances required for Class-F operation were achieved. The detailed theoretical
analysis of the proposed WHIP network indicates that it will suffice in providing the optimal

impedance terminations for Class-F operation.
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Chapter 6

Design of a Class-F PA with a WHIP Network

6.1 Introduction

The detailed design of a Class-F PA incorporating the WHIP network as introduced in section 5.5
will now be presented. This section will include the selection of a suitable active device, the
determination of the DC bias point using the load-line technique, the design of the WHIP network,
the design of a matching network at the input port of the active device and finally perform a
stability analysis of the complete PA using the STAN software tool provided by AMCAD
Engineering. The electronic design automation (EDA) software used throughout this process is
Keysight’s Advanced Design System (ADS).

6.2 Transistor Technology and Device Selection

The transistor technology chosen for this PA was the Gallium-Nitride CGH40010F FET available
from Cree. The CGH40010F FET is one of the most popular and widely used transistors in modern
PA design. The device was selected because it has well-defined and mature linear and non-linear
simulation models which allow for valid conceptual circuit design. Also, this device has delivered
excellent performance results in numerous PA circuits and was readily available. The

specifications of the active device are as detailed in the device datasheet in Appendix B.

Figure 56: The CGH40010F GaN Device by Cree
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6.3 DC Operation Simulations

For a PA to conform to Class-F operational conditions it must be biased in the classical Class-B
mode, which requires that the DC bias point should be selected at cut-off. Figure 57 and Figure 58
illustrate the respective 1V plots and the equivalent DC circuit. The device was biased according
to the recommended gate-source voltage, Ves = —2.680 V, a drain current of Ip =0.248 A, and a
drain-source voltage of Vps = 28V. The transconductance curve was determined to verify the value

of transconductance at the selected bias conditions.

IV Curves - Ip Vs Vpg Om VS Vas
gm
10
Marker m1 i
Vosi 28V 0.8 m
Ip= 0248 A i
Vs = -2.680 V 0.6
Marker m2 0.4
Ves= -2.675 V
Om= 0.683 0.2
Vps= 28 V i
0.0
o B VGS(V)
Vps (V) -4.0 -35 -3.0 25 2.0 -15 -1.0 0.5 0

0 5 10 15 20 25 30 35 40

HlIF

]
Ves DC Feed § DC Feed Voo
nse
|_ 11
DC Block |J 110
l l Cree CGH40010F DC BlOCk

W

B Vos
Terml Term2
Z=50 Q Z=50 Q

Figure 58: DC Bias Circuit
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6.4 Design of WHIP Network

The WHIP network as proposed in section 5.5.1 was designed to operate at a frequency of 2.2 GHz.
The parasitic component of the CGH40010F GaN active device was obtained from the datasheet
as Cps = 1.31pF. The Zg of transmission lines TL1 and TL2 were selected as 70 Q to achieve a
minimum impedance at their input ports at 2fo. The characteristic impedance for TL3 and TL4 was
selected as 50 Q. Equation (5.17) was used to calculate the electrical length of TL3, and the
electrical lengths of TL1, TL2 and TL4 were calculated using:

EL(6,,) = PL(/ig)xi—ﬁ radians 6.1)

9

where, EL= electrical length in radians
PL= physical length in terms of 4

Hence, GrL1 = G2 = 45°, G113 = 66.245° and G114 = 30°.

The optimum resistance, Ropt, Was calculated using the load-line technique and equation (5.12) to
be 91.515 Q. Variables Zr 3 and Zt4 were adjusted (Schmelzer & Long, (2006)) to present a value
of resistance as close to Ropt as possible. The equivalent network shown in Figure 53 was simulated
in ADS with Z73 =54.3 Q and Zt4 = 23 Q and the input and output return losses, (IRL and ORL)

are shown in Figure 59.

ml m2
fo=22GHz fo=22GHz
Sy, =-28.77dB Sp =-28.77dB

0 0

5 -

10 -10=
@ 15" g/ -15=
¥ &
0y -207] 207

25 1 -25 2

30 -30-]

B e i L L B B LR R R e R R R R R R

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
f (GH2) f(GH2)

Figure 59: IRL and ORL of the Equivalent WHIP Network at fo
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The IRL (S12(dB)) and ORL (S22(dB)) of 28.767 dB each indicate correct impedance transformation
at fo.

The final WHIP network with the calculated electrical transmission line lengths is illustrated in

Figure 60.

Zr =70 Q
45° at2.2GHz

1
|
Zr;=54.3Q

+ i
 1a1or 66.245° at 2.2GHz
j|j ps TP Zr,=700 =230 §R|_

45° at 2.2GHz 30°at2.2GHz

Figure 60: Final WHIP Network

The WHIP network in Figure 60 was simulated in ADS to verify harmonic suppression and

impedance termination, the transfer function (Sz1 (dB)) of which is illustrated in Figure 63.

Transfer Function

Sa1 (dB) ml
7] (—! m1 m4
i h!\ f,=2.2 GHz 4f,=8.8 GHz
50 W Sy (dB) = -0.005 Sy (dB) =-212.336
E m2 mb5
1007 2fy = 4.4 GHz 2f, =13.2 GHZ
] 521 (dB) =-221.210 821 (dB) =-199.947
1503 m3 mé6
1 M3 hs 6 3f, = 6.6 GHz 3f, = 17.6 GH1
e A 4
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-250- T T T T T T " T "1 T T "1
0 2 4 6 8 10 12 14 16 18 20 f(GHZ)

Figure 61: Transfer Function of WHIP Network
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The marker m1 on the transfer function in Figure 61 indicates that at the fundamental frequency
there is a minimal insertion loss of 0.005 dB. The first odd harmonic indicated by marker m3 is
suppressed with an attenuation of 195 dB. The even harmonics represented by markers m2, m4,
m5 and m6 are suppressed by 221.2 dB, 212.2 dB, 199.9 dB and 204.3 dB, respectively. These
results indicate that the WHIP network is providing significant suppression of the harmonic

Components.
Input Impedance
|Zin] (€2) m3
4.0E4 ¥ ml
] f,=2.2 GHz
4 |Zin| = 85.080
3.0E4 m2
1 2fy=4.4 GHz
u |Z|N| =35nQ
2.0E4__ m3
] 3f, = 6.6 GHz
. |Z|N| =39.48 kQ
1.0E4__ m4
] 4fy=8.8 GHz
4 Zin| =3.5nQ
_ ml m2 m4t 12 L
A 4 Y A | 2
00 ' | ' 1 ' 1 ' 1 f(GH2)

0 2 4 6 8 9

Figure 62: Impedance Presented by the WHIP Network

Considering Figure 62, the markers of the even harmonic components, that is markers m2 and m4,
indicate that an extremely low impedance value of 3.5 nQ, which can be considered as a short
circuit, is presented at the input port of the WHIP network at these frequencies. Marker m3, which
indicates the first odd harmonic frequency component, indicates that a relatively high impedance
of 39.48 kQ is presented at the input port of the WHIP network at this frequency. At the
fundamental frequency, the WHIP Network is presenting an impedance of 85 Q which is the
closest compromised reached when tuning Zris, 6713, and Zri4 (Schmelzer & Long, 2006:97) to
obtain the desired optimum load resistance of 91.515 Q. The results indicated in Figure 62 clearly
show that the WHIP network satisfies the conditions in equation (5.12).

Considering Figure 63, at the fundamental frequency, that is marker m1, the magnitude of the input
reflection coefficient is very close to zero indicating a maximum transfer coefficient of the WHIP

network, and which coincides with marker m1 in Figure 61. Marker m2, which indicates the first
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even harmonic component, shows a magnitude of the reflection coefficient of 1, indicating a
minimum transfer coefficient of the WHIP network, and which coincides with marker m2 in Figure
61. Marker m3, which indicates the first odd harmonic component, shows a magnitude of reflection
coefficient of 1, indicating a minimum transfer coefficient of the WHIP network, and which

coincides with marker m3 in Figure 61.

Input Reflection Coefficient

ml
fo=2.2GHz
Sy =0.032/-178.941°
Z,n = (46.858 - j0.056) Q

2 m2
s m ik 3 2fy =4.4 GHz

21 Sy =1.000/-180.000°
Zyn = (1.928n - j2.361f) @

m3
3f; = 6.6 GHz
S;1 =1.000/-0.263°
Zin = (5.699M - j21.75k) Q

f (1 MHz - 8.8 GH2)

Figure 63: Harmonic Suppression and Termination

6.5 Design of Input Matching Network

For maximum power transfer, it is necessary to provide optimum matching on the input port of the
active device. ADS was used to determine the gate-source impedance of the active device to enable
a suitable matching network to be designed. Figure 64 depicts the simulated gate-source

impedance of the active device, denoted Zn.
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Figure 64: Simulated Gate-Source Impedance of Active Device Terminated in WHIP Network

A single stub microstrip matching network was designed to match the gate-source impedance of
the active device to 50 Q using a Smith chart. The transfer function (S21(dB)) and the IRL (S11(dB))
of the input matching network are illustrated in Figure 65. An IRL of just over 34 dB and a
maximum forward transfer function were obtained at 2.2 GHz which indicates a reasonable degree

of matching with minimal insertion loss.
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Figure 65: Performance of Input Matching Network
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6.6 Simulated Performance of the Ideal PA Schematic

To validate the conceptual operation of the PA, harmonic balance simulations were performed in
ADS on the circuit illustrated in Figure 66. The capacitors labelled C. are utilised for RF coupling
and DC blocking. The capacitors labelled Cyy are utilised as bypass capacitors. The resistor R is
implemented for stability of the PA (Grebennikov, 2011).

Cyy=10nF Ves =-2.675V

Ili

Cc=10nF

Z,=50Q
P = Pas (dBm)

Figure 66: Initial Ideal Circuit of PA

Ilustrations of Vps(t) and Ips(t) at an input power of 33dBm are shown in Figure 67.
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Figure 67: Simulated Drain Waveforms of Ideal PA Circuit

The simulated values for gain, Pout, PE and PAE are illustrated in Figure 68.
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Figure 68: Simulated Values for Gain, Pout, PE and PAE
Initial simulations at fo resulted in a gain of approximately 15 dB, a maximum output power at of

38.435 dBm, a maximum PE of 75.705 % and a maximum PAE of 73.477 %. These initial

simulated results validate the conceptual operation of this Class-F PA.
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6.7 Stability

A two-port network might to oscillate in the presence of certain passive source and load
terminations. It is important to incorporate a stability analysis in the design of a PA to ensure stable
performance. The existence of feedback loops is predominantly the cause of unstable amplifiers
and are formed due to the non-zero value of Si2. This non-zero value results in the creation of
reflections and the higher gain from a PA results in higher power levels being reflected from the
device load and can potentially cause the magnitude of Si1 to exceed unity (Louw, 2015:22). A PA
that does not oscillate regardless of the source and load terminations is said to be unconditionally

stable. When an active device oscillates with certain terminations it is potentially unstable.

Stability performance of electronic devices is an extensive research area and is not covered in its
entirety within the work of this thesis. An overview of stability performance will be presented
related to linear and non-linear stability followed by appropriate simulations to validate the
stability of this PA.

6.7.1 Stability Analysis of a Linear Network

Unconditional stability or potential instability of a linear two-port network is determined by the
small signal S-parameters of the active device, and the terminations to this active device. Instability

can be detected by determining the Rollet stability factor (K), the magnitude of the determinant of
the S-parameters ‘A ‘ and the Linville stability factor («). The satisfactory and necessary conditions

for unconditional stability are:

K>1 and |4|<1 (6.2)
where,
= 1-[Sy[ =[S +]4[ 63)
2|812821| .
and,
|A | = S11822 _812821 (6.4)
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The Linville stability factor («) can be used as a standalone parameter for stability analysis of a
linear network. The condition for unconditional stability is given by:

1-S,|° g
S22 -4 811* + |812821|

H= ‘ (6.5)

Stability analysis of a non-linear network by using equations (6.2) and (6.5) may result in
unreliable parameters and as such cannot be used (Dellier, 2012:3).

6.7.2 Stability Analysis of a Non-linear Device

Techniques have been investigated and developed to analyse the stability of non-linear circuits
such as PAs. AMCAD Engineering has developed a stability analysis (STAN) tool to analyse the
stability of non-linear circuits and this STAN software was kindly made available for use in this

work.

The STAN tool can detect oscillations such as parametric oscillations in PAs which could be
related to the input drive signal. The STAN tool uses analysis of the frequency response of a PA

to identify the pole/zero map and thereby the stability of the PA.
The setup for the analysis consists of determining a node within the PA circuit. According to
(Dellier, 2012) any point can be selected as a node of analysis in a circuit which exhibits a simple

and clear feedback structure.

Firstly, the frequency response of the PA must be obtained with regards to its large-signal regime.

This is achieved by using ADS to perform a non-linear simulation.

Secondly, the frequency response needs to be identified to acquire the transfer function and its
corresponding poles and zeros. This is achieved by using the STAN tool.
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A multi-node analysis is then performed to analyse the stability of the PA and to determine the
nature of any instability. The PA is stable if no poles are present on the right-hand side of the

imaginary axis of the pole-zero plot.

The above-mentioned procedure is performed on this Class-F PA at an input power of 28.5 dBm
where the frequency of the input signal is swept from 0 - 6 GHz. The corresponding pole-zero plot
is shown in Figure 69 where the complex coordinates of the poles and zeros are plotted versus

frequency.
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Figure 69: Complex Coordinates of the Pole-Zero Plot vs Frequency

Figure 69 shows the non-existence of poles on the right-hand side of the complex plane in the pole-

zero map, hence the PA is considered stable under these simulated conditions.

The stability analysis of the PA is also checked for an input power level swept from 0 - 35 dBm.

The corresponding complex coordinate plot of the poles and zeros is shown in Figure 70.
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Figure 70: Complex Coordinates of the Pole-Zero Plot vs Frequency for a Swept Input Power

Figure 70 reveals the existence of two poles on the right-hand side of the complex plane at
4.1 GHz. The device can be made stable by increasing the value of the stabilising resistor
connected to the gate of the active device (Dellier, 2012). This stabilising resistor was increased
from 100 Q to 110 Q and another stability analysis conducted which resulted in the pole-zero plot

shown in Figure 71.
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Figure 71: Pole-Zero Plot vs Frequency of PA with Increased Stability Resistor
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Figure 71 reveals the non-existence of poles to the right-hand side of the complex plane, hence the
PA is deemed stable from 0 - 6 GHz when the input power level is swept from 0 - 35 dBm.

6.8 PCB, Layout and Simulations

The simulations presented in section 6.6 were performed under ideal conditions and do not take
into account the transmission line T- and cross-sections used to connect the actual transmission
lines used in the PA. The actual physical dimensions of the transmission line sections in the PA
were determined using the LineCalc tool provided in ADS. The physical layout incorporating these

T- and cross-sections used to join the transmission line sections in the PA is shown in Figure 72.
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Figure 72: Final Schematic Diagram

The PCB for the PA was constructed using the layout tool provided in ADS and is shown in Figure
73. The substrate chosen for the PA was Rogers RO4003C with a thickness of 0.51 mm. The
Momentum EM Simulator within ADS was used to characterise and generate an equivalent S-

parameter model of the layout component and is shown in Figure 73.

75



Figure 73: Layout Component of PCB

The S-parameter model of the PCB layout was used with the models of the actual circuit
components which were obtained from the component vendors. An EM co-simulation was then

performed in ADS, the results of which are shown in Figure 74.
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Figure 74: Momentum Simulated Results for PE, PAE, Gain and Prrout
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Gain (dB)

The following parameters were obtained: a peak PE of 84.162 % at Prrin = 35 dBm, a peak PAE

of 76.6 % at Prrin = 29.8 dBm, as depicted by markers m1 and m2, respectively. A peak Prrout Of

39 dBm at Prrin = 24 dBm as depicted by marker m3. The gain at an input power level

corresponding to the peak PAE is 8.72 dB and is depicted by marker m4.

The compression characteristics of the PA were investigated, and the simulated parameters of the

input and output compression points are shown in Figure 75.

ml m2
Prrin = 1.47 dBm IP1gg = 18.24 dBm
Gain=20.17dB Gain=19.16 dB

2

4 ml
20— X m2
18—
16
14
12
10
DIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 5 10 15 20 25

Prein (dBm)

30

PRFoul (dBm)
Linear Gain (dB)

m3
IP1gg = 18.24 dBm

OP4g = 38.41 dBm

50—

457

40—

357

30

257

20

0

LA L L L N I L Y I N L B 7 LB

5

10

Prein (ABM)

Figure 75: Simulated Results for IP1¢s and OP14s
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Figure 75 shows a simulated 1P1gg of 18.24 dB and an OP1gg of 38.41 dBm. The corresponding
gain at 1 dB compression is 19.16 dB. The highest PE is achieved when driving the PA into

compression. Figure 76 shows that a PE and PAE of just above 50 % is achieved at the start of

compression.
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Figure 76: PE and PAE at IP14g Point

The performance of the PA was evaluated under conditions where the supply voltage was varied
and the simulated results are shown in Figure 77. Such conditions were investigated to observe the
behaviour of the PA and its ability to maintain functionality under reduced power supply
conditions which typically may be experienced in a CubeSat as the battery power reduces over
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Figure 77: Simulated Performance with Varied Vpp

Figure 77 (a) shows that the PAE reduces from just above 75 % to just below 64 % as Vpp is
decreased from 28 - 10 V, whereas the PE increased very slightly from 79 % to just below 84 %.

The reason for this slight increase in PE, at lower values of Vpp, is that the DC power has decreased
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F’RFout (dBm)

slightly more than the RF output power hence the slight increase in PE at lower values of Vpp.
Figure 77 (b) shows that as Vpp is reduced both the DC supply power (Pop (dBm)) and the RF
output power (Prrout (dBm)) decrease. Ppp decreases from just below 40 dBm to just above 31
dBm, whereas Prrout (dBm) decreases from just below 39 dBm to just below 31 dBm. The gain
also decreased from just below 14 dB to just above 6 dB. The results in Figure 77 show that even
when there is a significant reduction in DC supply voltage that both the PE and PAE remain above
64% which is still significantly better than the PE of 25 % in the existing PA as used in ZACUBE-
2.

To evaluate the bandwidth of the PA, the variation in PE, PAE and Prrout Were simulated, at an

input power level of 29.8 dBm, from 2 GHz to 2.3 GHz. The variation in these parameters is shown

in Figure 78.
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Figure 78: Variation in Simulated PE, PAE and Prrout Versus Frequency

Figure 78 shows that the PA maintains an output power level well above 36.5 dBm from 2 GHz to
2.3 GHz with a peak output power level of 39.76 dBm at 2.07 GHz. A peak PAE of 77.15 % is
obtained at 2.16 GHz and a peak PE of 80.39 % at 2.18 GHz. A PE and PAE above 48 % are

maintained from 2 - 2.3 GHz.
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6.9 Conclusion

The simulated performance parameters of the WHIP network shown in Figure 61, Figure 62, and
Figure 63 as well the waveforms for Vps(t) and Ips(t) shown in Figure 67 suggest that this very
efficient PA is a Class-F PA. This is further confirmed by achieving a simulated PE of 82.08 %
and a PAE of 76.6 % at 2.2 GHz.

Furthermore, this PA delivers a PE and a PAE of more than 48 %, and an output power level well
above 36.5 dBm, from 2 GHz to 2.3 GHz.

Also, this PA delivers a PE above 79 %, a PAE above 63 %, and a Prrout above 30 dBm when the
supply voltage is varied from 28 down to 10 V.

The highest value of PE achieved was 84.16 % at a frequency of 2.2 GHz and an input power level
of 35 dBm. The highest value of PAE achieved was 77.15 % at a frequency of 2.16 GHz and an
input power level of 29.8 dBm. The maximum RF output power delivered to the load was

39.76 dBm at a frequency of 2.07 GHz at an input power level of 29.8 dBm.

The maximum gain achieved was just above 20 dB which dropped to 19.16 dB at Pigs. The IP1d8
and OP1gg points of the PA are 18.24 dB and 38.41 dB respectively, with a corresponding gain of
19.16 dB

The stability of the PA was evaluated using the specialised STAN tool, specifically designed to
analyse the stability of non-linear circuits. This STAN tool evaluation revealed potentially
instability of the PA at 4.1 GHz, which was then rendered stable from 0 - 6 GHz, with a swept

input power level from 0 - 35 dBm, using an increased gate resistor value.
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Chapter 7

The Constructed PA

7.1 Introduction

In this chapter, the construction of the Class-F PA is presented. The procedures followed during
the measurement process are presented and explained and finally, the measured performance

parameters are also presented. The constructed prototype PA is shown in Figure 79.

DC Supply Terminals

A\ ]
Input Port b | : Output Port
€ 7 g
o
= 4l )
Input Matching WHIP Network
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Figure 79: The Constructed Prototype PA

7.2 Measurements

To conduct accurate measurements of the constructed PA, specialised instruments are required,
the setup of which is illustrated in Figure 80. The signal generator used for the measurements is
an Agilent N9310 9 kHz - 3 GHz RF Signal Generator. The generated signal was applied to a
Mini-Circuits ZVE-2W-272+ pre-amplifier with a gain of 20 dB to ensure a sufficient level of the
input signal to drive the PA into compression. A Quest SM2023T isolator was used to isolate the
Mini-Circuit pre-amplifier and the PA. The attenuation of the isolator was measured as 0.5 dB and

is shown in Figure 81.
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Figure 80: Instrument Setup for Measurements

The constructed PA is indicated by the red block in the measurement setup shown in Figure 80.
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Figure 81: Measured Attenuation of the Isolator

A 40 dB attenuator was connected to the output port of the PA to limit the level of the signal at the
input port of the spectrum analyser to prevent damage thereof. The measured attenuation of the
attenuator was 40.969 dB and is shown in Figure 82. An Agilent E4404B spectrum analyser was

used for spectral and power measurements.
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Figure 82: Measured Attenuation of the Attenuator

The performance of the pre-amplifier was measured, and the results are shown in Figure 83.
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Figure 83: Gain and Output Power Measurements of the Pre-Amplifier

Figure 83 shows that the Mini-Circuits pre-amplifier, at 2.2 GHz, produces an average gain of

33 dB and a peak output power level of 33.5 dBm at an input level of 0 dBm.
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The PA was biased at Vps = 28 V and Vs = —2.68 V as per the datasheet of the active device. The
performance parameters of the constructed PA were then measured at 2.2 GHz by increasing the
level of the applied signal in 1 dBm increments from -34 dBm to 0 dBm. At each increment, the
DC input power to the constructed PA was calculated and then the PE and PAE were calculated

using equations (3.19) and (3.20).

7.3 Performance Measurements

A frequency sweep revealed that maximum PE and PAE could be achieved at 2.1 GHz. The PE
and PAE of the constructed PA were measured at this frequency, and the results are shown in

Figure 84.
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Figure 84: Measured PE and PAE at 2.1 GHz

A PE of 82.12 % was measured at Prrin = 32.47 dBm and a PAE of 72.4 % at Prrin = 28.87 dBm.

Prrout and gain were measured versus Prrin and are shown in Figure 85.
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Figure 85: Measured Prrout and Gain vs Prrin

Compression in the PA starts approximately at Prrin = 25 dBm with Prrout = 37 dBm. The PA
achieves a peak output power of 40.06 dBm.
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Figure 86: Measured Ppp and Prrout VS Prrin

The maximum Ppp of 41.12 dBm was supplied to the PA and a maximum Prrout = 40.06 dBm was
delivered to the load, both at Prrin = 28.87 dBm. The variation in power delivered to the load was

measured by varying the frequency of the applied signal from 1.9 GHz to 2.25 GHz, at
Prrin = 30.86 dBm. The measured parameters are shown in Figure 87.
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Figure 87: Measured Saturated Prrout Versus Frequency at Prrin = 30.86 dBm

The level of Prrout is greater than 39 dBm from 1.9 GHz to 2.2 GHz with a peak Prrout Of
39.94 dBm at 2.15 GHz, and a minimum Prrout 0f 35.87 dBm measured at 2.25 GHz. The variation
in PE and PAE versus frequency was measured by varying the frequency of the applied signal
from 1.9 GHz to 2.25 GHz at a Prrin 0f 30.86 dBm. The measured parameters are shown in Figure
88.
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Figure 88: Measured Saturated PE and PAE vs Frequency at Prrin = 30.86 dBm
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At 2.1 GHz, the PA achieves a maximum PE of 81.18 % and a maximum PAE of 70.91 %. The
PE varies from 72.02 % at 1.9 GHz to 65.63 % at 2.2 GHz and drops off to 39.1 % at 2.25 GHz.
The PAE varies from 62.16 % at 1.9 GHz to 56.19 % at 2.2 GHz and drops off to 26.76 % at
2.25 GHz.

The variations in Prrout, PE, and PAE of the PA were measured by varying Vpp from 10 - 28 V

and are shown in Figure 89 and Figure 90. Prrin Was set at 30.86 dBm for these measurements.
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Figure 89: Measured Prrout VS Vop at Prrin = 30.86 dBm

The PA achieves a maximum Prrout just below 40 dBm at 28 V and a minimum Prrout Of just below
33dBmat 10 V.
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Figure 90: PE and PAE vs Vpp at Prrin = 30.86 dBm

The PA achieves a maximum saturated PE and PAE of 82.63 % and 72.13 %, respectively at Vpp
=27 V. The PE varies from just above 68 % at Vpp = 10 V to just below 83 % at Vpp = 27 V. The
PAE varies from just above 24 % at Vpp = 10 V to just above 72 % at Vpp = 27 V.

7.4 Comparisons

A comparison between the simulated and measured performance parameters are presented in Table
5.

Parameter Simulated Prrin (dBm) Measured Prrin (dBm)
PE (%) 84.16 35 82.12 32.47
PAE (%) 76.6 29.8 72.4 28.87
Output Power (dBm) 39 24 40.06 28.87

Table 5: Comparison between Simulated and Measured Parameters

The measured PE and PAE of the PA correlate very well with the simulated results and the output

power level measured exceeds the simulated value.
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A comparison of the performance parameters of this PA and other PAs are presented in Table 6.

Class f PE | PAE | Output Power | Technology Reference
(GHz) | (%) | (%) (dBm)
F 2 - 80.1 40.7 GaN HEMT (Hwang et al., 2013)
A 2.142 25 - 17 GaAs HBT ZACUBE-2
F 0.5 76 - 43.01 LDMOS (Grebennikov, 2000)
F 0.95 - 75 40 Gan HEMT (Sharma et al., 2016)
F 2.570 - 82 41.3 GaN HEMT (Xiong et al., 2014)
F 1.8 60 - 41.15 LDMOS (Lépine, Adahl and Zirath, 2005)
F 2.1 82.12 | 72.4 40.06 GaN HEMT (Ryno Nienaber, 2020)

Table 6: Comparison Between the Constructed PA and existing PAs

7.5 Conclusions

A Class-F PA was designed, built, and tested. The performance parameters of this PA were
measured, and the results indicate that the PA delivers a PE of 82.12 % and a PAE of 72.4 % at an
operating frequency of 2.1 GHz. The maximum output power delivered to the load was 40.06 dBm,

that is, an actual power of 10.14 Watts.

A PE of 82.12 % means that only 17.88 % of the DC input power is dissipated in the active device.
The output power of 10.14 W approaches the maximum output power of 13 W, as specified in the

datasheet by the manufacturer.

The simulated and measured performance parameters of this Class-F PA correlated extremely well

with an average difference of 2.9 % between simulated and measured values.

When compared to the Class-F PA of Grebennikov, (2000), this PA performs extremely well with
a higher PE but slightly less output power. However, when compared to the PAs which use GaN
HEMT technology in Table 6, all the output powers are approximately 40 dBm. The PAEs were
slightly higher than the constructed PA, but unfortunately, they did not publish the performance

parameters of their PEs.
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The current Class-A PA utilised in the F’SATI CubeSat, ZACUBE-2 has a PE of 25% and an
output power of 17 dBm. The constructed PA would provide a significant saving in wasted power
and an increased output power for the next generation of CubeSats planned by the F’SATI

program.

The constructed PA did not show any signs of instability during the measurement procedure, thus
the STAN stability analysis tool prediction was valid.

There was a slight shift in optimal operating frequency, possibly due to non-absorption of the
parasitic series lead inductance of the active device.

7.6 Recommendations

The constructed PA had a relatively high efficiency at a slightly lower operating frequency than
that simulated. This frequency shift may be avoided by utilising a wafer active device, rather than
a packaged device because a Class-F WHIP network precludes the absorption of the series lead-
inductance presented by the active device. It is thus recommended to evaluate the performance of
a Class-F PA using a wafer active device.

The simulations for the transconductance of the active device indicated that the gm obtained at the
specific biasing conditions could be varied slightly. A slight decrease in Vgs would increase the
transconductance and thereby possibly the gain, linearity, and output power of the PA. It is

recommended that gm be increased slightly, and the performance of the PA re-evaluated.

A highly linear pre-amplifier is required to supply a suitable input signal to drive the PA into
compression. A suitable pre-amplifier candidate could be a Class-D push-pull amplifier. However,

optimal performance is a trade-off between PE and linearity.

Lastly, it is recommended that a harmonic filter be implemented on the input port before the Class-
F PA to minimise the harmonic content of the input signal, thereby potentially minimising IMD
and better linearity of the PA.
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Appendix A

The impedance presented by the input port of a short-circuited Tg stub compared to a

combination of an open- and short circuit ?g stub connected in parallel.

From transmission line theory and as shown in section 5.4 the lossless impedance transformation
equation is restated below:

1 Z +jZ,tan(pl)
Z(d)= |:Zo iz, tan (ﬁl)}zo Q restated (5.16)

From equation (5.16), the impedance presented by the input port of a transmission line with an

electrical length g1, and terminated in an open-circuit, is given by:
Z(d)|ge =—jZ,cot(Bl) @ (6.6)

Similarly, the impedance presented by the input port of a transmission line with an electrical length

A1, and terminated in a short-circuit, is given by:
Z(d)|gc =—jZ,cot(Bl) @ (6.7)

The impedance presented by the input port of an open- and short-circuited transmission line of

electrical length g1, and connected in parallel, is derived as follows:
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Zp(d):Z(d)|0/c || Z(d)|5/c Q
=—jz,cot(B1)]l jZ,tan(B1)
[-izycot(B1)][ iz, tan(B1)]
[z, cot(Bl)+ jZ,tan(B1)]

Z,
[—iZ,cot(B1)+ jZ,tan(p1)]
243
 —jz,[cot(p1)-tan(B1)]
_ iz
~cot(p1)—tan(pl)
_ JZytan
Zp(d)_l—tanz(ﬂl)

which can be simplified by the double angle tangent identity resulting in:

zp(d)=% iz, tan(2p81) Q (6.8)

)
The impedance presented by the input port of a Tg stub is expressed by equation (6.7) and the

SIC
impedance presented by the input port of an open- and short-circuited pair of transmission lines

connected in parallel Z (d)=Z (d)|0/cHZ (d)|c is expressed by equation (6.8).

This mathematical analysis reveals that the impedance presented by the input port of the

A
combination of the open- and short circuit ?g stubs is scaled by 0.5 and will thus present exactly

)
half the impedance presented by the input port of the Tg stub.
SIC

This can be confirmed by simulating the impedance presented by the input port of the two networks

at an operating frequency of 1GHz as shown in Figure 91.
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Figure 92: Magnitude of the Impedance Response

A
Figure 92 also reveals that the impedance response of the ?gtransmission line combination is

narrower than that of the short-circuited Tgtransmission line, hence improved impedance loading

characteristics.
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Appendix B

Cree CGH40010 GaN HEMT Datasheet

CREE<

CGH40010

10 W, DC - 6 GHz, RF Power GaN HEMT

Cree’s CGHA0010 is an unmatched, gallium nitride (GaM) high electron
meability transistor (HEMT). The CGH40010, operating from a Z8 woh
rail, offers & general purpase, broadband solution to a wariety of RF and
microwave applications. GaM HEMTs offer high efficiency, high gain and
wide bandwidth capabilities making the CGHA4D0D0 ideal for linear and
compressed amplifier circuits. The transistor is available in both screw-

Package Types:

down, flange and solder-down, pill packages. PNi: mim‘;;ﬁ;ﬁé& 4495
HA00T 0P

FEATURES APPLICATIONS

Up to & GHz Operation 2-Way Private Radio
16 dB Small Signal Gain at 2.0 GHz Broadband Amplifiers
14 dB Small Signal Gain at 4.0 GHz Cellular Infrastructure

13 W typical P, Test Instrumentation

65 % Efficiency at P, Class A, AB, Linear amplifiers suitable for
28 V Operation OFDM, W-CDMA, EDGE, CDMA waveforms

Largs Slanal Medele Avaiiabie 1t a.zus_.‘inn MWD
e iy 9
a »
e
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CREE=

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

Pl reted Symbal RAating Units Canditions
DrairrSource Vohage Vo £ Waits =C
Gate-to-Sowrce Yoltage W M, +2 Woits 5T
Etonnge Temperatune Trm 65 +150 i
Lyt ¥ L % ©
Maximum Fonvard Gate Cument { - 40 i %'
Maximum Drain Carem’ | 15 A I5°C
mwﬂ—“ T 245 o
Erow Torque T &0 Imroz
Thenmmal Resistancs, Junction 1o Cass? Rz an W BE'C
Case Operating Tempesature™ T 40, +150 ©

Hote:

1 Current limit for long term, reliable operation

# Refer to the Application Note on soldering at www.cres comyRF Mocurment-Librany
’M—mudfor'ﬂ'ruﬂmanP‘u=14W.

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

Electrical Characteristics (T, =25°C)

Rl iz ber s

Gate Threshold Yotage: Vorins 38 1| 23 Vi Vg =10V |, = 26 mA
Gate Quiescent Yoitage Vo - 27 - Vi Vg = Z8V, |, = 200 ma
Eaturated Drain Current Iy 29 a5 - A Vg = B0V Vg = 20V
Crair-Source Breakdown Vottage Vin 120 - - Ve V= B, = 58 md
Emall Eignal Gain [ 12.5 145 - dB Vi, =T W, L, = 200 ma
Power Qutput? Paar 10 125 - w Vi, 528, Ly, = 200 mA
Crain Efficiency n 55 2] - % Vi S 28N L, = 200 mA, Py,
b damage at all phase angles,
Output Mismatch Stress WIWR - - |1 w Vi, =28, L, =200 ma,
Py = 10 W CW
| Oyramic charectertoties |
Inpirt Capacitance [ - 45 - 3 V= 2BV, =-8Y1=1MH
Output Capacitance [ - 13 - B V= 2BV, =8 1=1MH
Fosdback Capacitance G - 02 - B Vip =BV, =BV =1 MH
Hotes:

1 Measured on wafer prior to packaging.
* Measured in CGHA0010-4MF

P s defined as || = 0.36 mi.
‘Dl'nlnEH'l:hu:y:PMI.l'F'.

Copyright & 2006-2115 Cras, Inc. All rights resserved. Tha informetion n Sis doouman b subject o changs without notics. Ores and % Cres koge e
g bntmrncd trnsterriarhun of Cres, Inc.

Fice: +1.979.884 2733
s crvrur]

95



CREE=

Typical Performance

Capyright & 200820

3

= -
= = =

Gain (dB), Return Loss (dB)

=

Small Signal Gain and Retun Loss vs Frequency
of the CGH40010 in the CGH40010-AMP

-a- Da(|52. 10

240+ A6GH |28+
= DEIS. 100 -10E5dB | | -7.457dB | | -a.54848

pa
o
]

Fraquancy (GHz)

P, Gain, and Drain Efficiency vs Frequency of the
CGH40010F in the CGH40010-AMP
V=28V Im =200 mA

35 4 4.5

) /‘-_—E Eﬁmw?\""-—.‘ "

15 _.,..--""'d [— -
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Typical Performance

Swept CW Data of CGH40010F vs. Qutput Power with Source
and Load Impedances Optimized for Drain Efficiency at 2.0 GHz
V=28V Im =200 mA
18 =

AL

1w

1:-2-—--..—-‘.-

-_:H -
[, | .ii'

g 18 j l!

|l
14
-l"'"'.- =
13
0
12 .
28 = £ 3z 4 8 38 a &
Pout [dBmj)
Swept CW Data of CGH40010F vs. Output Power with Source
and Load Impedances Optimized for Drain Efficiency at 3.6 GHz
Vm=281||',|m=2llﬂm.ﬁ
1® B0
172
'E 1
b Bs
L &8
bt F
- &E

E = -IIE

]

) /'—(' ™%
12 ’/ ‘ __ﬂE
" ...-"'""!.“- k T

" \ T®
0 o
22 26 o 28 3 3 2% a7 S a1 a3

Copyright & 2006-2115 Cras, Inc. All rights resserved. Tha informetion n Sis doouman b subject o changs without notics. Ores and % Cres koge e

97



CREE=

Typical Performance

Swept CW Data of CGH40010F vs. Qutput Power with Source
and Load Impedances Optimized for P1 Power at 3.6 GHz
V=28V Im =200 mA

1 B
::H 1 64
12 —-hh-_
1 a8
1z B, i 3
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1 H . E
112
¥
L e
54 } [
= 13 7 E M = = a7 = F] a8
Simulated Maximum Available Gain and K Factor of the CGH40010F
Vm =28V, Ilm = 200 mA
e 2
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Typical Noise Performance

Simulated Minimum Noise Figure and Moise Resistance vs Frequency of the CGH40010F
Vm =28V, Im =100 mA

3 lul
A-"FFMAs L0 -E-F- B i ]
SO NS SR
ﬁ 25 233
e . . E
5 2 LG
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g 1.5 j=u}
W
£ Lo B
E 1 33 g
E 8
z 2
[ Th
0 [
0.g = 1.5 G
Fraquaency (S3Hz)
Electrostatic Discharge (ESD) Classifications
= ———m=
Par areted Bymibbal Clasa Teai Mathadology
lemﬂnd'rb\ndl HEM TA= 2560 W JEDEG JEBIEE ATT&D
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Source and Load Impedances

=

Z Source Z Load

R

Fraquancy |MHz)

500 T+ [IETE BT+ 152
1000 B.38+ 146 414+ A5
1500 7AT+0 UG+ 29
500 219-4.76 19+@2

3500 3.18-13.3 148 +[T.46

Mote 1. ¥, = 28V I, = 200mA in the 440166 package.

Hote 2. Optimized for power, gain, P, and PAE.

Hote 3. When using this device at low frequency, series resistors should be
used to maintain amplifier stability.

CGH40010 Power Dissipation De-rating Curve
[y _—

Power Dissl pation | W)
Vv

o 25 50 TS 0 128 150 178 i Frl ] 50
Maximum Cace Temperahans (*C)

Hote 1. Area exceeds Maxdmum Case Operating Temperature (See Page 2).
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CGH40010-AMP Demonstration Amplifier Circuit Bill of Materials

Designater Description Qty
RR2 RES,1/16W0603,1%,0 OHMS 1
"3 RES,1/16W0603,1%,47 CHMS 1
R4 RES,1/16W0603,1%,100 OHMS 1

s CAR, 470FF, 5%,100V, 0603 1
ci7 CAF, 33 UF, 20, G CASE 1
cie CAR, 1.0UF, 100V, 10% X7R, 1210 1
c8 CAP 10UF 16V TANTALUM 1
ce CAR 100.0pF, +/-5%, 0603 1

[+ ] CAP, 0.5pF, +/0.05pF, 0603 1
c2 CAR 0.7pF. +/0.1p%, 0603 1
cuicen CAR, 1.0pF, +/0.1pF, 0603 2
cac2 CAR, 10.0pF:+/-5%, 0603 2
cscia CAP, 39pF, +/5%, 0603 2
cI08 CARZ3000PF, 0805100V, X7R 2
N CONN SMA STR PANEL JACK RECP 1
2 HEADER RT»PLZ.1CEN LK 2 FOS 1

J HEADER RT»PLZ .1CEN LXK 5P0S 1

. PC3, RO43508, E7 = 3.48, h = 20 mif 1

(43} CGH40010F or CGHA0DT10P 1

CGH40010-AMP Demonstration Amplifier Circuit
— ——————

' Capyright © 20062015 Crws, Inc. All rights ressrvied. The informanion b this document is subject 1o changs without notice. Cres and the Cres loge e
raglatered trademiart s of Cres, e USA Yot +1919.313.5500
Facx +1.919.880.2753
8 . 10 Rev 4 e crwme com/l
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CGHA0010-AMP Demonstration Amplifier Circuit Schematic

=
v+
1 o

L

I

1 e tn e |
sl alk o iR

[CH4CE14)
r———1

—— T
g @ @ e © 08 Tgpop_T] °
O I:I_I:I_IJ_IIJi J.Eu
= | Eu] | =
@ I — =3 .
L1} o, ol
& iﬂﬁ%@ : o
] =
o Lol i

Crem, I

4800 Slcon Drive
Copyright & 2006-2115 Cras, Inc. All rights resserved. Tha informetion n Sis doouman b subject o changs without notics. Ores and % Cres koge e Dusrhan, Morth Caroline, USA 2770
g bntmrncd trnsterriarhun of Cres, Inc. UESA Tk +1.919.9713 5300

Fice: +1.979.884 2733

9 CGH40010 Rev 4.0 T

102



CREE=

Typical Package S-Parameters for CGH40010
(Small Signal, V=28V, I, = 100 mA, angle in degrees)

Mg
500 Mtz 0909 2334 1718 10232 oy 2138 0343 081

600 Mz 090z 13306 1488 -] ooes 1560 03z E.65

TD0 MEiz o.ea7 14073 1304 DEAS ozs T0BF oam -104.84
800 Mz n.eas RFTY- 152 9178 oo (111 ony A09.84
‘D00 MET oam 15216 o4 aTE1 [ ) 2333 [=:31.7 -113.95
1.0 8Hz 0.830 A58 AT 43 mEz o (11 nae A17.42
1.1 GHz 0889 AB0AT LT B0E oo 2B o3z 20,40
1.Z23Hz m.e88 16350 783 7oz (v ) 528 [oB: 1] -123.02
13GHz 887 LB T34 7250 oo 72 na3az 1836
1.4 GHz 0887 16950 6Ez s ooz BT 0338 ATTE
1.58Hz o.ea7 1723 63 BEO5 [ ) -1Z218 0345 -129.50
1.8 GHz 0887 ATAE0 15 6578 noes 424 n3sa 43137
1.78Hz o.Ba7 AT7aT BE3 oozs 1621 0.3E0 -133.15
18EH n.887 AT8EE 532 1] nes 1209 0388 13487
1.9GHz 0887 17873 504 5741 noes BET] 0arT 13654
Z0GHz m.e88 176.7% 478 L= oEr =Z1.86 o385 -138.17
21 GHz n.8s8 17485 ass 247 oy 2238 n3ga 13977
ZZ0Hz m.e88 17302 434 L L) e -Z498 402 -141.34
Z3GHz (1E:: ] 1TMzs 415 AT 6D (i) 2056 o4 14290
4 GHz 0889 16948 297 4574 nms ZE08 o418 4445
Z58Hz (1 ) 167.78 a=: 42 50 s 955 [ 14599
28 GHT 0890 16607 a6 2059 nms 098 0434 14753
T GHz 0890 16439 as3 3830 noes 236 0442 14906
ZEBGHz o.ea0 16274 340 3603 oEs ERET LAED -150.59
29GHz 0891 16110 azs =78 oo 2407 0458 ABZ1Z
20 aHz oEm 159.45 air 55 ozs =35 [ -153.65
EZaHz (1) 15621 257 Az oez3 225 4T 15572
34GHz 0893 15296 279 %73 noez 4063 o493 15980
26 3Hz (1 E: k] 14959 254 a3 [k d 4T EZ (1.0 .3 16290
2EGHT 0894 1463 250 1405 oo 417 sy 8803
40GHz nE9s 14308 238 a7z oo 455G nsz7 8919
47 3Hz o.e9s 139860 iz G40 g = BT osar -IT239
A4 GHz 0895 13611 218 107 ome 4T.AB (12T ATELS
406 3GHz (1E: 1L 13253 209 229 g -4T.90 [R50 17895
4EGHz 0895 12855 2m T8 amy -4T.98 nEs1 17789
50 GHz 0895 12606 154 AZ10 om7 4751 n5s8 17425
SZaHz o.Eas 12105 12 ~1658 s =45 B4 oET3 TTL72
5.4 GHz 0895 nm 152 12 oms 45 6T 05T 16710
56 GHz 0895 11254 177 2573 oms -2 nsaz 163.38
58 GHz (1E: 1L 108.52 1.72 3047 s =£Z 30 (=1 1) 1E9.54
60GHz 0895 10415 188 3530 oms 4033 nsag 15556

To download the sparameters in 52p format, go to the CGH40010 Product page and click on the documentation tab.
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Typical Package S-Parameters for CGH40010
(Small Signal, V=28V, I, = 200 mA, angle in degrees)

Mg
500 Mtz 0411 3087 1841 10541 oo 1544 nana 1224
600 Mz 0906 13955 1520 AT ooes 1431 0299 119.83
TD0 MEiz maa2 146,70 1380 450 o3 1T o8 -125.50
800 Mz 0899 AB241 1232 9019 noes (Y] 099 A2985
‘D00 MET o.ea8 A157a7 1058 B34 oozs BT 0302 -133.28
1.0 8Hz 0896 AB124 a5z B ez oo L1 0308 A3L05
1.1 GHz 0896 16479 908 7958 oo 141 0309 13834
1.Z23Hz (1E: 1L 167 95 a3 Th A ozs B 5Z oang -140.30
13GHz 0895 AP0 770 28T noes T 03z 14201
1.4 GHz 0894 7341 77 Ts ooes 756 0328 14354
1.58Hz o.e9s A17EER .o n] BE0E o3 S35 o33z -144.94
1.8 GHz 0894 ATHDG 63E 65 47 noes -11.08 n33g 4824
1.78Hz [1E: 17978 ES2 292 oez3 -1ZE6 0345 -147.48
18EH 0894 17775 1 #043 noes ETLL] nasz 14868
1.9GHz 0894 176581 530 5799 noes 1565 0358 14984
Z0GHz [1E: 1 17354 S04 5559 oz -17.05 [=R:1 . 15099
21 GHz 0894 17213 a0 533 o 1239 nare AB212
ZZ0Hz o.e9s 17027 458 s oz TRET [=B:ri ) 15326
Z3GHz o.Eas 16855 43 4251 oz =250 o386 -154.39
4 GHz 0895 16696 4633 oo ZZ08 n39a BS54
Z58Hz o.Eas 16530 403 4408 ooz 22 400 15569
28 GHT 0.895 16355 as= 4184 oo 2497 o407 ABTEE
T GHz 0895 16204 374 63 oo 2528 44 15903
ZEBGHz (1E: 1L 16043 380 T4z e 2025 0420 -180.22
29GHz 0896 15853 A4m 3534 noen T8 0427 6142
20 aHz (1E: 15724 a3y 3305 En -ZE0Z 0433 18264
EZaHz (1E: 154.08 =NL B|TH g “ZRET EC 18513
34GHz 0896 15057 258 044 omg 3088 0457 ABTHD
26 3Hz (1E: 147 55 2= 008 g =195 48 1731
2EGHT 0897 14841 288 1529 ome 2278 n47m A73.00
40GHz 087 14100 258 ns om7 2230 0488 ATEIT
47 3Hz o.ea7 137.72 245 733 T 255 oaaT -1TB.61
A4 GHz 0897 13836 238 a0 om7 350 0505 178.47
406 3GHz o.ea7 130.m 236 131 s =218 (1.3 F-3 17548
4EGHz 0896 12708 217 e nms 2258 nse 17238
50 GHz 0896 12330 210 80T oms .74 o524 15916
SZaHz (1E: 11942 204 1457 s 2072 0EZ9 TE5.8E
5.4 GHz 0896 11541 158 1910 oms 2960 o534 16244
56 GHz 089G 1M2s 152 =T ome ZEAG nsay 15889
58 GHz (1E: 1L 10657 187 2540 T 2741 (1. 1] 1520
60GHz 0895 10253 182 3319 om7 2054 0543 15136

To download the sparameters in 52p format, go to the CGH40010 Product Page and click on the documentation tab.
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Typical Package S-Parameters for CGH40010
(Small Signal, V=28V, I, = 500 mA, angle in degrees)

Mag
10270 ooz
B0 Mz 0909 4357 1528 205 oo 1367 nanz 13351
TO0 Mz 0906 I3 1353 9333 oo 990 0304 138.40
800 Mz 0904 ABEHT 1233 = oo 677 0307 142.08
200 Mz 0903 6009 1095 8556 oo 408 03 14494
1.0 BHz 00z 6353 as B2 oo 17 oI 14723
1.1 GHz 0801 6729 904 o oo a4 o 149,10
1.2 BHz 0.0 A9 a3 715 oo 235 033 AB0LED
13GHz 0900 7300 789 7235 oo T n3zs 8207
1.4 BHz 0900 ATESD EAL LSS oo AT 0333 15329
1.50Hz 0900 ATTE (1 oy oo 732 0338 5441
1.6 GHz 0900 7958 62T b5 54 oo /77 0344 ES44
1.76Hz 0900 17758 581 O o 0I5 0349 5843
1.8 6Hz 0899 17600 559 BOLET oo .45 0355 5738
1.9GHz 0899 1Az 530 5830 oo 1268 0381 15830
Z00GHz 0899 17231 L1 5557 o 1265 n.3ss 18922
21 GHz 0899 17054 480 ERET oo 496 nare 8014
22 GHz 0900 16853 458 5140 oo a0 0378 AE1L06
23 0Hz 0900 16715 439 ERT omg AITm 0384 199
Z4GHz 0900 16549 a4z 4654 omg 1795 0390 8293
250Hz 0900 16357 a4 T3 oms BET: 039 8388
28 GHz 0900 16236 aE9 4254 omg 1969 o402 AB486
2T GHz 0900 16056 aTs 2037 nmg 048 o407 ABEEE
ZEOHz 0900 159.08 aez 3|71 oms nan 413 ABEEE
29GHz 0900 15751 as0 36,05 ome .89 48 AETHD
20GHz 0900 15553 3 3391 nme ZEEZ 0424 IBEDE
3T 0Hz 0900 152.79 ERE 85 ome 361 0.435 AMI2
24GHz 0900 14954 200 25 40 om7 2448 0445 7338
36 0Hz 0900 14645 285 a7 om7 511 0454 ATET3
38 GHz 0900 14333 2m 1853 om7 2551 0483 ATEAT
40GHz 0900 13954 258 1288 om7 ZEET n4m 17930
470Hz 0900 13658 247 843 ome ZEED 47 TEET
44 GHz 0899 13304 238 415 ome 2532 0488 17394
48 0Hz 0899 12951 279 a7 nms “Z4BS n4gz 7z
48 GHz 0899 12657 2 Y] ome a4 0498 16818
50 GHz 0,898 12233 213 and nms ZEE4 0503 18813
52 0Hz 0898 11838 207 1341 nme ZZBD s 1196
5.4 GHz 0898 11438 2m 1756 om7 z=n s -1
56 GHz 0897 1oz 195 1] om7 2154 0E4 18522
58 GHz 0897 10554 150 T30 ome .18 LET 15163
60 GHz 087 10151 188 3204 omg .04 s 147.87

To download the sparameters in 52p format, go to the CGH40010 Product Page and click on the documentation tab.
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Product Dimensions CGH40010F (Package Type — 440166)
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Product Dimensions CGH40010P (Package Type — 440196)
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Product Ordering Information

= —
Ovder Number Description
CGH40010F GaN HEMT Each
CGH40010P GaN HEMT Each
CGH40010F-TB Test board without GaN HEMT Each
COHA0010F-AMP Test board with GaN HEMT installed Each

Cres, e

4600 Shcon Drive
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Disclaimer

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. Mo license is granted by implication or otherwise under any patent or patent rights of Cree. Cree makes no wamanty,
representation or guarantee regarding the suitability of its products for any particular purpose. “Typical® parameters are the average
velues expected by Cree in large guantities 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 valideted by customer's technical experts
for each application. Cree products are not designed, imended or authorized for use as components in applications imtended for surgical
implant into the body or to support or sustain life, in applications in which the failure of the Cree product could result in personal injury or
death or in applications for planning, construction, maintenance or direct operation of a nuclear facility.

Far more information, please contact

Creg, Inc.

4600 Silicon Drive

Dwerham, Morth Carolina, USA 27703
wwwocres.com/RE

Sarah Miller
Marketing

Cres, RF
1.919.407 5302

Ryan Baker
Marketing & Sales
Cree, RF
1.919.407. 7816

Tom Dekker
Sales Director
Cres, RF
1.919.407 5639
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