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Abstract

The Power Amplifier is the most challenging module of a wireless network to design and
it is the highest power consumer. Lots of research has been dedicated to design highly
efficient and linear power amplifiers in the last decades. The high demand for wireless
communication systems creates the requirement for multiband transmitters and receivers.
Providing high efficiency for power amplifiers in multiband applications is even more
challenging. The work presented in this thesis is focused on designing high efficiency
frequency adaptive power amplifiers. Frequency adaptive power amplifiers are categorized in

three groups: broadband, multi-band and switched-band power amplifiers.

Two main design methodologies of frequency adaptive power amplifiers are proposed in
this thesis. They are dual-band and switched-band power amplifiers. The advantages and
limitations of their output performances are evaluated. The main goals in this thesis are
achieving high efficiency and required output power over all working bands and maintaining
consistent performance over the bandwidth. In the dual-band power amplifiers, the
distributed matching network is designed without any switches. For the dual-band power
amplifier, output power of 34.2 and 35.8dBm and efficiency of 67% and 81.3% have been
obtained in 782 MHz and 1745 MHz, respectively. Switched-band power amplifiers include a
number of possible configurations. Both of the switched-band Class-E power amplifiers have
switched shunt capacitor values. One uses a dual-band matching network with the efficiency
of about 72% in both bands while the other uses a novel switched-band matching network
and provide 60% drain efficiency in both working band. The results demonstrate the tradeoffs
between achieving consistent high performance in each band and introducing losses and

complexity in the switching design.
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Chapter 1

Introduction

Wireless communication systems transfer data between two points without physical
connection (cable). Smoke signals, torch signalling and mirror flashing are examples of very
early wireless communication system. Today, wireless communication has been playing an
important role in people’s daily life; cellular system, Bluetooth and satellite are a few
examples of the wireless systems that have been used daily by humans. The population of
internet users is increasing everyday as the Internet can be accessed in coffee shops, airports
and almost anywhere. The current communication system is congested. Therefore, the
communication world requires reliable, cost effective communication system everywhere and
always available. To meet this requirement, efficient use of radio spectrum is essential by
using unused spectrum [1]. In order to make people lives easier, the wireless communication
systems need to be more cost effective, faster and provide longer battery life. To meet these

demands, adaptable, multiband, highly efficient and linear transmitters are required.

Mobile communication system usage grows faster than other wireless communication
systems. The mobile communication system started in 1978 with first generation (1G)
cellular phone. 1G was mainly transmitting voice data. Whereas, mobile communication
systems are multifunctional now; they are able to provide lots of services to their users such
as: text, video message, video call and connecting to the internet everywhere [2]. Mobile
handsets improve everyday to offer more features to their users, improve battery life, reduce

their size and weight while maintaining the same price.




Introduction Chapter 1

In this chapter, the motivation of this research will be discussed and followed by a brief
introduction of the most challenging and power consuming component of the transmitter
(power amplifier). The last section presents the outline of the work and structure of the

thesis.

1.1 Motivation

The significant increase in demand for wireless communication systems and the
proliferation of communication standards has created interest in more efficient ways of
sharing the spectrum in the last few years. A system using the multiple radio channels and
applying intelligent decision making to optimise their deployment is called a Cognitive Radio
System. This system is an intelligent wireless communication system and uses intelligent
processing to produce flexible and reconfigurable radio network adapted to the environment

and user’s requirements [1] and [3]. This action requires three steps as follows [3]:

e Perception: use sensors to collect data from external and internal factors

e Conception: manage information from the sensors to adapt a system

e Execution: it is an optimization and adaptation mechanism.

By incoming Radio Frequency (RF) stimuli, some changes are applied to the parameters
such as: transmitter-power, carrier frequency and modulation strategy. Cognitive radio
system tries to work in frequency ranges without causing and suffering interference with
other communication systems. This task is done by scanning and detecting the unoccupied
spectra and shifts the user to those bands of frequencies. Enabling hardware to satisfy
cognitive radio system requirement is a subject undergoing intense study. The Power

Amplifier (PA) is the most difficult component of the transmitter to design for cognitive radio
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systems. Tackling this challenge motivates the author to develop PA design method to meet
this requirement with high efficiency and a particular level of output power. One possible
topology for meeting this requirement is a wideband PA, but this involves a performance
compromise. The other possibilities are multiband or switched-band PAs. All of these

topologies will be discussed more in Chapter 3.

1.2 Radio Frequency Power Amplifier (RFPA)

A Power Amplifier (PA) is used in the last stage of the transmit path. The radio frequency
PA (RFPA) converts input DC power to the sufficient level of RF energy to transmit through
an antenna. The basic topology of the RFPA is shown in Fig 1.1. It consists of an active
device (transistor). DC power feeds the transistor via the drain and passes through a large
inductor. The RF input signal connects to the gate of the transistor via a matching network
(MN) to provide matching at the fundamental frequency. This MN is called the input
matching network, shown by IMN in Fig. 1.1. The signal is transferred from the drain of the
transistor to the output port via the output matching network (shown by OMN in Fig.1.1)

which OMN provides matching at fundamental and harmonic frequencies.

DC bias

IMN OMN :I

OUTPUT

INPUT

Figure 1.1-Basic topology of RFPA

The basic idea of MNss is illustrated in Fig. 1.2, which shows a MN placed between load

impedance and a transmission line to maximize the power transferred to the load. The MN
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can be designed by transmission line or lumped elements. Conjugate matching theory sets the
value of the load impedances equal to the real part of the generator’s impedance and opposite
sign of the imaginary part. The transistor conducts less current than it can handle in this
technique, because it is based on small signal impedance concept and takes no account of the
optimum load line. Therefore, the transistor does not operate in its fully power capacity. The
transistors are the most expensive component of the PAs and it is not cost effective to waste
their power capacity. Using load-line matching in designing PA OMNs allows the designer to
use most of the devices’ power capacity and maximize the power. Fig. 1.3 is a graph of the
theoretical power characteristic of a PA which has been designed with conjugate matching
(solid line) and power matching (dashed line). Points ‘4’ and * 4"’ refer to the maximum
linear power of a PA with conjugate match and power match, respectively. Beyond these
points, the dotted lines show the extrapolated linear characteristic which the solid and dashed
lines show the actual nonlinear characteristic. 1dB compression power is also shown by ‘B’
for conjugate match and ‘ B"’ for power match. At these points, the actual powers are 1 dB
blow those given by the extrapolated linear characteristics. As it is shown in Fig.1.3,

conjugate match provides higher small signal gain and power match is able to provide more

~ Matching\
¢ Network

Figure 1.2-Matching Network Topology

output power [4].

As mentioned earlier, the PA in a mobile handset is the most power consuming component
[5] and [6]; therefore, designing high efficiency PAs has to date been a critical research area.
Higher PA efficiency results in decreasing the heat (cooler operation) and also increasing

lifetime and reliability of the device. Switched-mode PAs such as Class-F, Class-E and their
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Figure 1.3-Compression characteristics for conjugate and power match [4]

many variants, theoretically can provide high efficiency performances. Achieving high
efficiency in multiband applications is even more complex and difficult. Providing the same
performance and high efficiency in all working bands is a challenging task, because their
performances are frequency dependent due to requiring optimum output termination and
harmonic elimination in all bands at the same time. Due to this difficulty and high demand of
multiband high efficiency PAs, the research covered in this thesis explores the design of PAs

to operate with high efficiency in all frequency bands of multiband applications.

1.3 Outline of Work and Structure of Thesis

This research is mainly concentrated on developing a methodology to design highly
efficient multiband PA which can meet the requirement of cognitive radio systems. As
mentioned earlier, switched-mode PAs are good candidates to provide high efficiency
performances and in this work, Class-E PA is chosen due to its design simplicity, requirement
of slower devices compared to other switched-mode PAs and less sensitivity to parameter

variations [7]-[8]. The objectives of this work are:
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Proposing a new methodology of designing a switched-band MN to reduce the loss
and nonlinearity of switches along with an analytical solution for them, to prove
the validity and observe the coverage region of the MNs and shorten the design
time.

A methodology of designing high efficiency single-band Class-E PA  with
distributed MN has been discovered.

A dual-band Class-E PA based on the proposed single-band PAs has been designed
and delivers high efficiency performances.

One of the proposed switched-band MN has been used to design a switched-band
Class-E PA.

The effect of shunt capacitance across the transistor in a Class-E PA topology on

engineering the waveform and accordingly on the efficiency, has been studied.

The research and objective of this work is explained in the next six chapters. The content

of each chapter is discussed briefly here. An overview of all the chapters is shown in Fig. 1.4.

Chapter 1
Introduction
Y
Chapter 3
Literature review

A 4
Chapter 2
Background

Dual-Band
PAs

Switched-Band
PAs

Chapter 7
Conclusion

Figure 1.4-Overview of the thesis chapters
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Chapter 2 presents all of the basic criteria to design a PA, such as: some important
specifications (output power, gain, efficiency and linearity), classes of PAs and linearization
techniques. Also, different available switches are presented in this chapter to find the
appropriate switch for the application of this work.

Chapter 3 is a literature review on frequency adaptive PAs. This chapter starts with
studying all the possible approaches to design frequency adaptive PA: multiband and
switched-band PAs. All the reported multiband and switched-band PAs, to the author’s
knowledge, are included and discussed in this chapter. The performance and circuit diagram
of all the reported multiband and switched-band PAs are summarized in two tables.

Design, techniques and equations for the proposed switched-band MNs are discussed in
Chapter 4. Three techniques to design switched-band MNs are presented in this work. These
MNs provide the required impedances for two different frequencies by means of a detachable
stub and switching between open and short circuit stubs. Through this technique, the MNs are
capable of providing a match for more than two frequency bands. Analytical solution for all
the MNs have been derived to investigate range of frequencies and impedances achievable,
give more precise results and shorten the design stage. These MNs can be applied for many
applications (e.g. PAs, LNAs, Antennas etc). The MNs are compared in terms of their
accuracy and size. To apply the selected MN to design a PA, a dual-band harmonic tuned MN
is presented. The network is composed of a fundamental matching circuit and a second
harmonic termination circuit. The example demonstrates accurate matching capability at the
fundamental and open circuit at the second harmonic frequencies. The MNs are designed,
fabricated and tested.

The proposed technique of designing a high efficiency single-band and dual-band Class-E
PA is described in Chapter 5. Initially, the technique is applied to design single-band PAs to

prove the validity of technique and also have it as a reference design to compare the
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performance of the technique in dual-band application. After that, design of two dual-band
Class-E PAs is presented with two different transistors; Gallium Arsenide Heterojunction
Field Effective Transistor (GaAs HFET) and Gallium Nitride High Electron Mobility
Transistor (GaN HEMT). These PAs are designed without switches to minimize the number
of components and reduce the losses introduced by switches. High efficiency is observed
from these PAs but higher efficiency is obtained in one band and relatively lower in the other
band. The effect of the shunt capacitor across the transistor on efficiency is studied and the

reason for the difference in efficiency of both bands has been investigated.

To overcome the efficiency difference of the dual-band Class-E PA (in Chapter 5) and to
maintain the same performance in terms of output power and efficiency at both bands of
operation, a switched-band Class-E PA has been proposed in Chapter 6. Switches have been
applied in the OMN of the switched-band PA to switch between two optimum termination
impedances and switching shunt capacitor value across the transistor at two different
frequencies. This PA is called Switchable Matching PA (SMPA). Later, another switched-
band Class-E PA has been designed with dual-band OMN and switched shunt capacitor and
called Fixed Matching PA (FMPA). The FMPA reduces the number of switches in the OMN
compared to the SMPA. This chapter is finished by a discussion on performance of dual-band

and switched-band PAs.

The last chapter, Chapter 7, is a summary and conclusion of this research. Achievements

of this study are also discussed and this thesis is finished by proposing future works.




Chapter 2

Power Amplifier Theory

This chapter will present all of the basic criteria to design a power amplifier. The Power
Amplifier (PA) converts DC input power to deliver RF output power at a great magnitude (as
high as required to pass through wireless medium). Descriptions of some important
definitions such as: Output power, Efficiency, Gain and Linearity, are discussed in the first
section. Then, different classes of operation for PAs are explained briefly. Devices and
linearization techniques that they are essential to design Radio Frequency Power Amplifier

(RFPA) are also covered.

2.1 Specification of Power Amplifier

Some important figures of merit are used to describe the performance of a PA
quantitatively. These values are useful when comparing how well different techniques of PA

will perform.

2.1.1 Output Power and Gain
The power delivered to the load at the band of interest (fundamental frequency) is defined

as Output Power ( P,,; ). Gain is defined as “the ratio of the output power and the input

power” and is normally expressed as dB, (2.1).

P
G =10log| —&“ 2.1
g(P j (2.1)

IN
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2.1.2 Efficiency
The next and probably the most important one is efficiency and this can be divided into

two groups: Drain efficiency (1) and Power Added Efficiency (PAE). The DC power ( P, )
and RF input power ( P, ) are the inputs of a PA, Fig. 2.1. Some of the inputs will appear in

the harmonic frequencies and some will dissipate inside the PA.

PA —

PDC

Figure 2.1-Power in PA
Drain efficiency is used to calculate how efficiently the DC power has been converted to
the RF output power:

— Bour

n
PDC

(2.2)

PAE is very useful to show the PA’s performance, as it includes the gain of the PA as

well. The PAE is defined as:

PAE:POUT_PIN
Bpe

(2.3)
High efficiency PAs are preferred to increase battery life, reduce the power dissipation,
lower the cost and minimize the size [9]. All the possible losses of a PA are recognized as

shown in Table 2.1 with the possible solutions to minimize these losses and accordingly

maximize the efficiency of the PA [10]:

10
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Table 2.1-Possible losses in PA with the possible solutions

Losses Solutions

o ) ] Avoid overlapping between voltage and
Dissipation power in the transistor )
current (switched mode PA)

Some of the output power appears at ) ) )
) ) Terminate the harmonics reactively
harmonic frequencies

Losses in the components Utilize distributed MNs

2.1.3 Linearity

Linearity is another important specification for the PAs as it describes how well the output
signal can be reproduced in the receiver. This merit is vital for non-constant amplitude
modulation. There is no harmonic generation in the linear PA and input and output signal
have a linear relation together, Fig.2.2 (a). In the linear PA, the active device can be modelled
by S-parameters. In contrast with the linear PA and as it shown in Fig. 2.2 (b), the output is
not in a linear relation with the input signal and also some harmonics are generated.
Basically, some distortion occurs in the output of the non-linear PA. Gain compression is
another effect of the non-linearity. In linear region, increasing the input will increase the
output with the constant gain. Gain is decreased in the non-linear region and more input
power will cause less gain and more non-linearity performance from the PA. In this type of
PA, where the active device is close to the compression point, the S-parameters are no longer

valid and the non-linear model of the active device should be used.

Linear \ / Non-

PA ' Linear
PA i

L.

(a) (b)

Figure 2.2-Input and output signal of (a) linear PA and (b) Non-linear PA

11
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Different techniques are available to measure the linearity of the PA [11]:

C/1 (Carrier to Inter-modulation): is a traditional technique. Two or more carriers with

the same amplitudes are used to drive the PA. By comparing the third order and

intermodulation distortion (IMD) product to the carriers, the C/I can be found which

is desired to be about 30dB [11].

NPR (Noise Power Ratio): In this technique, a PA is driven with Gaussian noise
with a notch in its spectrum. The notch power (which appears because of the non-
linearity of PA) over the total power is NPR. It is mostly used for broadband Pas
[11].

ACPR (Adjacent Channel Power Ratio): this measures the effect of non-linearity
into an adjacent channel. The ratio of the out-of-band power (the power leaked to
the adjacent channel) to the in-band power is ACPR.

jPSD(a)) dw

ACPR, . =10-log| & —— 2.4
il [ PSD(@)- da 4

Where, PSD(w) is the power spectral density of the signal in bandwidth of
adjacent channel (w,,,) and bandwidth of the main channel (@,,), [11] and [12].

EVM (Error Vector Magnitude): is showing the effect of non-linearity on the
detection process and focusing on distortion in the main channel. The deviation of
the actual signal vector from the desired signal vector calculates with EVM, Fig.

2.3. EVM can be calculated in the limited number of symbols (K) :

(2.5)

Where, §, and R, are the actual vector and the desired vector, respectively [11] and [12].

12
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Figure 2.3-Error Vector

2.2 Classes of Power Amplifiers

There are different classes of PA and they are classified based on their bias point and
Matching Network (MN) topology [11]. Different classes of amplifiers and their specification

are summarized in Table 2.2 and each of the classes is explained briefly in this section.

Classes of PAs can be categorized in two groups: the transistor is the voltage controlled
current source (linear) or acts as a switch (nonlinear). In switch-mode PA, the transistor is
considered as two ideal conditions such as, ON state (short circuit) and OFF state (open
circuit). Improving efficiency will cause some nonlinearity in the PA and we can say there is
a trade of between linearity and efficiency. Depending on specific requirements a highly
efficient or a highly linear PA is used. Linear PAs are used in base stations and efficiency of

PA is a crucial factor in hand held units [13].

Class A: is the classic PA and the transistor is biased in linear region and always ON with
continuous current conduction. This class offers high linearity and gain in broadband
application at the cost of low power and efficiency. The output voltage and current waveform
has the same shape (for example sinusoidal) as the input signals (sinusoidal) without

harmonic content, [13] and [14]. The output power and efficiency for Class-A are:

13
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Table 2.2-Classes of amplifiers
1 Ideal Li it Conduction
Reference asses efficiency meanty angle Waveform
A 50% Yes 360°

[14]
[14] B 78% Yes 1808

v, 1,
[14] AB 70% Yes 180°to 360°

Vp 1
[14] C 80% No <180

VD ID
[13] D 100% No Switched
[12] E 100% No Switched

Vo 1y
[12] F 100% No Switched
Vo I,

7] F! 100% No Switched

Vo ID
[15] J 70% Partially 180°to 36(°

14
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I> ‘R
B)ut:IIZ)D'RL: m4 L (2~6)

P
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— Iriax .RL — VDD _VKnee (2 7)
P 4-1,,Vrp 2V, '

m

7’]:

. . . . . .1
As I,,1s Tm; in the perfect scenario, V. is zero and the efficiency is > =50%. The

low efficiency of Class-A encouraged PA designers to reduce conduction angle below 360,
such as Class-AB, B and C. Conduction angle means the angle that the active device is ON

and conducting current [14].

Class-B: is similar to Class-A with slightly difference in biasing (biased close to cut-off).
The conduction angle of this class is 180" as the active device is ON for half of the cycle
(positive side of the input signal). The amplitude of the output signal is proportional to the
input signal and the drain current shape is unchanged, this class is classified as the linear PA
[14]. By reducing the conduction angle from 360 to 180, the overlap between current and
voltage waveforms is decreased and efficiency is increased compared to Class-A [11]. This
class is mostly applied in push-pull PA [11]. The DC current can be found by Fourier

coefficient (2.8), and the efficiency (2.9):

1527, 2V,
ip=— |22 sin(oot )dt = =22 (2.8)
P Tjo R, R,
P 2
p=ton  Vop T _g¢ 50 2.9)
Pin 4'RLI/DD 4

Class C: is biased at or below the cut-off and its conduction angle is less than 180. This
class presents sinusoidal voltage waveform and narrow current pulses [10]. By reducing the
conduction angle towards zero, the efficiency is increasing towards 100% at the cost of
decreasing output power to zero. The best compromise is reported in [11], which provide

efficiency of 85% with 150" of conduction angle.

15
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Class D: The transistor acts as a switch and has two extreme values; zero andV,,, . Two

transistors are applied in a Class-D PA to provide a square waveform for the drain voltage.
This class is a non-linear PA as the output and input have no linear relation. The Output
Matching Network (OMN) in this class provides open circuit for harmonics. Theoretically,
efficiency of 100% is expected from Class-D PA. Practically, this class has lower efficiency
due to losses. Switching speed and drain capacitance are the main sources of losses. Due to
the finite switching speed, the transistor conducts current while it is in its active region and

causes losses in this class of PA. Also, the other main source of losses is charging and

: : : : e : £ :
discharging the drain capacitance which dissipates power proportional to % . This

drawback has been covered in Class-E PA [11] and [13].

Class F: Class-F and Class-E are the most popular switched-mode PAs. Square voltage
waveform and half sinusoidal current waveform are expected from a Class-F PA. The odd
harmonic resonator in the OMN shapes the drain voltage to be a square waveform, as the
drain voltage is sum of fundamental and odd harmonic voltages. The half sinusoidal current
is achieved by biasing the active device at pinch off [12]. The output filter in Class-F
configuration is more complex than other PA circuits [11]. Open circuit termination in odd

harmonic and short circuit termination in even harmonic frequencies are required [14].

Class F~1: is basically similar to Class-F PA with different harmonic termination criteria.
Odd and even harmonic frequencies are required to be terminated with short and open circuit
impedances. The obtained waveform of this class as shown in Table 2.2 is required to have

half-wave rectified voltage and square current [7].

16
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Class J: is capable of providing linear performance with high efficiency like Class-B. The
starting point to design a Class-J PA is Class-B. Half sinusoidal current and voltage
waveforms are observed in this class. Presenting the second harmonic component in voltage
provides half-wave rectified sinusoidal voltage. The impedance requirements at the output

port of the transistors are, [4] and [15]:

Z, =R, + R, (2.10)
3

Z,, :O—j?”RL 2.11)

Z,,=0 (2.12)

Impedance at the fundamental frequency, second and third harmonic frequencies represent

by Z,, Z,, and Z,, ; also, the load substitute with R, .

5o

The focus of this thesis is on Class-E PA. Class-E is explained more in detail in the next

section.

2.2.1 Class-E PA
It is a switched amplifier and the active device works as a switch. It was invented in 1970s
by Nathan and Alan Sokal (father and son) [19]. The basic topology of the Class-E PA is

shown in Fig. 2.4.

Figure 2.4-Class E Amplifier [20]

17
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L,and C,are the resonators and Ris a load. Supply choke ( ;) has high inductance to

provide open circuit for RF signals [21]. The shunt capacitor is shown by C, in Fig. 2.4 which

contains the internal capacitance of the transistor and the external capacitor. In the OFF state
of the transistor, current flows through the shunt capacitor and in the ON duration current
flows through the transistor; where the transistor is in saturation mode [20]. This topology
aims to avoid conducting current and existing voltage at the same time and reduces overlap
between them. Therefore, the power dissipation in ideal switches is zero as it is multiplication
of voltage and current and provides a high efficiency nearly to 100% [18] and [22]. In
practice, limiting factors of the efficiency are drain to source saturation resistance and loss of
parasitic element [23]. Most of the dissipated power is in the transistor because while
transistor is ON, it has some low impedance and the voltage is not completely zero. In this
duration, internal capacitances store energy and produce some current while transistor is OFF
[20] and [22]. Moreover, in practice, even with the proper switch device, the switching time
may be a fraction of the ac cycle and lose some power. In designing a Class-E amplifier we
should be concerned about minimizing the switching time and it could be done by designing

a proper non-resistive load network [20].

As explained earlier, Class-E PA is a transition between pinch-off and saturation region
and ideal Class-E load line (red line) is shown in Fig. 2.5. The OFF state of the transistor is
represented with the horizontal line (current is zero) and the ON state is the vertical line

(voltage is zero) [18].

The OMN plays a crucial role in designing a highly efficient Class-E PA. The OMN
includes a set of specific valued components at the design frequency to avoid any overlap
between voltage and current waveforms; which in ideal case results in 100% efficiency. In

practice some of the delivered power will appear in second and third harmonic frequencies.

18
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an ee
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Vis(V)

Figure 2.5- Transistor I-V characteristic and Class-E load line

To maximize the efficiency, all harmonics should be open circuit. The transistor should be
biased at pinch off and driven into compression, so the transistor will be ON for the forward
cycle of sinusoidal input RF waveform and for all of the reverse cycle the transistor is

switched OFF.

2.2.1.1 Class-E Design Equations

The first stage of designing a Class-E PA is to calculate optimum parameters of OMN.
Equations (2.15) to (2.18), taken from [16], are applied to provide values of components (i.e.
load resistance ( R ), shunt capacitance (C,), series capacitance and inductance, (C,) and (L,
) respectively). These equations are derived from a time domain equation, according to the

required voltage and current assumption across the transistor, in ON and OFF state,

respectively, (2.13) and (2.14).

VD(t) |t:T:0 (2.13)
dv, (1) =0 (2.14)
a7

V, 1s the voltage across the transistor and 7 is the period of the input signal. These
components are calculated based on specific supply voltage 7, and required output power

P

out*

Loaded quality factor (Q, ) is a free choice variable and chosen by designers based on a

trade-off between operating bandwidth and rejection of harmonics. With the duty ratio set at
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the usual choice, 50%, the minimum value of Q,1s 1.7879. The most desirable range to

provide acceptable efficiency and linearity is between 5 and 10.

2
R= 0,5768(’/_1)} 0451759 0402444 s
out QL QL
1 091424 1.03175) 0.6
C] = 1+ - > 1 — (216)
5.446680R 0, 0 oL,
1 1 1.101468 0.2
G=— 1+ _
2 a)R(QL —0.104823)( 0, —1.7879) 'L, 2.17)
R
L= < (2.18)
@

2.3 Active Devices

In some applications, switches are required in the circuit. Different types of switches are
discussed here. Switching devices are used in circuits for opening and closing a connection or
for changing the branches. Ideally, a switch should present zero resistance in the ON state
and infinite resistance in the OFF state; whereas a certain amount of resistance on connection
state and a finite resistance on disconnection state will be presented by a switch in practical
cases. Isolation and insertion loss are the fundamental parameters to describe a switch’s
performance. Measurement of the power not transferred to the load when the switch is OFF is
named isolation (2.19), and insertion loss is a transmission loss through the switch in ON

state (Ir) [24]. Low insertion loss and high isolation switches are desired.

Isolation = (P our )ON - (P our )OFF (2.19)
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The brief descriptions of some switching devices are provided in the next sections. Some
factors are important to select a suitable switch such as switching speed, power handling
capacity, and cost. These factors are discussed later on and accompanied with a graph to

compare performance of switches in the published multiband PAs.

2.3.1 MEMS

Micro Electro Mechanical Switches (MEMS) provide open or short circuit by mechanical
movement. The mechanical movement is forced by electrostatic, magnetostatic, piezoelectric
or thermal design. There is almost no power loss in MEMS switches because they hardly
consume any current. MEMS switches are very linear devices. These switches are fabricated
with air gap and provide high isolation and low insertion loss of about -0.1 dB. On the other
hand, MEMS switches have some drawbacks such as low switch speed, limited power
handling (20-50mW) and requiring high voltage to drive. These switches are not reliable and

their efficient life time is 0.1-10 billion cycles only [25] and [26].

2.3.2 Varactors

Varactor diodes are P-N junction voltage controlled devices [24]. By changing the bias
voltage which is applied to the varactor diode the value of capacitance and resistance will
vary [27]. The varactor diodes work in reverse bias, so no current is required (i.e. no power
loss) [28]. Varactor diodes can be modelled with lumped elements as shown in Fig. 2.6. This

model consists of variable junction capacitance (C,(V)) and variable series resistance (
R,(V)), and C,1s fixed parasitic capacitance. The package parasitic effect has been model

by aid of L, [27].
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Figure 2.6-Varactor diode equivalent circuit

2.3.3 PIN Diode

A PIN diode is a semiconductor current controlled device [24]. The high resistivity
intrinsic I-region which is sandwiched between P- and N-type regions is a general structure of
a PIN diode [24] and [29]. Holes and electrons are injected into the I-region in forward bias
of PIN diode and the PIN diode appears as a resistor. In the reverse bias, the I-region has no
stored energy and PIN diode acts as a parallel plate. The equivalent circuit model of PIN

diode in OFF and ON state is illustrated in Fig. 2.7.

(@ (b)

Figure 2.7-lumped element model of PIN diode (a) forward bias and (b) reverse bias
The equivalent circuit of a PIN diode in forward bias (Fig. 2.7 (a)) consists of a series
resistor (R, ) and a small inductor (L, ). This inductor represents the package properties of

the PIN diode. The resistance of a PIN diode in forward bias can be found by, [24] and [30]:
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W
R, = 2.20
’ (;UN"'/UP)'T'IF 220

I-region width is # and forward bias current is /, . Electron and hole mobility are denoted
by u, and u,, respectively. The electrons and holes in I-region stay alive for an average time

that is referred to carrier life time (7 ) [30]. The maximum and minimum forward resistance (

R ) can be calculated by (2.20) at maximum forward current of 100mA and minimum

forward bias current of 10pnA. Conduction higher current in a PIN diode will decrease the

resistance as it acts as a variable resistor. The equivalent circuit in reverse bias is composed
of the diode capacitance (C, ), loss element (R,) and parasitic inductance (L, ), Fig. 2.7

(b).The value of the capacitance is:

c, == 2.21)

Where, ¢ is dielectric constant and 4 is area of junction [29]. A PIN diode can be
connected in series or shunt in the circuits. Series connection provides low insertion loss
whereas when high isolation is required a shunt connection is applied that is capable of
handling more power, and it is easier to cool the device [14] and [30]. The junction
temperature of a PIN diode increases while it is controlling the power signal and therefore,

dissipates some power [24]. The maximum allowable power dissipation is:

P, =13 Ro+1,.V, (2.22)

Similar to all diodes, PIN diodes have two terminals; therefore separate DC biasing is
required from RF path with an external decoupling element. As mentioned above, a PIN
diode is a current control device and therefore consumes high amounts of power. Small
physical size, high switching speed, low package parasitic reactance, ability to control large

RF-signal-power, low cost and low loss are the advantages of PIN diodes [24] and [31].
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Because of wide I-region of PIN diode, it can handle large RF voltages which other diodes

are unable to handle.

2.3.4 FET Switches

Field Effect Transistor (FET) switches are a good candidate due to relatively high ratio
between their ON and OFF state resistance. To control switching in FET devices, the voltage
on their gate needs to be adjusted. Basic switch performances of PIN diode and FET switches
are fairly similar as both have ON state resistance and OFF state capacitance. The difference
is in the amount of DC power consumption. FET switches require very simple bias network
(high resistor). PIN diodes require a bias current in the ON state and consequently have more
complicated bias networks. FET switches can provide broadband operation. By increasing the

frequency, the isolation of the FET is degraded due to the drain-to-gate capacitance and also

has high loss [14] and [31].

2.3.5 Performance Comparison

The published switched-band PAs (which they are discussed in Chapter 3) utilise different
switches such as: MEMS, PIN, FET and varactor diode. One way to analyse the
performances of these switches in the switched-band PAs application, is to use the published
data of the performance of these switches. PAE and output power of the switched-band PAs
that use a switch, have been considered and plotted in a graph as shown in Fig. 2.8. As

illustrated in the graph, highest PAE with desired output power is provided by PIN diode.
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Figure 2.8-Comparison between PAE and output power of switches used in multiband matching network techniques

2.4 Linearization Techniques

Any signals which are non-constant envelope require linear amplification. As mentioned
earlier, there is trade-off between efficiency and linearity; by achieving one we can lose the
other. Switched-mode PAs are capable to provide high efficiency but nonlinear performance.

By considering power series for PAs as:

=aV, +bV:+cV) +.. (2.23)

With higher input power, output voltage has a more nonlinear relation with the input
power. The switched mode PA requires high input power. The nonlinearity causes some
problem such as, splatter into next channels and errors in detection and reproduction. By
applying one of the linearization techniques and providing linear output signal, both
requirements (high efficiency and linearity) can be fulfilled. Linearization techniques are not
applied just to improve linearity; they are also used to develop efficiency by decreasing the
need of back off [11]. Basically, in linearization techniques, amplitude and phase of the input
are used as a template and will be compared to those of the output, allowing the required

correction to be determined and applied [13].

25



Power Amplifier Theory

Chapter 2

Closed and open loop are two linearization methods. Open loop is not as accurate as

closed loop technique, but it can handle much wider bandwidth [13]. There are three

linearization techniques; feedback, feed-forward and pre-distortion. Feedback is a closed loop

linearization technique, whereas feed-forward and pre-distortion are open loop. Fig. 2.9

summarizes the linearization techniques from [11], [13]-[14], [32] and [33] with their

specifications and more explanation of these techniques is in the following section.

Linearization
Techniques
A

Feedback

Feed-Forward

A

Very wide bandwidth
Difficult to implement
Poor overall
efficiency (due to the
additional PA)

A 4

Pre-distortion

A
Broadband
operation
Multichannel
application

RF Feedback

Delay

2.4.1 Feedback

Envelop
Feedback

4

Polar-Loop
Feedback

Overcome delay
No correction AM-
PM distortion
Appropriate for
Class-A or -AB

e Correct AM-
PM distortion
e Poor overall
performance

Cartesian
Feedback

A

Operate in wide
bandwidth

Figure 2.9-Linearization Techniques

There are four different techniques for feedback linearization: RF feedback, Envelope

feedback, Polar-Loop feedback and Cartesian feedback.
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e RF Feedback
A small amount of RF output signal is entering back to the input of the PA and finds the
difference with its input. This technique suffers from delay (which cause instability) and loss

of gain at RF frequencies [11].

e Envelope Feedback

By using the signal envelope as a feedback parameter, the problem of delay can be
resolve in the envelope feedback. The drawback of this linearization technique is its inability
to correct phase distortion (AM-PM distortion). Variation in phase of the output signal by the

change in amplitude of the input signal is known as AM-PM distortion [34].

e Polar-Loop Feedback
Polar-Loop feedback overcomes the shortage in the envelope feedback technique by
adding a phase-locked loop. The amplitude and phase feedback path are separate and require

different bandwidths, therefore reduce the overall performance [11].

e Cartesian Feedback

The Cartesian feedback applied modulation feedback in Cartesian component (I and Q).
Two identical feedback processes is applied to I and Q channels independently. In Cartesian
feedback, closed loop baseband feedback in I and Q channel is used to ensure that the vector
modulated output from the PA has I and Q components matching those at the input. The

drawback of this technique is narrow bandwidth performance [11] and [33].

2.4.2 Feed-Forward
As shown in Fig. 2.10 feed-forward consists of two amplifiers; main and error amplifier.
The input signal split into two branches; one goes directly to the main PA. The output of the

main PA is combined with the original delayed signal of other branch. The distortion
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component of the main PA is obtained and the error amplifier (which is a linear, low power
amplifier) amplifies this signal. The outputs of both amplifiers are combined and result in the
cancelling the distortion components from the main signal [11]. This technique is mainly

applied for high power PAs, such as cellular base station [14].

Figure 2.10-Feedforward Linearization Technique

2.4.3 Pre-Distortion

This technique was common in analogue implementation [35] and then, thanks to Digital
Signal Processing (DSP) is popular in digital implementation as well [32]. In the pre-
distortion technique, the amplitude and phase of the signal are modified (using the inverse
characteristics of the PA) before the amplifier in such a way that by combining them a linear
output is generated. Concept of pre-distortion is shown in Fig. 2.11. When nonlinearity
characteristic of PAs change during their lifetime (with temperature or with changes in
environment) the fixed pre-distorter is unable to adopt its characteristic. Adaptive Pre-
distortion overcomes this drawback and is providing better performance and wider
bandwidth. The other type of pre-distortion is digital pre-distortion which can be used in

broadband and narrowband [11].
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Figure 2.5-Concept of Pre-distortion [36]

2.4.4 Envelope Elimination and Restoration

The basic idea of this technique is to provide a highly efficient linear RFPA by aid of
highly efficient and nonlinear RFPA and highly efficient envelope driver [11]. EER has two
paths as shown in Fig 2.12. One path just modulates the phase of the signal. The limiter
eliminates the amplitude modulation and provides the constant envelope signal for the PA.
This PA can operate in Class-C, D, E and F [11]. The other path provides the amplitude
modulation. The PA restores the envelope by varying the drain voltage to correct the output
amplitude. The amplitude and phase modulated signal add together and make the original
signal [37]. The phase information need to be delayed to enable both modulated signal arrive
at the same time. The switching speed is hundreds of MHz due to requirement of high
oversampling for switched-mode PAs and this is a challenge in wideband applications. The
other down side of EER is consumption of high power by the modulator which reduces the

efficiency [38].
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Figure 2.6-Envelope Elimination and Restoration

2.5 Discussion

This chapter presents all the required background knowledge for this research. At the
beginning, important metrics to evaluate performance of the PA such as, output power, gain,
efficiency and linearity, have been covered. Furthermore, different classes of PAs are
explained, starting with the linear Class-A and continuing to the switched-mode PAs. High
efficiency PAs (switched-mode PAs) are of interest to meet the requirement of modern
communication systems. To provide higher output power Class-F is preferred and Class-E is
more capable to achieve higher efficiency [10] and [17]. The advantage of Class-E PA is
having a small number of reactive components as well as high efficiency performance.
Another feature of the Class-E PA which makes it more preferable is that the internal

capacitance of the transistor can be absorbed as a component of OMN [18] and [39].

In the switched-band application, switches play an important role. A brief overview of
different switches presented. The switches introduce nonlinearity in the circuit. Also, the
switched-mode PAs (which are of interest in this research) are inherently nonlinear.
Linearization techniques are important for this research to provide linear output. Finally, the
linearization techniques which are vital for wireless communication to enhance the linearity

and efficiency of the PA were explained.
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Multiband and Switched-Band Power
Amplifiers-A Literature Review

Increasing demand for wireless communication systems requires high efficiency,
multiband, adaptable and high linearity transmitters. A cognitive radio system is trying to
work in different frequency ranges in such way that it does not cause interference with other
communication systems, and does not get affected by interference from the other systems.
Designing adaptive front-end components has attracted lots of attention during the past
couple of years. The adaptive Power Amplifier (PA) is the most critical component to design.
As required for cognitive radio system the PA should be able to adapt its characteristics such
as frequency and power according to the environment. Designing highly efficient, adaptive

PAs is a critical research area.

One approach to design a PA to suit the requirement of the cognitive radio is the
broadband PA. A broadband PA covers the whole required bandwidth with the constant gain.
Fig. 3.1 shows the gain performance of an ideal broadband PA over the frequency. Class-A
can be a candidate to operate in the broadband applications. Higher efficient classes are
problematic to design broadband due to their requirement for harmonic terminations. Some
attempts to design broadband switch-mode PA has been done; one of them reported in [23] (a
broadband Class-E PA) to operate in multiband applications. Distributed second harmonic
termination has been designed with three half wavelength short circuit stubs in three different

frequencies in this PA.
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One possible way to design broadband PAs is using wideband Input Matching Network
(IMN) and Output Matching Network (OMN) which is challenging and complex. Such PAs
are low in cost and small in size but at the cost of design complexity, less gain and lower

efficiency.

Gain

J

f

Figure 3.1-Frequency response of an ideal broadband PA

Balanced and distributed PAs are two examples of broadband PA. Balanced amplifier as
it is shown in Fig 3.2 consists of two identical amplifiers and two hybrid couplers. The input
signal divides into two parts with equal amplitude and 90" phase difference. Each of these
signals goes to one of the amplifiers. Outputs of amplifiers are recombined in the second
hybrid coupler. The hybrid coupler in input and output provide phase shift for any reflection
from amplifiers to compensate them at the terminating terminals; therefore, both amplifiers
are well matched in the balanced amplifiers. This amplifier is complex, as it requires two

couplers, two amplifiers and two DC supplies [40] and [41].

Amplifier
I/in 3 \
|~
Amplifier
>— —>
Ve
Hybrid Hybrid
Coupler Coupler

Figure 3.2-Balanced amplifier
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A distributed amplifier contains several cascaded transistors, Fig 3.3. The gates of the
transistors are connected along a transmission line with the specific characteristic impedance
and length; and also the drains of the transistors are connected via another transmission line.
The main advantage of this amplifier is its operation in a very broad bandwidth. The circuit

of this amplifier is large and unable to perform with high gain and efficiency [40] and [42].

Figure 3.3-Distributed Amplifier

As mentioned in Chapter 1, design of highly efficient frequency adaptive PA is the main
aim of this thesis. Therefore, the broadband PA is not a good candidate. Other possible
approaches to a design frequency adaptive PA is: multiband PA (MB-PA) and switched-band
PA (SB-PA). This chapter explains these two techniques and presents an overview of the

researches have been done on designing MB-PA and SB-PA.

3.1 Adaptive Power Amplifiers

In this thesis, adaptive PA refers to the PAs that can adapt their frequency response to the
environment requirement. Techniques of designing an adaptive PA can be divided into two
main groups; known as: MB-PA and SB-PA. MB-PAs do not use switches in their circuit and
can provide concurrent amplification in different frequencies. A switch is a key component in
SB-PA and it works in one band at a time. These two kind of adaptive PAs are going to

explain in the following section along with some examples.
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3.1.1 Multiband Power Amplifiers

The MB-PA 1is capable of working in different frequencies simultaneously. Gain over
frequency of an ideal MB-PA (dual-band in this example) is expected to be the same as it
shown in Fig 3.4. Table 3.1 summarises the techniques of reported MB-PA in chronological
order as well as their achieved results; below a short description of each method listed in the

Table 3.1 is provided.

Gain

) N\ J

f

Figure 3.4-Frequency response of an ideal dual-band PA

One technique of designing MB amplification is implementing multiple parallel amplifiers
for each operating band; such as a dual-band PA reported in [43] which was designed with
two parallel amplifiers. This PA is big in size and requires a large amount of components as it
required one PA for each frequency band. There is another technique with multiband input
matching network (MB-IMN) and multiband output multiband matching networks (MB-
OMN). This technique is smaller and has fewer components. The IMN and OMN are
designed without switches or tuneable elements and provide the required impedances and
optimise PA performance at individual working bands. MB-MN can be designed with
transmission line or lumped element. Distributed MB-MNs are more popular than lumped
element MB-MNs as the performance of the distributed element differs in different frequency

bands. First, MB-PAs with distributed MB-MN will be reviewed.

The dual-band PA in [44] has been designed with transmission lines and utilises quarter

wavelength stub at an adequate distance from the device for the proper impedance
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termination. Low-pass Chebyshev-form impedance transformer is one way to design MB-
MN and it has been used in a reported MB-PA in [45]. Composite right/left-handed
transmission line (CRLH TLs) is another possible way of designing MB-MN which has been
used in [46], [47] and [48]. Harmonic terminations were neglected in [46], whereas, this
important factor is taken into account in [47]. The dual-band PA in [47] consists of two
CRLH diplexers in input and output with two amplifiers between them and as well as

matching at the fundamental frequency and terminating the harmonics.

A multi-section transformer has been used in the OMN in [49], [50] and [51]. Each section
of the transformer has been designed to match at a specific frequency; tank circuit [51] or
branched stub [49] is used in each section to prevent any mismatch at other frequencies. A
three section microstrip transmission lines used in the IMN and OMN of dual-band PA [52].
The first section was replaced with an open stub in the OMN with the purpose of terminating
harmonics. The result shown in the table for this PA is the simulation result. The OMN in

[53] has three sections:

e Real-to-Complex impedance transformer: to transform complex impedances at the
two operating frequencies to real impedances

e Transmission line: to tune the harmonics

e Real-to Real Impedance transformer: to transform the obtained real impedances to the
system impedance. A distributed dual-band filter was designed for this purpose with

dual-band resonator and J-inverter.

T-type and Pi-type transformers are equivalent to quarter-wave transformer and have
different impedances for different frequencies. The author in [54] called them dual-
band/dual-impedance and they transform 50Q to the real part of the required impedances at

two different frequencies. A dual-band/dual-susceptance stub is applied to provide the
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imaginary part of the required impedance. However, this technique is not feasible for all the
frequencies and impedances as in some cases the width of the transmission line is not

practical.

Different operation modes in each working band are reported in [55] and [56]. The OMN
of [55] consists of two blocks; harmonic control and fundamental MN. The harmonic control

network designed with transmission line and length of them has been chosen in the way to

provide short circuit at 2 f,and open circuit at 3 f, (Class-F) and open circuit at 2 f, and short

circuit at 3 f,(Class- F ). A distributed OMN provides Class-AB condition at the lower band

and Class-J at the higher band in [56].

Distributed IMN and OMN have been designed based on load-pull/source-pull simulations
in [57]; the OMN consists of two sub-networks: harmonic termination and fundamental
matching. Two stubs provide short circuit at second harmonic of the fundamental frequencies
in its harmonic termination network. This PA has been used in [58] to design Doherty PA
later in June 2012. Doherty PA (DPA) contains two PAs: carrier PA and peaking PA which
they operate in Class-AB and Class-C mode, respectively. The main advantage of DPA is to
maintain high efficiency over wider range of input power [68]. Each component of a
conventional Doherty PA is replaced by a dual-band version in [59]. A dual-band branch-line
hybrid (using Pi-type transformers) replaces the input splitter. Dual-band carrier PA (Class-
AB) and peaking PA (Class-C) have been designed with dual-band MNs and followed by

dual-band phase offset lines.

There are some reported MB-PAs with lumped element MB-MNs; one of them is shown
in [60]. The lumped element MB-IMN and MB-OMN have been designed based on the load-
pull/source-pull simulation to operate in both working bands. A passive MN is applied in the

PA of [61] as well, to provide high reactive impedance and terminate the harmonics.
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Another common technique is parallel resonators which have been applied in [62], [63],
[64] and [65] to provide dual-band performance. At each frequency, one path is blocking the
signal (at its resonant frequency) and the other path behaves as an inductor or capacitor. In
the paper [63], the lumped element MN is converted to microstrip transmission line; whereas,
the parallel LC resonator is constructed by the bias line in [64] and it is applied in IMN and
OMN. In [65], transmission line OMN has been design; the length and characteristic
impedance of the transmission line have been adjusted to provide proper impedances at the
harmonic and fundamental frequencies, respectively. The role of the resonators in this design

is to increase the electrical length of the transmission line at the lower band.

Two Class-E dual-band PAs are reported in [66] and [67]. A multi-level switching
resistance model is incorporated in [67] and two cascaded L-shaped OMN are used to provide
dual-band operation. Sub-optimum Class-E operation is assumed in [66] with element values

evaluated for a compromise between two bands.

Table 3.1-Multiband Power Amplifiers

References Class .O f Band of Gain Output PAE Circuit
operation frequency power
_n_ reg BAT=>3.5V
e
824-849 ' N
[43] AB 1850-1910 30dB 28 dBm 36%
MHz R e
L $
-r[' g BAT>3.5V
800 and 1500 30.9-28.2 o
[43] MHz dBm 1%
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3.1.2 Switched-Band Power Amplifiers

The SB-PAs utilize switches or tuneable elements to provide multi-band amplification.
The gain performance of an ideal SB-PA is desired to be the same as it shown in Fig 3.5 (in
this example, the PA works in two bands). Different SB-PA has been reported during last
decade and they are summarized in Table 3.2 according to their year of publications. Their

architectural technique is discussed briefly here.

Gain

~y

Figure 3.5-Gain performance of an ideal SB-PA over frequency

The SB-PA can be designed in two ways:

e Switching between numbers of narrowband PAs (Fig. 3.6 (a))

e Switched-band matching networks (SB-MN) (Fig. 3.6 (b))
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Figure 3.6- SB-PA (a) switching between numbers of narrowband PAs (b) switched-band matching network (SB-
MN)

The first technique utilizes a number of narrowband PAs and based on the environment
requirement one of them will be selected by using a switch. This technique is easy to
implement due to simplicity in the designing of narrowband PAs. Each of these narrowband
PAs are capable of providing high gain and good linearity, individually. As the number of
required operating bands increases this structure will become bulky and complex. A PA
based on this technique is expensive and noisy due to the existence of many internal
connections. Examples of this PA are reported in [69] and [70]. Two PAs (optimized for their
operating bands) and two bias circuits are designed with a bias switch in [69]. The bias
switch is selecting the band of operation by activating one PA and deactivating the other. In
[70], the first PA is common and then band switch is applied to choose the desired path for
each frequency. The performance of the lower band of operation (where the switch is ON) is
relatively smaller than the higher frequency (switch is OFF), as the loss of switch is high in
its ON state. Band selection is applied in [71] as well, by aid of conducting two different bias
currents. In this PA, a dual-band IMN and two individual OMNSs for each band of operation
have been designed. Three-stage amplification has been used in [72] and there is band

selection control which switches between two bands of operation.

The second approach to have an SB-PA is to integrate the system with a SB-MN which

provides optimum matching at each operating frequency. This method, in comparison with
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the other method, has a relatively low cost, smaller circuit and higher efficiency. SB-MNs

can be designed with distributed elements or lumped elements.

Distributed SB-MNs are designed by connecting or disconnecting the distributed element
into the circuit. In 2004, a technique for dual-band PA was introduced using an OMN to
provide the first frequency and a shunted switchable stub to produce the second frequency
[21]. ON/OFF state of switches provides optimum matching in two different frequencies. The
same technique was used in 2005 and 2010 with additional stubs to provide three bands of
operation in [73] and [74]. In 2006, the designers tried to make the transmission line shorter
and compact the circuits even more in [75] and [22]. This aim was achieved by implementing
a reconfigurable stub for the first MN. The reconfigurable stub consisted of two stubs with a
transmission line between them in [22]; and a series of transmission lines with switches in
[75]. Obviously, the number of switches increases in [75] and they introduce more losses in
the circuit. A 3-stage PA is illustrated in [90] in which the first two stages are driver stages
and provide required power for the input of the last stage. The last stage is the power stage
and uses a reconfigurable MN with the same technique introduced in [21] and [73]. A quad-
band PA is presented in [76]. The PA is designed specifically for the higher band of operation
and different MNs are connected via switches; by controlling the ON/OFF state of the

switches the performance of the PA is shifted to other required frequency bands.

Lumped element SB-MNs are designed in different ways. Here, they are classified in two
main groups: (i) utilizing variable performance of the switches and (ii) using switches to
control the value of an inductor or a capacitor. Variable performance of the switches is used
to provide optimum matching in different frequencies in technique (i). One example of these
SB-PAs is presented in [77], where a double stub MN is implemented in the input and output

networks. In this design, MEMS switches replace the shunt stubs to provide required
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matching for both bands at the source and the load of the transistor. MEMS and varactors are
used in [78], where the ON/OFF state of MEMS and varying biasing of varactors provide
matching for different frequency bands. Anti-series varactor is another technique which is
shown by [28]. This technique used a high value resistor and two diodes that provide high
impedance for the centre of the tunable capacitors. Capacitance of varactors is controlled
based on the level of input voltage at C1 and C2 points marked in the schematic diagram.
Variable inductors are used in the RF choke and OMN of [79]. The PA in [80] uses BST
(Barium Strontium Titanate) varactors in the circuit to change impedance for different
frequencies. The BST varactors are tuned by two bias voltages and change the impedance of

the circuit.

The other technique (ii) uses switches to change the value of inductor or capacitor to
obtain a desired impedance based on the required operating frequencies. In [81],
reconfigurable capacitors and switches are implemented to produce required impedance at
two frequency bands. Changing the value of capacitors by controlling the ON/OFF state of
switches used in [82] varies the operating frequency in that model. Also, this technique has
multilevel output power with the aid of a switch to activate only two transistors at the same
time, to create a push-pull power amplifier. Parallel parasitic capacitance at the drain of the
transistor results in lower performance in the higher band. A PA with two switchable OMN
has been used in [83]. The first OMN utilizes switchable capacitor to change the load
impedance between two values to switch the value of output power. Another switchable
capacitor is used in the second OMN to switch between two bands of operation. A
broadband PA is followed by a reconfigurable OMN in [84] and [85]. The OMN uses two
parallel inductance-capacitance (LC) tanks in OMNs that adjust the inductance value using a

PIN diode; when the PIN diode is ON the parallel inductor is introduced into the circuit and
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change the inductance value. ON and OFF states of the switch change the value of inductance

from large to small, thus changing the resonant frequency from 0.9 to 1.8 GHz.

In [86] and [87], SB-MN contains multiple paths which are connected via switches.
Connecting or disconnecting each path is executed by selecting the ON/OFF state of the
switches and the operating band of the SB-PA will alter accordingly. One of them is reported
in [86] which consists of two output paths and provide different operating frequencies based
on the chosen path. The PA in [87] is able to operate in two frequencies by aid of two output
paths which each of them provide two different bands. One path is operate at the time and
other path is deactivated by switching the shunt SPDT switches. ON state of the switches
provide short circuit at the intended frequency and will transform to open circuit at the drain

of the transistor.

Class-E SB-PAs are designed and reported in [81], [88] and [89]. A quad-band Class-E
PA is proposed in [88] which consist of four transistors and a single IMN and OMN. It works
in one of the frequency bands at a time and is switched between bands by controlling the gate
bias. A switched-band Class-E PA with finite DC-feed inductance is presented in [89]. A
switch is applied to achieve optimum performance in the selected band, while the inductors

are constant. The presented results for this PA in Table 3.2 are simulation results.

Table 3.2- Switched-band Power Amplifiers

References | Switch Class .0 f Band of Gain Output PAE Circuit
operation | frequency power
09and 1.8 35-32.5 o
[72] B GHz 28 dB dBm 48-44%
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0.9and 1.8 34.5-32 o
[69] oty | 2952748 | TR 52-42%
L=2348 tm
MIM Gapacitor 1 MM Capcitor 2 PR
_IE‘=1 eer C230.65or 2115 pF
6 and 8 26.4- )
[77] MEMS AB Gty 72-6.1 dB (6.9
C3=0 or 0.28 pF ca=0lor 0.22 pF
®)
0.85 and 30-29 ,
[71] 1.75 GHz 26-21 dB dBm 42-37%
0.9and 1.9 o
[21] MEMS Ot 16 dB 31 dBm 30%
2.4 and 5.2 19.5-9.7 N
[70] NMOS AB s 24-37dB | o 15.3%
0.9,1.5 and o
[73] MEMS Class B 2 GHz 13 dB 30 dBm 61%
MEMS
- 7.5,8.5,9.5, 20-24-26
(78] Varacto AB 10.5 GHz dBm
r
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[84] PIN ap | 09and I8\ o ig | 30dBm | 40% -
diode GHz ]D,_ﬁ = i
Port T T Port
In L1 L2 Qut
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Varacto 0.9,138,
[28] AB 1.9 and 2.1 15 dB 27 dBm o ez
' GHz bt ve2
30.5-31-
0.9,1.5,2 | 10.7-8.3- 64-58-58-
[22] MEMS | AB - dsGHz | 8.68.1dB | 212308 | 45y
dBm
09, 1.5, 8.3-8.2- 30.6 46-53-43- ﬂ _}im
[73] MEMS | AB 19and25 1 ¢4 96dB | dBm 62%
GHz Il il g
24and52 | 10.4-5.1 13-8.7 16.2-
[79] NMOS GHZ dB dBm 10.8%
Single-band PA (2.6 GHz)
/
o
0.9,1.51.9 | o eeg | 30431- | oo 4n 1Y) b\”@'é« 515\ MeMS switcn
[76] MEMS AB and 2.6 SN 30-30.4 ﬁ
and 9.5 dB 50%
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09and 1.8
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0.6 and 16-19 36.6-
[83] D 078GHz | 20dB dBm 46.6%

Dual-Band Operation

3.2 Discussion

Table 3.1 and 3.2 summarise different techniques that have been applied to design MB-PA
and SB-PA. To conclude, MB-PA and SB-PA can be designed by a number of parallel
single-band PAs or with reconfigurable MNs (with or without switch). Fig. 3.7 summarizes
all the techniques with their advantages and disadvantages. MB-PA and SB-PA with parallel
single-band PAs are easy to design. These adaptive PAs require one PA for each band of
operation; lots of components (transistors and MN’s component) are required and make these
PAs large in size and expensive. Implementing lots of components, connection between PAs
and biasing for transistors could increase the amount of loss in these PAs. On top of all these
losses, SB-PA with parallel single-band PAs has one more source of loss; the switches used
for connecting to the desired PA. Designing adaptive PA with reconfigurable MN (MB-MN
or SB-MN) is more efficient, smaller and cheaper. As only one transistor is used in these
adaptive PAs, the number of active devices, components and size is dramatically decreased.
SB-MN can provide theoretically more exact impedances compared to MB-MN and
consequently more output power by applying switches at the cost of introducing more losses

in the circuit.

The lack of study on the efficient approach to design adaptive highly efficient PAs
(switched-mode PAs) motivates the author to do the research on the approaches and evaluate
their performances. Also, developing a methodology with a recursive analytical solution for
improving efficiency of SB-PAs is found to be essential to consider as today’s wireless

communication systems designers are continuously seeking better performances.
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Chapter 4

Analysis and Design of Switched-Band
Matching Networks for Power Amplifiers

A Matching Network (MN) is mainly to transfer load impedances to the desired source
impedances at the specific frequency. At RF and microwave component level, one of the
challenges is the design of multiband MN (MB-MN). Different circuit topologies are defined
for MNs; such as L-match, quarter-wave transformer, single stub and etc [40]. Some MB-MN
problems are more conveniently solved using networks that include switches to increase the
number of degrees of freedom available. Some of the switched-band MNs (SB-MN) use
switches to change the value of inductance or capacitance to obtain the desired impedance
based on the required operating frequency [28], [81]-[82], [84] and [91]. There are some
reported distributed SB-MNs, such as MNs in [21], [73], [86]-[87] and [92]. In [86] and [87],
two output paths were provided and based on the chosen path the circuit operates at different
frequencies. Another technique for SB-MN was introduced by [21] and [73], which use
switchable stubs to provide optimum matching at different operating frequencies. The SB-
MN in [92] used parallel quarter-wavelength transmission line and PIN diode switches at
both ends of transmission line. This MN is switched to different impedances by providing
different characteristic impedances which are achieved by controlling the switches and
connecting or disconnecting the transmission lines [92]. Switches are the main source of
losses in the SB-MNs and the main concern in designing a SB-MN is to decrease these
losses. In some of these topologies, switches are applied in the main signal path and increase
the overall effect of their losses. The other important concerns in designing SB-MNs are

power handling and size issues that need to be taken into account.
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The SB-MNs proposed in this chapter address these issues by focusing on stub length
switching, such that all switches are grounded. By designing a MN in such way that the
switches are placed between a point on a stub and the ground, the thermal resistance is
reduced, resulting in lower junction temperatures in semiconductor switches. Lower average
temperatures lead to more reliable operation, and lower temperature excursions reduce the
tendency for memory effects in the non-linear behaviour. This would in turn make artificial

linearization (for example, using pre-distortion) less problematic.

All the presented MNs have been built and tested. The description of all the proposed MNs
is followed in this chapter by an analytical solution and comparison in terms of their accuracy
and size. Multiband MNs for PAs is an important research area and needs very precise design
due to the difficulty in managing optimum impedance matching and harmonics termination at
the same time in each band. In the last section, the presented SB-MN is composed of two
blocks, one for optimum matching at fundamental frequency and one for providing open or

short circuit at harmonic frequencies.

4.1 Detach Stub Matching Network

The employed MN is based on the concept which is used in [21]. This MN composed of
two transmission line and two stubs, as shown in Fig. 4.1. The first stub is fixed and the
second one is connected by a switch, and called Detach Stub MN. With the switch OFF, the
MN provides a required impedance at the first required frequency (f;) and in ON state of the
switch (second stub introduced into the circuit), the desired impedance at the second

frequency (f,) is met.
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4.1.1 Analytical solution
The derived analytical solution of the detach stub MN provides values for the length of the

transmission lines and stubs to give more precise results and shorten the design stage.

Figure 4.1- Detached stub matching network

Furthermore, such a solution will help circuit designers to arrive at optimum SB-MNs in a
shorter time. Mainly, the analytical solution is helpful to find any forbidden region for this
MN. The area on the Smith Chart which is unable to be matched with the particular MN
circuit is called ‘Forbidden region’. The equations are derived for ideal and physical

transmission lines with effective dielectric constant (&,.).

The ideal transmission line is utilised to prove the possibility of using an analytical
solution. The whole idea of this method is to match by aid of a designated transmission line
and a stub for each frequency. The transmission line 7L, of length [ provides admittance
Yo + jB at point ‘a’ and jB is eliminated by introducing the susceptance of an open stub (S, ).
The required impedance looking into 71, at port I at the first frequency is Z;iand defined

as Ry, + jX;,. Atpoint ‘a’, admittance (Y;) can be written as:

ZO - XLl tan QLI + jRLl tan 9L1
Ry + (X, + Zytan6;,) (4.1)

Y1 :YO

where Z, and 6;, are the characteristic impedance and the electrical length of 7L, ,

respectively. Splitting Y; into real part and imaginary part yields (4.2) and (4.3) respectively.
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R, (1 +tan%48,,)

Re(Y;) =
e(h) R, + (Xy1 + Zotan6,,)?

4.2)

RE tan8y; — (Zo — X tanb;1) (X1 + Zotan8y,)
Zo[RE1 + (X1 + Zotan6;4)?]

Im(Yy) = (4.3)

Given that the real part of Y; is equal to the characteristic admittance of the system, Y, the

electrical length of the transmission line can be obtained by the following equation.

(4.4)
RL1 - ZO

_1 (XLI — VR [(Zo — R)? + X211/ Z, )
0,1 = tan
By substituting 6, ; value back into (4.3), the susceptance part of Y;, B, can be obtained. The

admittance at ‘b’ in Fig. 4.1 is jY¥ytan6Os, and electrical length of the stub (§,) should be

found to eliminate the susceptance of Y,. So the electrical length of the stub can be calculated

by:

B
65, = tan"' () (4.5)
Yo

To provide the desired impedance Z;, = R;, + jX;, at f,, the second stub is introduced
into the circuit by turning the switch ON. To calculate the length of the second transmission

line and stub (7L, and S, respectively), the admittance at ‘c’ (¥3) is calculated by (4.6).

ZO - XLZ tan(@il) +jRL2 tan(elil) . ,
s =T : + j Yotan(8 4.6
’ ° R, +j(Zotan(9L1) + X.5) J Yo an( 51) (4.6)

The physical length of TL; and S; are fixed but their electrical lengths vary as the

frequency changes; therefore, 8, ,and 6,,are introduced which are the electrical length of the
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first transmission line and stub at f,, respectively. Following the same procedure by applying
1/Y; instead of Z;;, we can calculate the electrical lengths of TL, and S,. The derived
analytical solution is also applicable for SB-MNs covering more than two bands. This can be
done by adding additional switched stubs, positioned relative to S;, by repeated application of

(4.6) and back to (4.3)-(4.5).

For practical applications, the above introduced algorithm needs to be implemented in a

physical transmission line medium such as microstrip. To find the lengths of transmission
lines and stubs in microstrip, the physical lengths need to be divided by \/e—e yielding (4.7)

where ¢, denotes effective dielectric constant.

0.c

[ = NGRIT, (4.7)

4.1.2 Numerical Example

To verify the presented approach, the equations have been applied to several different
numerical values in different ranges of frequencies and one of them is presented in this
section. A Gallium Nitride High Electron Mobility Transistor (GaN HEMT) from Nitronex is
chosen as an example. Two different frequencies are selected and appropriate impedances are
obtained from load pull information in the device datasheet. Load pull analysis is a graphical
technique, generating a set of contours on the Smith chart of required impedances for DUT to
achieve specific performances. These contours represent the impedance loci for given
performance parameters for the PA and they are obtained by varying the impedances and
measuring the performance of the PA (output power, gain and efficiency) [94]. The required
normalized impedances are 0.49 + j0.366 and 1.052 + j0.456 at 1800 and 900 MHz ,
respectively, with the bandwidth of 400 MHz. The required impedance for the higher

frequency is provided by the OFF state of the switch, since the amount of loss in switch in its
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ON state increases at higher frequency. Appropriate lengths for the transmission lines and

stubs are calculated in two different versions, ideal and physical transmission lines.

4.1.2.1 Ideal Transmission Line

Using (4.3-4.5) the value of B, 8;;and 0, are calculated respectively. In the next step Y3 is
obtained using (4.6). Using the same procedure 6;, and s, are calculated. These results are
used in the simulation and the results are shown in Fig. 4.2. Good agreement between the
simulation results and the required impedances taken from the device datasheet has been

confirmed.

900 MHz
r1.05201
%0.456042

Figure 4.2-Simulation result of detach stub MN with ideal transmission line

In the first frequency, one transmission line and one stub is used to match to the required
impedance. The second desired impedance is converted to Y3 at point ‘¢’ in Fig. 4.1. The
second transmission line and stub parameters are calculated to transform Y; at the second
frequency to Y at points ‘c’ and ‘d’, respectively. No further iteration of the first line and
stub are required to achieve this. The presented method proves that there is no forbidden

region to match any dual frequencies by this MN, because whatever the value of Y3, it can, in

principle, be matched using a single line and stub.
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4.1.2.2 Physical Transmission Line

The electrical lengths of the transmission lines and stubs in this case are evaluated as
before and their physical lengths are found by use of (4.7). Fig. 4.3 shows the simulation

results based on the calculated lengths with physical transmission line and stubs.

1800 MHz f\
r0.491906 S,
/| %0.357821 ‘ “
y l— | 900 MHz N\

A 11121899 3
/| x0277587 |

£, \

.
by
>4
h
i

Ly

P

Figure 4.3-Simulation result of detach stub MN with physical transmission line

The results show a perfect match at 1800MHz and a reasonably close match at 900MHz.
The reason for the difference observed in the second frequency is the discontinuity of the T-
junction. Discontinuities are abrupt changes in geometry of microstrip lines which alter the
electromagnetic wave propagation down the line. Some of the common microstrip
discontinuity are open-ends, steps, T-junction and cross junctions. As the reference plane is
shifted by the junction, so by adjusting the length of the transmission line and the stub, the
discontinuity effect of the T-junction can be compensated as shown in [93] and [95]. Taking
into account the discontinuity and fine tuning the simulation will give the result presented in

Fig. 4.4 that shows good agreement at 900 MHz.
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oo

) r1.0508
P4 x 0450256
7

R

Figure 4.4-Simulation result after adjustments at the first band

A PIN diode is applied as the switch in all the presented MNs in this work because of its
advantages such as low insertion loss, high isolation, high switching speed and excellent
power handling at microwave frequencies [24]. Two PIN diodes from two different

companies have been selected:

e Silicon PIN diode from Infineon (BARS50)

e Silicon PIN diode from Skyworks (SMP1302-085LF)

The detach stub MN has been tested with both of these PIN diodes and their result have
been analyzed. The simulation results obtained from both models are satisfactory in terms of
providing appropriate impedance at the output port of the transistor. Dissipation of power in
the PIN diode will consequently introduce loss in the MN. Hence, to choose the best design,
loss in the circuit should be minimized. The loss of these MNs are analysed by aid of the
definition of total loss factor which is based on the concept of energy conservation. A loss
factor can be derived by studying the total power emerging from the network in response to

an input at one port. On this basis, the loss factor has been derived as:

2 2
Loss:‘Sn‘ +|S21| (4.8)

Where a value of one indicates a lossless circuit and a value less than one shows that there

is loss. The simulated values of this equation for both MN with two PIN diodes are plotted in
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the following two graphs, Fig. 4.5. The result desired to be close to one and minimise the

losses introduced by PIN diode into the circuits.

Comparing both results presented in Fig. 4.5, Infineon PIN diode gives better results for

both frequencies with total loss factor very close to one while Skyworks gives a lower total

loss factor. Obviously, the first model has less loss and dissipates less power in the MN.

1
1800 MHz
N 0.94867
0.95 Bl | 900 MHz
N\ | 0-92049 JEEES=
¢ =
0.9 \ e
v yd
0.85 0.85 /
7
/
0.8 08
0.75 0.75 =4
07 07
500 1000 1500 500 1000 1500 2000

Frequency (MHz)

@

Frequency (MHz)

(b)

Figure 4.5-Total loss factor of the detach stub MN in OFF (blue) and ON (pink) state with PIN diode (a) Infineon and
(b) Skyworks
4.1.3 Experimental Result
The MN based on the calculation in the previous section has been built, to prove the
validation of the algorithm. It was fabricated on Microstrip substrate of thickness of 0.76 mm
and relative dielectric constant of 3.5. The PIN diode, as mentioned earlier, is type BARS50

from Infineon.

The simulation and measurement results are compared and plotted by their magnitude
(Fig. 4.6) and on the Smith Chart (Fig. 4.7). The markers on Fig. 4.7 ((a) and (b)) indicate the
reflection coefficient at the intended frequencies for the ON and OFF state (1800 and 900
MHZ, respectively). Both graphs show good agreement between simulation and

measurement. The small differences are due to real components and their tolerances.
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Figure 4.6-Simulated and measured S{4in (a) OFF (1800 MHz) and (b) ON (900 MHz) state
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Figure 4.7-Simulated and measured input impedance of detach stub MN in (a) OFF state and (b) ON state

4.2 Open to Short Stub (OTS) Matching Network

Any Switched-Band Output Matching Network (SB-OMN) which contains switches will
degrade the output power and efficiency. The MN proposed here are composed of one
transmission line and one stub and utilise a switch to connect the stub to ground. Placing the
switch between stub and ground to open or short stubs can provide different impedances in
different operating frequencies and helps to minimize losses which are introduced by the
switch. Since, the switches are not in the main path of the signal their resistive elements can

dissipate less power, helping to reduce losses.
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4.2.1 Design

The whole idea of this MN is to provide required impedances by a single stub and varies
in two different frequencies by aid of a switch at the end of the stub to obtain open- or short-
circuit stub. This is referred to as Open to Short MN (OTS) (Fig 4.8). The ON state of the
switch provides a short stub at the lower frequency and the stub is open when the switch is
OFF, for the higher frequencies use. The length and the characteristic impedance of the
transmission line and the stub are optimized to provide required impedances at the specific

frequencies.

TL1

PORT 1 PORT 2
S]]

-

Figure 4.8-Open to Short MN

4.2.2 Analytical solution

In OTS, only one transmission line and stub are available to adjust their length and
characteristic impedance to achieve desired impedance at both operating frequencies.
Generally, the method of the OTS MN is to suppose the required impedances are presented at
‘port 1’ and aim to provide the system impedance at ‘port 2’ by aid of a transmission line and

a stub. The steps that have been followed to derive an analytical solution for this MN are:

e Suppose required impedances at both bands are provided at ‘port 1’
e Adjust length and characteristic impedance of the transmission line to present

Y, +jB,at f, and Y, + jB,at f,

e FEliminate /B, by appropriate length and width of short-circuited stub
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e Eliminate jB,by appropriate length and width of open-circuited stub

The aim of deriving the analytical solution is to be able to calculate length and
characteristic impedance of the transmission line (7L, ) and stub (S, ) accurately. The physical
lengths of the transmission line for both frequencies have been derived the same way as
explained in section 4.1.1. Practically, both physical lengths should be the same as they refer

to the same transmission line, (4.9).

R, _ 2 2 ) R _ 2 2
| ; _XLI_\/Z[(ZI R, +(X,)7] ! ; X, \/Z [(Z, =R, +(X5)7]

—tan ! =—tan !
fl RLl _Zl fz RLZ _Zl

where the required impedances are Z,, =R, + jX, and Z,, =R, + jX,, for the first ( f,)

and second ( f,) band which are known values. Z, is the characteristic impedance of 7L, and

is unknown. Both sides of equation (4.9) include tan™' with different coefficients (L and
1

L) and they cannot be equal for a particular Z, and any Z,,and Z,,. Therefore, this MN

2
has forbidden region. In order to find an analytical solution and define the coverage region of

the OTS MN, different special cases need to be considered.

To begin with, the assumption has been made that the transmission line is quarter

7 The
Je. 24, 2

wavelength at f,. So, the length of the transmission line in air space is L, =

R, + X,
2

admittance at point ‘a’ is . The conductance should be equal to the normalized

1
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system admittance and therefore, Z, =/R,, . The switch is ON when the circuit is operating

at the first frequency and the length of the short-circuited stub can be found by:

L=—o- tanl[ Ry j (4.10)
2 .
\/8_627% XLIDZZ

There are two unknowns in (4.10), length (L,) and characteristic impedance (Z,) of the
stub. To be able to find unique values for L, and Z,, another equation for L, is needed at the

second frequency. The physical length of the transmission line is obtained and the electrical

length of the transmission line in the second band (,,) can be found by Q*z. Three
1

different cases are going to analyze:

e Casel: Qzeven integer number —» 6,, =nx
1

e Case?2: £=odd integer number —»0,, = n%
1

e C(Case 3: L =any value —» 0,, =any value
1

In case 1, tan(f,,) is zero and the admittance at point ‘a’ for the second band is

RLZ B jXLZ

. The normalized conductance should be unity to meet the system impedance at
R, + X},

‘port 2°. To satisfy this, the length and width of transmission line would need to be adjusted.
However, they had been calculated earlier to meet the first band requirement and they are
fixed. Therefore, the only way to meet this condition (the normalized conductance to be

unity) is X,,should be \/R,, —R;, . At the second band, the switch is OFF and the stub is

open. Length of the stub can be found by:
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XLZZZ J
4.11)

Je. 24, RL + X2,

Z,and L, are unknown in (4.11) like (4.10). Now there are two equations and two
unknowns and this can be easily solved. This has been done in this work by finding L, with
substituting different value of Z,in an acceptable range. Different values for L,have been

obtained from (4.10) and (4.11) and they are plotted in the same graph with respect to Z,in

order to find the crossing point, which identifies the appropriate values.

S

1

According to the equations, this MN with frequency condition of =even integer

number can be applied for the certain output impedances for which they met the conditions.

These conditions are:

o X,,=+Rp —sz

e R,<I

MATLAB has been used to find the coverage region of the OTS MN in the first case. All
the conditions have been applied in MATLAB to locate the impedances on the Smith chart.
The impedances for which OTS MN can be designed are shown in Fig. 4.9(a), the blue dots

show Z,, and red dots show Z,, . The reason that they are only capacitive loads for Z,, is that

(4.10) results in a negative length when inductive loads applied and need to add quarter
wavelength to the stub and in that case the stubs cannot have the same physical length for
both bands of operation. To be able to match inductive loads as well we need to shift
switching condition in the frequencies: the ON state of the switch at the higher band and the
OFF state at the lower band of operation. The equation for calculating length of the stub will

be:
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c af X2,
L, = tan 4.12
B \/8_627y(i ( RL] j ( )
c -1 RL22 + XL22 J
L,=————tan (— (4.13)
\/5_62@‘2 XL2 'Zz

L,, and L,,are the length of stub at first and second frequency, respectively. The coverage

region in this case has been analyzed in MATLAB and plotted the impedances on the Smith

chart in Fig. 4.9(b).

§1.0 -j1.0

(€ (d)

Figure 4.9-Coverage region of OTS in case 1(a) capacitive load and (b) inductive load

The second case is when the ratio of the frequencies is an odd integer number. The

L!X“. To provide the

admittance at point ‘a’ in Fig. 4.8 for the second bands is Y, =
1

system impedance at ‘port 2’ Z,should be equal to/R,, . The characteristic impedance of
the transmission line ( Z,) at the first band has been calculated to be \/R,, ; therefore, R,, has

to be equal to R,,. At the second frequency, the switch is OFF and the stub is open, so the

length of the stub can be calculated by:
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XLZ ’sz
(4.14)

L=—° tanl(
Je.2, R,
The same technique is applied here to plot both L, from (4.10) and (4.14) in the same

graph and find Z,and L,. The only condition applied in this case is the same resistance for

both required impedances. Fig. 4.10 is shown the coverage region of OTS in case 2 that

obtained in MATLAB.

+1.0

Figure4.10-Coverage region for OTS in case 2

The next step is analyzing the third case. By assuming the required impedance at ‘port 1’

in the second band of operation, the input impedance at point ‘a’ can be written as:

_, R+ (X, +Z tand,,)

7. =
’ 1 (Zl _XLI taneLz)"'jRLz tan9L2 (415)

Then the conductance is found:

R,,(1+tan’(0,,))

Re(Y;) =
e(1;) R}, +(X,, + 7 tan(6,,))

(4.16)
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Equation (4.16) needs to have specific values for R,,and X,,to be equal to one. The

length of the stub in ON state of the switch (short-circuited stub) and OFF state (open-circuit

stun) can be found by (4.10) and (4.17):

C

Ly = tan"'(— BZ,) (4.17)

2

B is the susceptance of Y, . Z,and L, can be found by plotting both equations ((4.10) and

(4.17)) in one graph with respect to different value of Z,. The coverage region of the OTS in
third case is shown in Fig.4.11. According to Fig.4.9, 4.10 and 4.11, this MN results in a poor
coverage region of the Smith chart. Therefore, this MN is not able to work over a wide range
of frequencies and achieve any required impedances due to having too few adjustable

elements.

Figure 4.11-Coverage region for OTS in third case

4.2.3 Numerical Example
To verify the technique explained in the previous section, three numerical examples for
each case are presented here. Two frequencies and their required impedances have been

chosen. The first example is for case 1 where the second frequency is twice of the first
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frequency, 900MHz and 1800MHz. The aim is to provide 1.052+ j0.456and 0.49 + j0.366
at ‘port 1’ in the first and second band, respectively. Electrical length of %and 7 at the first

and second band results in physical length of 50mm. The normalized characteristic
impedance of the transmission line is+/1.052 , so the width of the transmission line will be
1.61mm. Equations (4.12) and (4.13) have been used to find the length of the stub for both
frequencies by substituting different values of Z,. The logical values for normalized Z, is
between 0.4 and 1.8, according to the substrate and the feasible width. The two stub lengths
are plotted in the same graph, Fig. 4.12. In this figure, red line shows L, for the first band

and blue is for the second band.

In Fig. 4.12, the point that stub has the same length in both frequencies has been marked.
Therefore, width of 1.73mm and length of 11.4mm have been chosen for the stub. These

values are applied in the simulation and the simulation results are shown in Fig. 4.13.

The second example (case 2) is for 0.9GHz and 2.7GHz and their required impedances are

Z,,=04-j1.1 and Z,, =0.4+ ;0.8 , respectively. The characteristics impedance of the

transmission line is Z, =~+/0.4 . The electrical length of the transmission line (7L, ) at the first
band is6,, = % which is 6,, = 37” at the second band and its physical length is 48.73mm. To

find the length and characteristics impedance of the stub, equation (4.10) and (4.14) are
plotted in Fig. 4.14. At normalized Z,equal to 0.96 both stub length have the same value

which is 10.3mm. The simulation results with these values are shown in Fig. 4.15. These

results show a good match with the required impedances at both bands.
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Figure 4.12-Physical length of the stub with different characteristics impedance
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Figure 4.13-Simulation result of OTS in case 1 (a) OFF and (b) ON state of the switch
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Figure 4.14- Physical length of the stub for different characteristics impedance of the stub
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Figure 4.15- Simulation result of OTS MN in case 2 (a) ON state and (b) OFF state

The two required impedances chosen for the example of the case 3 are Z,, =0.5—j0.6at

900MHz and Z,, =0.3+ j0.75at 2000MHz. The normalized characteristics impedance of the

first transmission line is found as 0.7 which result in 2.84mm width. The length of the

transmission line is 50.7mm. The same process as two previous examples are followed here
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and equation (4.10) and (4.17) are plotted in Fig. 4.16. The normalized optimum

characteristic impedance of 0.47 and the length of 29.8mm are found.
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0.6 0.8 1 1.2 1.4

Normalized 22
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Figure 4.16-Physical length of the stub for different characteristics impedance of the stub

These calculated values are applied in simulation to prove the validity of this algorithm.

The simulation results (Fig. 4.17) are shown reasonably close match to the required

impedances.

900 MHz
r 0.585801
x -0.620364

2000 MHz
r 0.306086
x 0.570715

Y

Swp Max
2100MHz

Swp Min
1900MHz

(@

(b)

Figure 4.17-Simulation result of OTS MN in case 3 (a) ON state and (b) OFF state

The loss of the OTS MN has been analyzed to prove the improvement in minimizing the

loss of OTS MN compare to the detach stub MN. Fig. 4.18 illustrates the loss introduced by
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the switch to this MN. As shown in the graph, the losses at both states (ON and OFF) of the

switch are very close to one. In ON state of the switch, 3% improvement has been achieved.

1
0.95 — —
900 MHz 1800 MHz
0.98409 0.97695
0.9
0.85
0.8
0.75
0.7
500 1000 1500 2000
Frequency (MHz)

Figure 4.18-Total loss factor of the switch in the OTS MN in OFF state (blue) and ON state (pink)

4.2.4 Experimental

The OTS MN (the case 1) has been fabricated to verify the methods, Fig. 4.19. The PIN
diode has been biased with a capacitor and a resistor. The applied voltage is 8 V and the
voltage after the PIN diode will be 7.3 V due to the PIN diode forward voltage drop.
Therefore, the value of the resistor can be calculated to conduct forward current of 10 mA. A
capacitor is used to provide RF ground and low reactance at the intended frequency (same
value as DC blocking capacitor, i.e. 47 pF). The simulation and measurement results are
compared and plotted on the Smith Chart (Fig 4.20). The experimental results are reasonably
close to the simulations and validate the analytical solution and that by switching the stub to

the ground is capable of providing the required impedance in the other frequency band.

Figure 4.3-Photograph of OTS MN (switch end of the stub)
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Figure 4.20-Simulated and measured input impedance of OTS MN at (a) ON state and (b) OFF state

4.3 Short to Stub (STS) Matching Networks

The presented MN in this section is a single stub MN and a different matching condition is
provided by using a stub which can be adjusted in length and width and made either open- or
short-circuit. To make this possible, the position and mode of the switch is altered and it

provides different performances.

4.3.1 Design

In the method called Stub to Short switching (STS), the switch is situated somewhere in
middle of the stub (Fig 4.21). When the switch is ON, the stub is shorter and is grounded. The
longer and open stub is provided in the OFF state of the switch. Typically, the higher
frequency needs shorter stub rather than the lower frequency; therefore, ON state of the
switch is applied at higher frequency. By optimizing the length and characteristic impedance

of the transmission line and stub, optimum matching can be provided at different frequencies.

Figure 4.4-Stub to Short MN
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By using the switch in the middle of the stub, in STS, one longer stub is used in one of the
frequencies and an extra degree of freedom is provided to design; therefore, more frequencies

can be covered by this method.

4.3.2 Analytical solution

As for the other two MNs (detach stub and OTS MN), an analytical solution is derived for
this MN. The reason to derive equation is not only making the designing MN in the shorter
time and more accurate result, but also to discover any forbidden region for this MN. For the
start, the electrical length of the transmission line is assumed to be quarter wavelength at first

band. The input admittance at point ‘e’ in Fig. 4.21 istjX“, where R, and X, are the
1

resistance and reactance of the required impedance at the first band and Z, is the

characteristic impedance of the transmission line. The characteristic impedance of the

. . . X
transmission line is calculated to be /R, to provide Y, + j—%Lat ‘port 2°. At the first band
L1

the switch is OFF and both stubs are connected. To find the susceptance of the stub at point

‘a’, first need to find the impedance at point b

Z3
tan &, ,

Z =~j (4.18)

Z, and Z,are impedance at point ‘b’ and characteristic impedance of the second stub,
respectively and 6,,, is electrical length of the second stub at the first band. Then the

susceptance at point ‘a’ can be found by:

iy Z,tanby,, + Z, tanb,,
Z,—Z, tanby,  tanb,,,

B, (4.19)
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0,,,1s the electrical length of the first stub at the first band and Z,is the characteristic

impedance of the first stub. Then, the length of the second stub is:

,= c tan_l(£° Xy =R, tangSZlJ (4.20)
\/g_ezﬂfl Z, R, +X,tanb,,

This equation has four unknowns and makes it impossible to solve. When the switch is
ON, the first stub is connected to the ground and the second stub is out of the circuit. In the
ON state of the switch, the length and width of the first stub can be found to decrease the

number of unknowns in (4.20). The electrical length of the transmission line at the second

band is Loz . Three cases are going to analyze, same as the OTS MN.
1

f:

In the first case (<= is an even integer number), tand, , is zero and admittance at point ‘a’
1

R,—JX,,
R, + X/,

XLZ

1S ——
RLZ + XLZ

. The conductance is fixed and the only way to provide Y, — at

‘port 2" is, X,,to be equal to/R,, — R}, . The switch is ON and the length of the first stub

can be found by:

Rzz+Xzzj )

c -1
L= [
\/5_e 279[2 X L2 'Zz
Any value of Z,can be chosen and the length of the stub can be found accordingly. By
replacing these values back to the equation (4.20), a value of Z, can be chosen and find the
length of the second stub. The only condition applied for this case is the value for reactance
of the second impedance ( X,, =+/R,, —R;, ). Fig. 4.22 illustrates the acceptable values for

Z,,. There is no condition for the impedance at the first band and it can have any values.
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+j1.0

-j1.0
Figure 4.5-Coverage region for STS MN in case 1
The second case is when the ratio of the frequencies is an odd integer number. By

considering that tan@,, (is the electrical length of the transmission line at the second

«

. . e . ) . R,+jX
frequency) is going to infinity, then the admittance at point ‘a’ is “—2]“

. The

1

characteristic impedance of the transmission line can be found by Z, =/R,, . For the first

band of operation, Z, has been found as,/R,, . The only condition allow this case to be valid

isR,, =R,,. The switch in ON for the second band and the first stub is just connected to the

circuit; therefore, the length of the first stub is:

L —_—C-tan_l[ Ry, ) (4.22)
2 = .
\/8_627;7{2 XLz'Zz

The same process applied here, the width and the length of the first stub can be calculated
by aid of (4.22). The next step is going back to (4.20) which have two unknowns now; the

length of the second stub can be calculated by selecting an acceptable value for Z,. As

mentioned earlier, the resistance of both required impedances need to be equal and both of
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them are equal to Z. The STS MN in case 2 can match any impedance on any of the circles

shown in Fig. 4.23.

Figure 4.6-Coverage region for STS MN in case 2
The input impedance at point ‘@’ in the third case is (4.15) and the same condition is
applied as well, which is Re(Y;)z 1 (equation for Re(Y;)is (4.16)). The required impedance
at the second frequency needs to have suitable value for its resistance and reactance to make

this argument true. The length of the first stub, when the switch is ON at the second

frequency, is:

L=—" tan"| 1 (4.23)
\/8_62@{2 B'Zz

B is the susceptance of Y, . The length and width of both stubs can be calculated by

(4.20) and (4.23). The STS MN has no forbidden region for the required impedance at the
first band, whereas, it is able to operate only in the impedances shown on the Smith chart at

the second band in Fig. 4.24.
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Figure 4.7-Coverage region of the STS MN in case 3

The STS MN compare to the OTS MN has excellent coverage region based on their
acceptable points on the Smith chart. Finding the characteristic impedance of the stubs are

independent from each other due to providing an additional stub for one band of operation.

4.3.3 Numerical Example
All the presented cases for the STS MN are represented with numerical example in this
section. Table 4.1 illustrates the selected frequencies and their required impedances in each

casc.

Table 4.1-Selected frequencies and their required impedances for all the cases

fl ZLI f2 ZL2

Casel | 900MHz | 1.052+;0.45 1800MHz 0.49+,0.49

Case2 | 900MHz 0.5+ j0.35 2700MHz 0.5+ j0.65

Case3 | 782MHz 0.8+ /1.8 1748MHz 0.9+ ,0.13
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The length and width of the transmission line and stubs have been calculated by algorithm
presented in the previous section. These values are tabulated in Table 4.2; all the values are in

mm.

Table 4.2-Calculated length and width of the transmission line and stubs for STS MN in all the cases

L, o L | W | L | W

Case 1 52.7 1.61 8.5 0.5 52 0.5

Case 2 52.7 2.83 7.3 1.67 13.1 1.67

Case 3 58.4 2 233 0.5 26.1 0.5

The STS MN has been simulated with these values. The simulation result for casel, case 2
and case 3 are shown in Fig. 4.26, 4.27 and 4.28, respectively. The simulation result for all

the cases are shown very well matched to the required impedances.

The loss of the PIN diode in the STS MN has been analyzed and is shown in Fig 4.25.
There is an improvement compare to the detach stub MN and again it is proof that by this

technique the losses of the switch are minimized.

900 MHz |
0.95 —10.98248

1800 MHz | °§
0.96125
0.9

0.85 |

0.8

0.75

0.7
500 1000 1500 2000
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Figure 4.25-Total loss factor analysis of the switch in STS MN in OFF state (blue) and ON state (pink)
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Figure 4.8-Simulation result of the STS MN in case 1 (a) OFF and (b) ON state of the switch
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Figure 4.9-Simulation result of the STS MN in case 2 (a) OFF and (b) ON state of the switch

Sw
8(

Swp Max S:|'S !

1800MHz

782 MHz
r 0.833446
x 1.84239

A%"“%

1748 MHz
r1.09474
x 0.132594

I

Swp Min
1700MHz

(a) (b)

Figure 4.10-Simulation result of the STS MN in case 3 (a) OFF and (b) ON state of the switch
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4.3.4 Experimental

The case 1 has been fabricated as an example of the STS MN and it is shown in Fig 4.29.
The experiment results are shown in Fig. 4.30 and they are plotted on the Smith chart with
the simulation result. The measured impedances and the simulation results agree very well
over wide range of frequency. The slight difference between them is due to the variations in

parameters in real components.

)
D il
o

(@ (b)

Figure 4.30-Simulated and measured input impedance of STS MN in case 1 (a) OFF state and (b) ON state

4.4 Comparison of Matching Networks

Three SB-MNs have been presented in the previous sections. The switch is not placed in
the main path of the signal and this is an advantage for all the presented MNs. The last two
MNs (OTS and STS MN) are more preferable than the detach stub MN as they reduced the
losses introduced into the circuit by the switches. These two MNs are compared in terms of
their performances in this section. One of the advantages of the OTS MN over the STS MN is

using ON state of the switch at the lower frequency. But in STS, since the higher frequency

81



Analysis and Design of Switched-Band MN for PAs Chapter 4

requires a shorter stub, the ON state of the switch is used at the higher frequency. Table 4.3
compares these two methods. To compare the accuracy of MNs in achieving desired
impedances, the error in percentages is provided, showing the effect of the limited numbers

of degrees of freedom, in ON and OFF state of the switch. These percentage errors shows the

desired impedance—obtained impedance

* 100. The

accuracy of the MNs and are calculated by

obtained impedance
values in Table 4.3 show that the STS method is more suitable for generating the required
impedances than OTS method. Also, their coverage region on the Smith chart is another

proof that STS MN can operate over wider range of the impedances.

Table 4.3-OTS and STS MN comparison

OTS STS
Size 3.5%x3 cm 5%1.8 cm
Limitation degree in ON state 4.1% 2.8%
Limitation degree in OFF state 16.9% 0.3%
ON state of the switch Lower frequency Higher frequency

4.5 Harmonic Termination Network

The MNs which are applied in PAs need proper suppression of harmonics. If a MB-PA
design is required to support several operation bands, harmonics which need to be terminated
will increase and it makes MB-MN even more challenging to design. Impedance Buffer (IB)
elements are used to provide either open or short circuit, as required, by aid of an open or
short circuited shunt stub at harmonic frequencies in [96]. A shunt transmission line with a
capacitor shorted to ground is another technique used by [19] and [23].

High efficiency switching classes of amplifier (Class-E, Class-F, etc) typically require
combinations of open and/or short circuit termination at harmonic frequencies. For example,

the ideal situation for Class-E PA is to have open circuit terminations at the second and
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higher harmonic frequencies [97]. The second harmonics has been shown to be sufficient for
reasonable approximation to Class-E waveforms. The problem of achieving such harmonic

terminations for two different fundamental frequencies is addressed here.

4.5.1 Theory of Harmonic Termination Network

The basic idea of the proposed Harmonic Termination (HT) network is using a transmission
line and an open stub both with electrical length of A/4, (Fig 4.31). Thus this block is
composed of a transmission line (TL1) and a stub (S1) which is /4 at the second harmonic of
the higher frequency. To terminate second harmonic of the lower frequency, a second 1/4
stub (S2) is required. Then another A/4 transmission line is required to convert the short
circuit to open circuit at the ‘port 1’. This requirement is satisfied by aid of the first
transmission line, stub and an added transmission line (TL2). By adjusting the length of added
transmission line, the cascaded line-stub-line combination can be made equivalent to a 1/4
transmission line at that specific frequency. This HT circuit concept could be extended for

terminating n harmonics with n transmission lines and stubs.

Aldat2 f,

|
«g |
(@\]
g |7 I
3 |
~
= |

Figure 4.31-Harmonic termination circuit

4.5.2 Simulation
In order to design a multiband MN practically for a PA, termination of the second
harmonic frequencies are considered. Thus, the introduced HT circuit aims to provide open

circuit at the second harmonic frequencies of operating frequencies, 900 and 1800 MHz.
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These two frequencies are harmonically related and the harmonic of the lower frequency will
be the higher fundamental frequency; this means the HT circuit will be open for higher
frequency which is not desired. To overcome this problem, at the end of the stub which
provides open circuit at the higher fundamental frequency, a switch is implemented to
connect it to ground. Therefore, in order to have optimum matching at operating frequencies
and open circuit at second harmonics, use of a switch in HT circuit is unavoidable. An un-
switched stub is applicable if frequencies are not harmonically related; otherwise the switch
is implemented in the circuit. The result for simulation show open circuit at the required

harmonics (Fig 4.32).

Swp Max HT2

3600MHz

1800 MHz
r 68.343
x-3.16474

3600 MHz
r142.702
x 11.926

Swp Min
1800MHz

Figure 4.32-HT simulation result

4.5.3 Implementation of Harmonic Termination and Matching Network

The STS MN which uses the switch in the middle of the stub is chosen due to its accurate
result. To use this MN as an output MN of PA, implementation of a HT circuit with the MN,
to provide optimum matching and suppress harmonic at fundamental and harmonic
frequencies respectively, is required. At 1800 MHz, both switches (in HT and MN block) are
ON and all the switches are OFF at 900 MHz. Fig 4.33 shows the simulation result of
implemented HT and STS MN. The exact obtained impedances at the fundamental

frequencies and open circuit at their harmonic frequencies prove the validity of the technique.
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Figure 4.33-Implementation of HT and MN (a) OFF state (b) ON state

4.6 Discussion

Three methods of designing SB-MNs were studied. In this contribution, for the first time,
the feasibility of different SB-MNs designed for different frequencies and impedances, by aid
of the derived equations, have been shown. The proposed theoretical approaches provide a
closed-form and recursive solution to design SB-MNs precisely. Numerical and experimental
results have been presented by this work and the results were compared to prove the validity
of the algorithm. The demonstrated OTS and STS MNs offer potential for reduced loss and
improved thermal resistance control for the switching device, as well as smaller design size.
The presented MNs and derived algorithm could be applied to a wide range of multiband

components, such as antennas, LNAs and PAs.

Harmonic termination requirements which are important in PA applications have been
taken into account for designing SB-MNs. The proposed method consists of two blocks, HT
and MN. Furthermore the method of designing MN and HT can be applied not only for two
but for several bands. These promising results encouraged further research on applying these

MN s to design SB-PAs and they will be covered in the following chapters.

85



Chapter 5

Design and Simulation of Dual-Band
Class-E Power Amplifiers

Improving a PA’s efficiency is a big concern for PA designers. Switched-mode PAs
theoretically can provide high efficiency as explained in Chapter 2. The conventional
switched-mode PAs (such as Class-E) are performing with high efficiency in narrow and
single bands. Future wireless communication systems, LTE and LTE advanced, will require
PAs to cover more bands of operation with high output power and efficiency. Designing

dual-band PAs with high output power and efficiency is a challenge for PA designers.

The proposed technique in this chapter describes the design of high efficiency Class-E
PAs for single-band and dual-band purposes. The PAs in this work are designed for LTE
communication system. Two bands of LTE standard will cover, 777-787 MHz and 1710-
1785 MHz. In the first section, the method of designing high efficiency Class-E PA is
presented and two single-band PAs are designed to prove the validity of the proposed
technique. In the second and third sections, the same method has been applied to design dual-
band Class-E PAs with two different devices. These PAs are showing high output

performances in terms of both output power and efficiency.

5.1 Single-band Class-E Power Amplifier

The proposed technique is applied to design single-band Class-E PAs in two working
bands. These two PAs are proving the validity of the technique and also, to provide a
reference design to be able to compare performances in single-band and multiband

applications. This method is focusing on providing the required reflection coefficient at the
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drain of the transistor. This discovery is a key point of this work as it simplifies the Output

Matching Network (OMN) for multiband purposes.

5.1.1 Theory
In this topology, the transistor is assumed to behave as an ideal switch and a nonlinear

capacitor (C,,) as shown in Fig. 5.1. Also, the OMN is considered as two parts, the shunt
capacitor (Cy) and distributed output matching network (DOMN). The DOMN is intended to

provide the required reflection coefficient at the drain of the transistor.

| Non-ideal |
Ideal part of part of
transistor | transistor | VS
I I :l
= - P
8/ I Clls__ I CS
= I I
A I I
- . - .

Figure 5.1-Topology of the design

To find out the desired reflection coefficient, the components of the conventional Class-E
PA’s OMN need to be calculated. The optimum parameters of the lumped element OMN can
be calculated from equations (5.1) to (5.4) which are taken from [16], (load resistance R,

shunt capacitance C, series capacitance and inductance, C, and L respectively).

2
R =057 68( v ] 0451759 _ 0402444
out QL QL (51)
1 ( 0.91424 1.03175]
CS = 1+ — 3
5.446680R, 0, 0’ 52)
1 1 1.101468
C, = +
wR, | 0, —0.104823 0, —1.7879 53)
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L, = (5.4)

These component values are calculated based on specific supply voltage ¥, , required
output power P, . and loaded quality factor (Q, ). These equations were explained earlier in

more details in Chapter 2.

The DOMN is required to provide the same reflection coefficient as Fig. 5.2 (a); therefore,
R,, C,and L,are considered to find its reflection coefficient. Then, the required impedance

at the drain will be found:

(5.5)

G L
1

PORT1 porT2 PORTL PORT2

(@ (b)

Figure 5.2-OMN (a) basic OMN for Class-E (b) distributed OMN

Transmission lines are preferred to design OMN at microwave frequency as their practical
implementation is more convenient and they give a lower insertion loss, [24] and [18]. In this
method, a single transmission line and a single stub have been used to provide the same
impedance as the conventional lumped OMN, Fig 5.2. Conventional distributed OMN for
Class-E is designed by replacing each lumped component with equivalent transmission line

or stub.

The required shunt capacitor (C,) will be added later to the designed OMN. It has been

shown that second harmonic termination (HT) is sufficient to have Class-E performance to a
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reasonable approximation [97]. Second HT is designed to behave as open circuit at the drain
of the transistor at both frequencies. The design principle of HT is explained in Chapter 4.5.

The second HT circuit and OMN are implemented together to satisfy Class-E requirement.

5.1.2 Simulation of Single-Band Power Amplifiers

Investigation of the validity of the proposed technique is to be proven by designing two
single-band Class-E PAs at two frequency bands, 777-787 MHz and 1710-1785 MHz, which
is suitable for LTE standard. Before starting to simulate PAs, some initial considerations
needed to be thought about. The first one is to choose the right device based on the required
power, operating frequency and etc. The NPTB00004 GaN (Gallium Nitride) HEMT (high
electron mobility transistor) from Nitronex has been chosen. The next step is determining

bias voltage according to the device datasheet and class of operation.

In PA design, there are two MNs, input matching network (IMN) and output matching
network (OMN). The IMN is applied to match the source impedance and the device input
impedance and minimize required input power level to obtain desired output power. The IMN
has been designed by aid of transmission lines and stubs to achieve a reasonably good match.
In this work, the concentration is on OMN to provide high efficiency. The OMN needs to be
designed based on the design equation for Class-E operation. As mentioned earlier, one
transmission line and one stub are replacing the lumped element OMN and provide the same
reflection coefficient. The reflection coefficient of OMN at the drain is sufficient to avoid
overlapping between voltage and current, resulting in a highly efficient PA. The lumped
element components have been calculated based on equation (5.1) to (5.4). These values are

shown in Table 5.1.
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Table 5.1-Calculated lumped component values

Frequency band R, C C, L,
777-787 MHz 70.2Q | 0.6pF | 0.3pF 142 nH
1710-1785 MHz | 702Q | 0.25pF | 0.14 pF | 64 nH

The distributed OMN, with one transmission line and one stub, Fig 5.2 (b), has been

designed to provide the same impedance as found in equation 5.5. In order to design this

OMN practically for Class-E PA, termination of second harmonic has been considered. The

HT circuit is designed to provide open circuit at second harmonic frequency at the drain of

the transistor. The designed OMN and HT circuit are implemented together and the results

are shown in Fig 5.3.

Frequency | Impedance (€2)
f 1.4+ 0.38
2 fl Open circuit

" aTuuTT

x 0.381649

1564 MHz
r77.7552
x -10.5071

(a)

Frequency | Impedance (€2)
, 1.4+ j1.05
2f, Open circuit
[ ]

1748 MHz
r1.44126
x 1.05017

3496 MHz
r152.135
X -34.2751

(b)

Figure 5.3-Simulation result of implemented OMN and HT circuit (a) first band and (b) second band
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In Fig 5.3, the required impedances at the fundamental frequencies and the harmonic
frequencies are revealed and the simulated results in the Smith chart shows the perfect match.

This PA has been designed with V,; =8V and V ; =—2.5V . Table 5.2 and Fig 5.4 are

illustrating the overall performances of these two single-band PAs at two different bands.

Table 5.2- Output performances of the single-band Class-E PAs

Frequency Band | Output Power | Drain Efficiency PAE
777-787 MHz 35.2 dBm 87.8 % 82.7 %
1710-1785 MHz 36 dBm 85.1% 80.4 %
E 30 -
E - 80
B 25 X
g 20 %0 7
£ 15 - 40 3
3 10 &
5 - 20
o
0
777 778 779 780 781 782 783 784 785 786 787
Frequency (MHz)

(@

- 100
35 .:.:@:I:.:.:.:l:&ﬁ.*.—. %0
E 30 i‘_ﬂﬂm"%ﬂr 80
3 25 A
= - 60 =
Q >
g 20 - 50 §
& 15 40 8
3 - 30 &
210 w
8 - 20
- 10
0 0
OMNMOoO MO MO M,MLMO WMo wmoO wmo.uwm
A N ANOON T NN O O NDNOO
NNMNNNMNNNMNNNNNNNDN
D R e s B B B o IR B B TR IO B o IR O B o |
Frequency (MHz)

(b)
Figure 5.4-Output power and efficincy of the single-band PAs over the whole band of operation (a) first PA and (b)

second PA
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In designing Class-E PAs, avoiding overlap between the voltage and current waveform on
the device plane is important to minimize the power dissipation in the device and
consequently provide high efficiency and optimum performance. The transistors contain both
intrinsic model and extrinsic model. The intrinsic model is an equivalent circuit model of the
transistor which is dependent on the device, and they are surrounded by a package which can
be shown by the extrinsic model and they are dependent on the environment embedding the
device [98]. Package parasitic have a significant effect on the transistor behaviour at
microwave frequency. Therefore, these effects need to be taken into account to make sure the
PA is operating in the intended class of operation. To observe the waveform at the device
plane, a model for the package is required, so that it can be de-embedded [99]. A linear
packaged model for NPTB00004 GaN is introduced in this work. The model of the package
is composed of two inductors and one capacitor. Each physical component is modelled by an
electrical lumped element. The lead-frame and bond wire are the physical components which
are taken into account in this model. The lead-frame of the package is modelled by capacitor

(C,) and inductor ( L, ), as shown in Fig. 5.5. The bond wire is modelled by an inductor and
its value can be calculated by [115]:
L(nH)=5.08x107 xI(mil)x| L, 4><M -1 (5.6)
d(mil)
where [/ is the length and d is the diameter of the bond wire. The inductance of bond wire

has been calculated 0.4nH as /=1.69mmand d =0.0254mm, four of them in parallel. The

capacitance of 0.45 pF and inductance of 1.12nH are taken from the package datasheet for
C,and L, , respectively. C,1s an intrinsic and nonlinear capacitance of the device, as shown

in Fig 5.5 [20]. This capacitance has not been taken into account in design of the package

model as its effect needs to be considered to satisty the required shunt capacitpr.
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Package Model
Dzice} Plane Lbondwire LL Package Plane
1 C—
—
T CDS

Figure 5.5-The Package model

To access the waveform at the device plane, the effect of the package element needs to be
cancelled. Another network needs to be introduced which is mirrored version of the package
model with negative values and here this network is called NEGATE. By presenting the
NEGATE network at the drain of the extrinsic transistor, the elements of the package will be
cancelled. Therefore, the waveform at port 2 of the NEGATE network is the waveform at the
device plane, Fig. 5.6. The package model needs to be added after the NEGATE network in
cascade. The cascaded NEGATE and package model provide transparent structure.

Therefore, the obtained waveforms at port 3 are the waveforms at the package plane.

Intrinsic + Extrinsic

Transistor
O|NEGATE| @ _| Package | ©
Model
Device Package
Plane Plane

Figure 5.6-De-embedding package of the transistor with mirrored negative the package model
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The voltage and current waveforms for both PAs are shown in Fig. 5.7 and 5.8. For both
PAs, the waveforms are illustrated at the device plane and the package plane. The desired

voltage and current waveforms for Class-E mode are observed at the device plane.
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Figure 5.7-Simulated voltage and current waveform for the first PA at (a) the device plane and (b) package plane
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Figure 5.8-Simulated voltage and current waveform for the second PA at (a) the device plane and (b) package plane

When the single-band Class-E PAs have been completed as reference designs and

achieved good performances, it is time to move forward and design dual-band Class-E PA.

5.2 Dual-band Class-E Power Amplifier with GaAs HFET

The actual realisation of dual-band Class-E PA is presented here. Class-E PA has highly
frequency dependent characteristics. Therefore, designing a dual-band Class-E PA is

challenging because optimum output matching and harmonic elimination have to be achieved
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in both bands at the same time with a single OMN to satisfy the required efficiency and
output power in both operating bands. In Chapter 3, some of the MB-PAs and SB-PAs in the
literature, designed with multiband and switched-band MNs, respectively, are discussed.
Here, a quick review of the reported dual-band MNs is presented. Impedance transformers
are a popular technique to design MB-MNs. Two one-sixth-wave transmission line sections
have been proposed with an approximate analytical solution in [100] to provide matching at

f,and its doubled frequency (2f,). Monzon [102] derived an exact analytical solution for

this MN in 2002. Monzon [103] and Orfanidis [104] extended this MN to operate in any two
frequencies (not harmonically related frequencies) in 2003. Designed dual-band MNs in
[100] and [102]-[104] are just able to match resistive loads. Impedance transformers for
complex loads at two frequencies are introduced in [101], [105]-[108]. The obtained
characteristic impedance of transmission lines in [101] and [107] are high and resulting in
very thin transmission lines (which is not practical). Two-section shunt stub transformers are
designed in [108] and provide dual-band matching. The other technique of designing dual-
band MN is presented in [109]. This dual-band MN used a LC multi-resonant circuit to
provide open or short circuit at different frequencies. These MNs suffer from complexity in

design and limitation in the coverage region.

The proposed dual-band MN in this chapter addresses the complexity of the reported
dual-band MNs and is able to provide matching for any frequencies and impedances. As
mentioned in the introduction of this chapter, it is possible to obtain high output performance
in dual-band operation by providing the required reflection coefficient at the drain of the
device. The dual-band PA is designed without switches to minimize the number of
components and reduce the losses introduced by switches. This proposed technique obtained

high efficiency in both bands by simplifying and increasing flexibility of OMN. The
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possibility of designing a multiband Class-E PA with acceptable performances is increased

by introducing this technique.

5.2.1 Theory

The dual-band Class-E PA presented in this work is designed with a distributed OMN
based on two lumped element networks. Starting from calculating optimum lumped element;
as it is understandable from the equations (5.1) to (5.4), the OMN’s components of Class-E
PA are varied with frequency. There are two ways to design OMN (i) lumped element and
(i1) distributed OMN. OMN for multiband Class-E PA with lumped element would require
switches to satisfy optimum impedance termination for different working bands. Replacing
each component with the equivalent transmission line or stub could be the distributed OMN
method which still requires switches for required working bands. The Class-E PA design
topology in the previous section proved that the reflection coefficient presented at the drain of
the transistor shaped the current and voltage waveforms, and avoid overlapping between
these two waveforms. A single transmission line and a single stub, tuned by width and length,
have been used in the OMN to provide the same reflection coefficient as the lumped element
networks at desired frequencies, Fig 5.2. Having only a single transmission line and a single
stub will enable working simultaneously in two frequencies and make the design more
compact than substituting each component with their equivalent transmission line. This
technique of OMN design makes the circuit more compact and gives a more reliable
performance at both bands of operation. The key point of this PA lies with the ability to
simplify the circuit to enable the achieving of the required Class-E waveform and constant

high efficiency in all bands covered.

The IMN can be designed to be broadband, tunable or dual-band. A broadband IMN

degrades the performance of the PA over the large bandwidth and tunable IMN will introduce
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losses by using a switch in the network. Therefore, the dual-band IMN is designed to have

promising return loss in both of the desired bands.

5.2.2 Simulation

This dual-band PA is designed for the LTE system to cover two bands, 777-787 MHz and
1710-1785 MHz and output power of 23dBm in both bands. Gallium Arsenide Hetero
junction Field-Effect Transistor (GaAs HFET) is chosen for this dual-band Class-E PA.

Components are calculated for both bands, based on the desired output power and supply

voltage; and Q, set as 10.

The impedance of this lumped element network has been found by aid of equation (5.5).
The OMN with one transmission line and one stub, Fig. 5.2(b), has been designed to provide
the same impedances as found from equation (5.5) at both bands. This dual-band PA
designed without shunt capacitor and assumed internal capacitance of the transistor can fulfil
the required capacitance. In order to design this OMN practically, termination of the second

harmonic frequencies is considered.

5.2.3 Measurement

After completing the CAD design, the PA is ready for physical implementation. The
manufactured PA is shown in Fig. 5.9. This PA has been fabricated with microstrip using a
substrate from Taconic, RF 35 0300 and its properties are shown in Table 5.3. GaAs HFET
from Tri-Quint is used as the power device. In class-E operation, the transistor should be
biased close to pinch off and driven into compression. A few measurements are required to
find the desired gate voltages and RF input power. The pinch off value was obtained from the
device datasheet which is -2.1 V. Then, the PA was driven with different input RF power

levels to find the required input power to make the performance of the PA independent of the
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gate voltage. The results in Fig. 5.10 show that input powers of more than 12 dBm are

appropriate for both bands.

Figure 5.9-Fabricated prototype of dual-band Class-E PA
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Figure 5.10- Gain versus input power with different gate voltages (a) lower band and (b) higher band
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Table 5.3-Substrate properties

Properties Values
Relative dielectric constant (&) 35
Substrate thickness (H) 0.76 mm
Conductor Thickness (T) 0.035 mm
Dielectric loss tangent (Tand) 0.0025

The PA performance using the obtained parameters from the above measurement is
presented in Table 5.4 in terms of output power and efficiency. Fig. 5.11 shows the efficiency
and output power of the PA with varying input power in both bands. In Table 5.4, the power
and efficiency figures given are for 16dBm input power. To the author’s knowledge, the
obtained efficiency is the highest reported to date for a dual-band Class-E with such a big

difference of frequency bands.

Table 5.4-Dual-band PA with GaAs transistor Performance

Output Power | Drain efficiency | PAE
First band 22dBm 60% 55%
Second band 27dBm 84.5% 72.6%
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Figure 5.9-Measured efficiency and output power of the dual-bend PA with GaAs transistor versus input power (a)
first frequency band (b) second frequency band

5.2.4 Measurement with Different Shunt Capacitor Values

The measurements of the dual-band Class-E PA show higher efficiency in the higher
frequency band and more output power. Although the efficiency in the lower band is good
among reported efficiencies, the big gap introduced between efficiencies of two working
frequency bands is investigated in this section. This dual-band Class-E PA has been designed
based on the assumption that the internal capacitance of the transistor is sufficient for both
bands. In this section, a different value of capacitor is applied and its effect on the PA’s
output performance is investigated. The value of the shunt capacitor across the transistor is an
important component to produce the desired efficiency and output power and it takes
different values for different frequencies. The PA has been tested with different values of
shunt capacitor and changes in efficiency are shown in Fig. 5.12 and its effect on output
power of PA is shown in Fig. 5.13. Different values of capacitor are provided by tuning the
length of the stub. In the lower band, Fig. 5.12 (a), the efficiency reaches a maximum (80%)
when the shunt capacitance is 0.28pF. Fig. 5.12 (b) shows that efficiency degrades by adding
any capacitance in the higher band. For the higher band, the calculated shunt capacitor is 0.25

pF, and this is provided by the internal drain capacitance in this package transistor.
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Figure 5.10-Efficiency with different shunt capacitor in (a) lower frequency band and (b) higher frequency band.

Legend shows the shunt capacitor values

Setting the value of the capacitance close to the ideal value for one of the operating

frequencies using a shunt capacitor will yield a higher performance in that particular band

and relatively lower performance in the other band. One option could be using a capacitance

in between which would degrade the performance of both bands from their ideal result. For

example, 0.14pF could be a suitable compromise capacitance value in between of the

required capacitance of both bands. The resulting efficiencies in the lower and the higher

bands are 65% and 75%, respectively. The efficiency of the lower band increases by 5%,

whereas efficiency of the higher band degrades about 10%. Therefore, to have high efficiency
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in both bands, it is required to have different shunt capacitance which could be selected by

using a switch.

35
— 30
£
T 25 == 0pF
?g 20 ——0.07 pF
£ 15 - —#—0.14 pF
-
3>
g 10 0.21 pF
© 5 —%=0.28 pF
0 —9—0.35 pF
74 95 115 135 155 175 195
Input Power (dBm)
(a)
35
< 30
g 20 —-0.07 pF
£ 15 —#—0.14 pF
3 10
g. =¢=(.21 pF
© —%=0.28 pF
0
=®-0.35 pF
74 94 114 134 154 17.4 19.4 P
Input Power (dBm)

(b)

Figure 5.11-Output Power with different shunt capacitor in (a) lower band and (b) higher band. Legend shows the
shunt capacitor values

5.3 Dual-band Class-E Power Amplifier with GaN HEMT

The dual-band Class-E PA with high power transistor, GaN HEMT from Nitronex, has
been designed based on the developed theory to prove the validation of the method. The
similar performances are expected, but with higher output power, as a high power transistor

has been used for this design.
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5.3.1 Simulation

The calculated values for optimum OMN are represented in Table 5.1. The OMN has
been designed as explained earlier based on the calculated impedances (equation (5.5)). At
the first stage of the design, the required external shunt capacitor has been ignored and it has
been assumed that the internal capacitance of the device can satisfy the required capacitance.
The simulation result of this PA in both bands is shown in Table 5.5. Output power and
efficiency over the whole band of operation are shown in Fig 5.13. The efficiency and output
power are staying constant over the whole band. Fig. 5.14 shows the voltage (red) and current
(blue) waveform at the device plane in both bands. It is good to note that the waveform of the
second band, Fig. 5.14 (b), provides better coverage and resulting higher output

performances.

Table 5.5-Dual-band Class-E PA with GaN performances

Output Power | Drain Efficiency | PAE
First band 342 dBm 67.6% 61.4%
Second band 35.8 dBm 81.3% 76.8%
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Figure 5.12-Simulated output power and efficiency of the dual-band PA with GaN transistor over frequency in (a)

lower and (b) higher band
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Figure 5.13-Voltage and current waveforms in (a) lower and (b) higher band

The two different efficiencies in two bands result from the simulated dual-band PA as
explained in the previous section. The higher band provides higher output power and
efficiency, 35.8 dBm and 81.3%. Therefore, it can be concluded that the internal capacitance
of the transistor is satisfying the calculated shunt capacitance (0.25 pF). Lower efficiency and
output power have been obtained in the lower band of operation. The calculated shunt
capacitor for the first band is 0.6 pF and to satisfy this required capacitance, an external shunt

capacitor is needed.
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5.3.2 Measurement with Different Shunt Capacitor Values

The dual-band Class-E PA has been tested with different shunt capacitor values varying
from 0.2 pF to 1pF. The efficiencies in both bands with different shunt capacitors are shown
in Fig 5.15. As shown in Fig 5.16 (a), efficiency in the lower band is improving from 67% to
76% as capacitance is increasing from O pF to 0.6 pF. For capacitance values higher than 0.8
pF, the efficiency is decreasing. The 0.6 pF is the calculated shunt capacitance which fulfils
the value for an external shunt capacitance. In the higher band the story is different;
efficiency is degraded by adding an external shunt capacitance. The higher efficiency of
81.3% is achieved with OpF external capacitance. In the higher band, 0.25 pF is covered by

the internal capacitance of the transistor.
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Figure 5.14-Efficiency with different shunt capacitor in (a) lower band and (b) higher band. Legend shows the shunt
capacitor values

105



Design and Simulation of Dual-Band Class-E Power Amplifiers Chapter 5

5.4 Discussion

This chapter was focused on designing dual-band Class-E PA, starting with two reference
PA design in both desired bands. Two dual-band PAs have been designed with the same
technique but different transistors. Drain efficiency of 60% and 84.5% and output power of
22dBm and 27dBm have been measured for lower band and higher band of operation,
respectively. The second dual-band Class-E PA has been designed with a GaN HEMT. 67%
efficiency and 34.2dBm is the output performance for the lower band of operation, while the
higher band shows 81.3% efficiency and 35.8dBm output power. This design exercise has
demonstrated that having a dual-band Class-E PA in two different and widely separated
bands is feasible at the cost of having a lower efficiency in one of the bands. The different
output performances in the two bands of operation are due to different required shunt
capacitance value across the transistor. Simulations and measurements in the previous section
prove that applying the required external capacitance will improve the PA’s performance at
that specific band. Therefore, a new methodology is proposed in the next chapter to provide

similar and high performances at both bands of operation.
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Chapter 6

Design and Simulation of Switched-Band
Class-E Power Amplifiers

The dual-band Class-E PAs, introduced in the previous chapter, proved the feasibility of
achieving high efficiency in two bands with the proposed technique. There was one
drawback, where higher efficiency was obtained in one band and relatively lower in the other
band. These differences in efficiency have been investigated and are due to the different
required shunt capacitance for two individual frequency bands. In Chapter 5, one solution has
been proposed to achieve the same performance in terms of output power and efficiency in all
working bands by switching the shunt capacitance between the values, depending upon which

band is required.

This chapter will describe the design procedure for switched-band Class-E PAs. The key
point of designing the switched-band Class-E PA in this chapter lies in providing optimum
OMN condition and shunt capacitance by aid of switches to achieve high and constant output
performances in all working bands. Initially, a switched-band Class-E PA with a switch in
OMN and a switched shunt capacitor across the transistor was designed and measured over
two bands of operation. However, the measured result of this PA was not satisfactory in
terms of efficiency in both working bands, compared to the dual-band PA. Therefore, another
switched-band Class-E PA was designed using a switched shunt capacitor and a fixed dual-
band OMN. A fixed dual-band OMN used in conjunction with a switched shunt capacitance
provides similar performances in both bands but with some compromise arising from the

switch losses. A dual-band Class-E PA without a switched shunt capacitance gives better
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performances in one band and worse in the other. The tradeoffs between these design

approaches are examined at the end of the chapter.

6.1 Switchable Matching Power Amplifier

The challenge in this work is to provide high and similar efficiency and output power in
both working bands. A dual-band OMN has been used in the dual-band PA, as explained in
Chapter 5, and obviously, the dual-band OMN is not able to provide the exact required
optimum reflection coefficient for both bands simultaneously. This will reduce the delivered
output power to the load. The proposed switched-band PA in this section has a switch in the
OMN to deliver higher output power to the load and another switch to the shunt capacitor
across the transistor to provide higher efficiency. This PA is called Switchable Matching PA

(SMPA).

6.1.1 Theory

As discussed in Chapter 5, the shunt capacitor is considered as a separate part of OMN in
this Class-E PA design methodology. From now on in this work, the OMN refers to the
matching network, excluding the shunt capacitor. In the SMPA, both OMN and shunt
capacitor are switching to their optimum requirement for each band. The Stub to Short (STS)
OMN is implemented in the SMPA. In Chapter 4, the STS OMN has been explained in more
detail. The STS OMN consists of a transmission line, stub and a switch in the middle of the
stub to switch to ground. The ON state of the switch provides a shorter and grounded stub,
where a longer and open stub is provided by OFF state of the switch. The technique of the
switching in the STS OMN helps to minimize losses which are introduced by the switches, as
explained in Chapter 4. Switching between two optimum OMNs in two different bands
results in delivering more output power to the load because of presenting a better match with

switched-band OMN, rather than the dual-band OMN.
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The presented dual-band PAs in Chapter 5 show that to achieve high efficiency in both
bands of operation, the shunt capacitor across the transistor has to be variable. Therefore, the
shunt capacitor across the transistor needs to switch between two different required
capacitance values. Three methods of switched shunt capacitor are presented here. In the first
method, two stubs are used with a switch in the middle, Fig. 6.1(a). When the switch is OFF,
the stub provides the required capacitance for the higher band of operation (as a shorter stub
is required at higher bands). The length of the ideal stub can be found by:

I, = < tan™ (Z,.0,.C,) 6.1)

2
where C,is the required capacitance at the higher band. At the ON state of the switch, the
other stub is introduced into the circuit and provides shunt capacitance at the lower band. The
length of the second stub can be found by (6.1). The other two techniques are using lumped
elements. The first one uses two series capacitors and a switch, Fig. 6.1(b). The OFF state of
the switch provides two series capacitors and the ON state just connects the first capacitor.

C,is the required capacitor at the lower band (switch is ON). The other capacitor should be

optimizing to provide required capacitance by the aid of two series capacitors at the higher
band, and the switch is OFF. The value of the second capacitor can be calculated by

C.C
c,-C

t

C, = , C,and C, are the required capacitance for the lower and higher bands,

respectively, and C, is the series capacitor.

The next technique uses two parallel capacitors with one of the capacitors connected by a
switch to ground, Fig. 6.1(c). When the switch is OFF, the second capacitor is not connected
and required capacitance for the higher band is satisfied by the first capacitor. In the ON state
of the switch, the second capacitor is connected to ground; therefore, the parallel combination

of the capacitors provides the required capacitance for the lower bands. The ON state of the
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switch is applied in the lower band for all of these three methods; on the other hand, the
advantage of method 2 and 3 is switching to ground as this minimises the thermal resistance
which result in providing more reliable operation and reduce the tendency for memory effects
in the non-linear behaviour. Relative performances of these topologies in terms of the amount
of loss are related to the actual loss of component (transmission line and capacitors). RF
current entering to the switches is another factor need to be monitored to analyse the losses of

these topologies.

o 1 o —c
o [=] —T "1 —
7 o 9 C, C,
2 2 sw 1%
£ 1 swl g 2
| a L s| |
j— A = = SW
= 12 =

(a) (b) (©)

Figure 6.1-Different method of switching capacitors (a) switching between stubs (b) series capacitors (b) parallel
capacitors

All of the methods introduced above are feasible if switching between two different
capacitances is required. In some cases (for example this work), only switching to one
capacitor is required as the required capacitance in one of the states is zero. To make this
possible, two switching capacitance methods are presented here. Fig. 6.2(a) illustrates the
Method 1. When the switch is ON, a stub is introduced to the circuit and provides the
required shunt capacitance. The appropriate length for the stub can be calculated by (6.1). In
the OFF state of the switch there is a small residual capacitance which is about 0.007pF.
Method 2 utilizes a capacitor with a switch to the ground, Fig. 6.2(b). The latter method is

preferable as it switches to ground and reduces the losses of the switch.

110



Design and Simulation of Switched-Band Class-E Power Amplifier Chapter 6

Transistor
Transistor

SW

S
|

(@ (b)

Figure 6.2- Proposed method for shunt capacitance (a) with a stub (b) with a capacitor

The schematic of the SMPA is shown in Fig. 6.3. In the lower band, SW, is ON and the

shunt capacitor is connected; whereas, SW,is OFF and both stubs (S,and S, ) are introduced

into the OMN to present the required reflection coefficient at the drain of the transistor. There

is no need for a shunt capacitor in the higher band as the internal capacitance is sufficient

enough (SW,is OFF) but SW, is ON to present the short stub (.S, ).

TL

HT 7+

Ci—— S,

-

IMN —

Figure 6.3- SMPA schematic

6.1.2 Simulation

The SMPA has been simulated with STS OMN and method 2 of switching the shunt
capacitor. The GaN transistor from Nitronex has been used in the SMPA. The shunt
capacitance of 0.6 pF has been calculated for the lower band of operation and 0.4 pF
capacitance for the higher band, which is satisfied by the internal capacitance of the

transistor. So by turning ON the switch (SW,) at the lower band and OFF at the higher band,

this requirement is met. As mentioned in the previous section, SW, (a switch in the OMN) is

OFF in the lower band and ON in the higher band.
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The dual-band IMN (explained in Chapter 5) and HT (explained in Chapter 4) circuit to
terminate the second harmonics have been designed to implement the SMPA. After
completing design of SMPA, the next step is to find required gate voltage bias and
appropriate input power for Class-E operation by sweeping the gate voltage and input power.
The gate voltage of -2.5 V and input power of 22 dBm are desired for this PA. In the lower
band, 34.1 dBm output power and 60% efficiency is achieved. Output power of 33.6 dBm
and efficiency of 71% is reported in the higher band. The NEGATE network is applied to
compensate the effect of the transistor package and observe the waveform at the device plane.
All of the waveforms in this chapter are shown observed at the device plane. The voltage
(pink) and current (blue) waveforms are shown in Fig. 6.4 for the lower and higher band of
operation. As shown in the figure below, there is very small overlap between two waveforms.
This demonstrates that the dissipation power in the transistor is small, which is essential for

high efficiency PA’s performance.
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Figure 6.4-Voltage and current waveform of SMPA in (a) the lower and (b) the higher frequency band

6.1.3 Measurement
Fig. 6.5 shows the photo of the fabricated SMPA. A PIN diode is used as the switch. The
output performance of the SMPA in terms of output power and efficiency is shown in Table

6.1. The simulated and measured output power and efficiency over both lower and higher
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frequency bands are shown in Fig. 6.6. Output power of 30.7 dBm and 31.5 dBm for the
lower and the higher band have been measured and show degradation in output power which
is due to practical implementation. It is worth highlighting that the efficiency and output

power maintain almost constant values over the whole bandwidth of both bands.

Table 6.1-SMPA output performances

Output Power | Drain Efficiency | PAE
Lower band 30.7 dBm 60% 46%
Higher band 31.5 dBm 61% 44%

Figure 6.5-Fabricated prototype of switched-band Class-E PA

As the measurement results reveal efficiency and output power are lower compare to the
reported efficiency of dual-band Class-E PA in Chapter 5. Two switches have been applied in
the OMN of the SMPA and accordingly, two bias networks for PIN diodes. Each of the
lumped components and switches will introduce loss in the network. These losses (especially
switches’ losses) produce heat and dissipate power and have impact on the efficiency. To

overcome this problem, a switched-band Class-E PA needs to design with fewer switches.

6.2 Fixed Matching Power Amplifier

A novel technique to design a switched-band PA was presented in the previous section and
called SMPA. The SMPA showed the similar performances for both bands of operation in

terms of output power and efficiency. However, the reported output performances decreased
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compared to the dual-band Class-E PA, in Chapter 5. Another method of designing switched-
band Class-E PA with fewer switches is presented here. The switch in the OMN will be
eliminated and dual-band OMN will be used instead. The only switch in this design
methodology is the switch for shunt capacitor as its effect on improving the efficiency has
been proved in the previous chapter. This PA is called Fixed Matching PA (FMPA), as there

is no switch in the OMN and just the shunt capacitance is switched.
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Figure 6.6-Output power and efficiency of simulation and measurement of SMPA in (a) the lower and (b) the higher

band
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6.2.1 Theory

The FMPA has been designed with the dual-band OMN as described in Chapter 5 by aid
of a transmission line (TL) and a stub (S), shown in Fig.6.7. The only switch in the FMPA is
applied to the shunt capacitance across the transistor, method 2 of switching (Fig.6.2(b)). As
it explained in section 6.1.1, the S is ON for the lower band and OFF for the higher band of
operation. The advantages of this method are that there are fewer switches, switching to
ground to decrease the losses of the switch and also, that the switch is ON only in the lower

band of operation.

7L

HT
IMN Ci—— s

Figure 6.7- FMPA schematic

6.2.2 Simulation

The FMPA has been simulated in AWR for LTE application with the same GaN HEMT.
The dual-band OMN has been designed based on the calculated lumped element component.
The calculated shunt capacitance is 0.6 pF for the lower band. A 0.6 pF capacitor and a PIN
diode are applied across the transistor. In the lower band the PIN diode is ON, connecting the
capacitor to the ground, therefore, the shunt capacitor is introduced across the transistor. In
the higher band of operation, the PIN diode is OFF and the capacitor is disconnected. Similar
to the previous PAs, the second HT circuit and dual-band IMN are designed and applied for
this PA. Class-E PA is a switched-mode PA and the transistor operates as a switch (ON and
OFF state), which means that the transistor should be driven into compression by aid of an

appropriate input power and gate voltage bias. The same gate voltage and input power (as
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reported in 6.1.2) are applied for the FMPA. The performance of the FMPA is summarised in
the Table 6.2. The efficiency and output power performances in both band of operation for
ON and OFF state of the switch are presented in Fig 6.9. As shown in Fig.6.9, the efficiency
stays constant for both band and above 70% and the output power is about 34 dBm. The
current and voltage waveforms at the device plane are shown in Fig 6.8. These waveforms

are presenting the acceptable Class-E waveforms condition.

Table 6.2-Dual-band OMN and switched shunt capacitance Class-E PA (FMPA) Performances

Output Power | Drain Efficiency | PAE

First band 34 dBm 74.8% 67.4%
Second band 35.1 dBm 72.5% 67.2%
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Figure 6.8-Voltage and current waveforms of FMPA in (a) ON and (b) OFF state
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Figure 6.9-Output power and efficiency of FMPA over frequency in (a) OFF state and (b) ON state

The simulation result of the FMPA illustrates similar performances in both bands. This PA
has not been fabricated due to lack of time but similar measured performances as the
simulation result are expected as reasonable agreement between simulation and measurement

was achieved in the previous switched-band Class-E PA.
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6.3 Discussion

Providing the similar performances in all bands of multiband PAs is a challenge for PA
designers. Two switched-band Class-E PAs have been analyzed in this chapter, SMPA and
FMPA. Table 6.3 summarize performances of the reported switched-band Class-E PAs and
the proposed PAs in this work. Techniques of these PAs ([81], [88]-[89]) are explained in
Chapter 3. As shown in this Table, the proposed switched-band Class-E PAs (SMPA and
FMPA) in this Chapter perform with higher efficiency compared to the existing SB-PAs in

this class of operation.

The SMPA has two switches in the OMN and provides the efficiency of about 60% for the
both bands. Only one switch has been applied in the FMPA to switch the shunt capacitor and

provide efficiency of about 70% for both bands. The FMPA has following advantages:

Only one switch is applied

The switch is ON in the lower band of operation

Similar and high performances in both bands

About 10% improvement in efficiency compared to SMPA

Table 6.3-Switched-band Class-E PAs

Band of operation Output Power Drain Efficiency
References PAE (%)
(GHz) (dBm) (%)
[81] 0.9and 1.8 20 38 and 26 N.A
[88] 1.9-2.3-2.6-3.5 24.2-23.8-23.4-20.5 | 48.2-44.3-40.9-35.6 N.A
[89] 1.7 and 2.5 28 and 27 N.A 57 and 61.5
This work
0.782 and 1.748 34.1 and 33.6 60 and 71 56.3 and 66.1
(SMPA)
This work
0.782 and 1.748 34 and 35.1 74.8 and 72.5 67.4 and 67.2
(FMPA)
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Conclusion

Fast growth in the number of users of the wireless communication systems attracts a lot of
attention from researchers to improve the quality of this service by increasing battery life,
improving reliability, reducing the size and weight, and lowering the cost of the devices,
while providing internet connections for users everywhere and anytime without decreasing
the speed and the quality of service. These requirements can be met by designing high
efficiency and adaptive transmitters. The main concern of the presented research in this thesis
was to study and discover a methodology for designing high efficiency frequency adaptive
PA (the most challenging component of the transmitter) for wireless communication systems.

Achievements during this study were:

e Designed SB-MNs and minimised losses of the switch and derived an original
recursive analytical solution for all the proposed MNs.

e Developed an approach to the design of Class-E PA with distributed MNs based on
reflection coefficient approach with high efficiency performances.

e Proposed design methodology of dual-band Class-E PA with high output
performance, but higher efficiency obtained in the higher band of operation.

e Proposed and designed two switched-band Class-E PAs: Switchable Matching PA
(SMPA) and Fixed Matching PA (FMPA), similar and high output performance
was achieved. Both used switched shunt capacitor to maintain Class-E operation in

the selected band.
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e Discussed and compared the feasibility of dual-band and switched-band Class-E
PAs, showing the trade-offs that need to be considered by designers of PAs for

engineering multiband communication standards.

7.1 Thesis Summary

This research started with the background review on the important merits of the PAs and
devices, as shown in Chapter 2. All the reported techniques of designing frequency adaptive
PAs (multiband and switched-band) are discussed in Chapter 3. One approach to design a
PA for multiband systems is designing a broadband PA; low efficiency and limited gain are
drawbacks of this approach. The other approaches are MB-PAs and SB-PAs and Chapter 3 is
mainly concentrated on these two approaches. This research proved that designing with MB-
MN or SB-MN has better performances compare to utilizing parallel single-band PAs (with
or without switches). This literature review on the current techniques clarified the need for
research on discovering a methodology to design frequency adaptive PAs to perform with

high PAE at all the frequency bands.

The design of high efficiency frequency adaptive PAs started with designing SB- MN with
the purpose of reducing losses of the switches in the circuit and providing more accurate
results in all the working bands. Three methods (detach- , short- and open- stub) to design
SB-MN were presented in Chapter 4. The Open to Short stub (OTS) and Short to Stub (STS)
methods are more compact compared with the detach stub [21], [73], [110] and methods
involving switching between two individual MNs [86], [87]. OTS and STS address the
thermal problem of PIN diodes by connecting one terminal to ground. In this contribution, for
the first time, the feasibility of SB-MNs for different frequencies, by aid of the derived
equations, has been shown. The proposed theoretical approach, based on the SB-MNs,

provides a closed-form and recursive solution to design SB-MNs precisely, given any two
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frequencies. Furthermore these methods can be applied not only for two but for several band
MNs. Numerical and experimental results have been presented by this work and the results
were compared to prove the validity of the algorithm. The presented MNs and derived
algorithm could be applied to a wide range of multiband components, such as antennas,
LNAs and PAs. These promising results encouraged further research on designing SB-MNs
that take account of harmonic termination requirements, which are important in PA
applications. The proposed method consists of two blocks, HT (Harmonic Termination

Network) and MN.

Chapter 5 has presented the design methodology of high efficiency Class-E PA to work
in single-band and multiband application. Dual-band Class-E PAs are presented to operate in
an up-link band of the LTE system. Dual-band OMN is applied to achieve amplification in
both bands without any switches (GaAs HFET has been used in this design) and measured
high drain efficiency of 60% and 84.5% and output power of 22 and 27 dBm at 777-787 and
1718-1785 MHz, respectively. The same technique is applied with another transistor (GaN
HEMT). This dual-band Class-E PA provides dual-band amplification with drain efficiency
of 67.7% and output power of 34.2 dBm at first band and 81.3% drain efficiency and
35.8dBm output power at the second band. Both dual-band Class-E PAs perform with
satisfying high efficiency and provide higher efficiency at the higher band of operation. The
reason for the different efficiencies in the two bands was addressed and is due to the
requirement of different shunt capacitance across the transistor in different operating

frequencies.

The difference in efficiencies at both bands of operation is overcome in Chapter 6 by
applying SB-MNs in the circuit. Two switched-band Class-E PAs were proposed in this

chapter. The first PA, SMPA, utilises a switch for OMN and another switch to change the
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value of shunt capacitance for both bands. The measurement result of SMPA shows 30.7 and
31.5 dBm output power in the two bands with drain efficiency of 60% and 61%, respectively.
The second SB-PA, FMPA, was designed with dual-band OMN and a switched shunt
capacitor. Output power of 34 and 35.1 dBm and drain efficiency of 74.8% and 72.5%
achieved from this PA at the lower and higher band of operation, respectively. The FMPA
reduced the number of switches in the circuit and improved the efficiency about 10%
compared to SMPA. The similar performances in both bands have been achieved in the SB-

PAs at the cost of decreasing efficiency in the higher band.

7.2 Conclusion

For comparison purposes, performances of all the designed Class-E PA in this work are
shown in the Table 7.1. This table shows the simulated result in each case in order to provide
a consistent comparison. Confidence in the validity of the results has been demonstrated by

building and testing several example designs.

Table 7.1-Simulation performance comparison between all the designed Class-E PAs

Output Power (dBm) | Efficiency (%) PAE (%)

Band of Operation fl f 2 fl fz f1 f 2
Dual-band PA 342 35.8 67.6 81.3 61.4 | 76.8
SMPA 34.1 33.6 60 71 56.3 | 66.1
FMPA 34 35.1 74.8 72.5 67.4 | 67.2

The best obtained efficiency is from the dual-band PA at the second band. Efficiency of
about 70% was obtained for both bands in FMPA. The key factor discovered here was the
need to switch the parallel capacitor value. There is a trade off between providing highest
possible efficiency in one band at the cost of degrading efficiency in the other band (dual-

band PA) or obtaining similar performances for both bands (FMPA). In the dual-band PA and
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FMPA, there is a limitation to the number of bands that can be covered, whereas SMPA is
capable of covering more bands of frequency by applying more switches, although this

results in introducing more losses.

7.3 Future Work

This thesis has advanced in the research area of high efficiency adaptive PA design. Like
any research, lots of questions and ideas arise during the study, which some of them still
remained unanswered and uncovered. Some of them are presented here as possible research
works. This research was mainly focusing on improving the efficiency of frequency adaptive
PAs. The chosen class of operation in this work (Class-E) is inherently nonlinear because the
active device acts as a switch. Linearity of a PA is one of the important factors. By improving
efficiency of a PA, linearity will normally be reduced and vice versa. Linearity of the
proposed PAs in this work has not been investigated. Future work for the proposed high
efficiency PAs is to linearize them with one of the current techniques; such as, pre-distortion

[13] and Envelope Elimination and Restoration (EER) [111]-[112].

Another future work is to design a PA with ability of switching between broadband and
narrow-band high efficiency PA (switching operation modes of PA). This design can use a
Class-E highly efficient PA to work in a narrow band of frequencies and a Class-B PA to

cover broader bandwidths when required.
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Appendices

Appendix A

Components Data Sheets

Transistors:

e GaAs HFET: http://pdf.datasheetcatalog.com/datasheets2/46/462767 1.pdf

e GaN HEMT: http://www.propagation.gatech.edu/ECE6361/project/Project2_09/NPTB00004.pdf

Transistor Package:

http://www.amkor.co.kr/datasheets/psop 2 3.pdf

PIN Diodes:

e Infineon:

http://www.infineon.com/dgdl/bar50series.pdf?folderld=db3a304314dca38901 14fea780a30a

91&fileld=db3a304314dca3890114fea7dd410a92

e Skyworks: http://www.skyworksinc.com/uploads/documents/SMP1302_085PB.pdf

Capacitors-AVX:

http://www.avx.com/docs/catalogs/accuf-p.pdf

Inductors-Coil craft:

http://www.coilcraft.com/pdfs/0603hp.pdf

Resistors-Panasonic:

http://industrial.panasonic.com/www-data/pdf/AOA0000/AOAOQ000CE]1.pdf
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Appendices

Appendix B

Measurement

B.1 Vector Network Analyser

Description of the behaviour of the microwave network can be represented by Scattering
parameters or S-parameters. The basic definition of S-parameters is a relation between incident
wave (travelling towards network) and reflecting wave (travelling from the network) at one port.

S-parameters can be measured with Vector Network Analyser (VNA) [40], Fig B.1.

FigureB.1-Vector Network Analyser

The VNA generates and applies a sinusoidal signal to the Device Under Test (DUT), and
measure response of the DUT. VNA calculates S-parameters by measuring amplitude and phase

of the wave quantities [113].
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B.2 Spectrum Analyser

The PA measurement setup is shown in Fig. B.2. The signal generator has been used to
produce input RF signal. This device can generate the signal maximum of 10dBm. This level of
signal is not sufficient for switch-mode PAs. A pre-amplifier which is a linear and high gain PA
has been used between the signal generator and a main PA to provide the sufficient input RF
signal. Spectrum analyser has been used to measure the output response of the PA. Spectrum
analyser, Fig B.3, measures the amplitude of electrical signals in the frequency domain [114].
An attenuator is applied between the output of the PA and input of spectrum analyser as the

PA’s output is higher than the maximum permissible input of the spectrum analyser.

) Spectrum
Signal Attenuater Analyser

Generator

@ Pre-Amp % %

Figure B.2-Measurement Setup

Figure B.3-Spectrum Analyser
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Analytical Solution for Switched Band Matching Networks

Norouzian, F. and Gardner, P.
School of Electronic, Electrical and Computer Engineering
University of Birmingham
Birmingham, UK
FXN837@bham.ac.uk

Abstract — In this paper, an analytical solution is presented
for a dual band switched matching network. By means of a
detachable stub it provides the required matching impedances
for different frequencies. The analytical solution enables an
investigation of range of frequencies and impedances achievable.
This solution provides values for the lengths of the transmission
lines and stubs to give more precise results and shorten the
design stage. The solution is tested analytically and shown to
work for several different ranges of frequencies and impedances.
Based on this solution, an example switched matching network is
designed, fabricated and tested. This analytical solution can be
applied to the design of switched band matching networks for
many applications (e.g. PAs, LNAs, Antennas etc).

Keywords — Analytical
matching, Transmission lines

model, dual band, impedance

I. INTRODUCTION

The significant increase in demand for wireless
communication systems and the proliferation of
communication standards has created interest in more
efficient ways of sharing the spectrum in the last few
years. Software Defined Radio (SDR) provides an
adaptable technology with the potential to improve use
of spectrum holes efficiently. At RF and microwave
component level, one of the resulting challenges is the
design of multiband matching networks (MN). In [1], a
technique for dual band MN was introduced using an
output-matching to provide first frequency and a shunted
switchable stub to produce second frequency. The same
technique was used in [2] and [3] with additional stubs
to provide three bands of operation. In [4] and [5], the
designers tried to make the transmission line shorter and
compact the circuits even more. This aim was achieved
by implementing a reconfigurable stub for the first
matching network consisting of two stubs and a
transmission line between them, and a series of
transmission lines with switches. However there is a
trade off between compactness and extra insertion loss
in the MN due to number of switches.

The MNs mentioned above provide a promising
approach for multiband problems, but there are issues
about the achievable frequency ranges. To address this

Fig. 1. Detached stub matching network

issue, an analytical solution is required. Furthermore,
such a solution will help circuit designers to arrive at
optimum multiband MNs in a shorter time.

The present paper is divided into three sections.
Equations to design dual band MN are proposed in
section II, followed by numerical examples and
performance obtained by simulation in the next section.
An experimental example based on the derived
analytical solution, is discussed in section IV along with
measurement results.

II. ANALYTICAL SOLUTION

The employed MN is based on the concept which is
used in [1]. The first stub is fixed and the second one is
connected by a switch. With the switch OFF, the MN
provides a required impedance at the first required
frequency (f;) and in ON state of the switch, the desired
impedance at the second frequency (f;) is met.

The analytical solution is derived from MN shown in
Fig. 1. The equations are derived for ideal and physical
transmission lines with effective dielectric constant ().

A. Ideal Transmission line

The ideal transmission line is utilised to prove the
possibility of using analytical solution. The whole idea
of this method is to match by aid of a designated
transmission line and a stub for each frequency. The
transmission line TL1 of length [ provides Y, + jB at
point a and jB 1is eliminated by introducing the
susceptance of an open stub, equal to -jB by S1. The
required impedance looking into TL1 at port 1 at the



first frequency is Z;;and defined as R;; +jX;q. At
point a, admittance (¥;) can be written as:

ZO - XLI tan ng +jRL1 tal’l 9L1
Ry +j(X11 + Zptan6;,) (M

Yl = YO

where Zgand 6;;are the characteristic impedance and the
electrical length of TL1, respectively.

Splitting Y; into real part and imaginary part yields (2)
and (3) respectively.

R, (1 +tan?6,,)

Re(Y;) =
() R?, + (=X, + Zytan6,,)?

(@)

R2,tanB, — (Zy + X, 1tanB,) (=X, + Zotanb, ;)
Zo[REy + (=Xp1 + Zotan;4)?]

Im(Y;) = (€))

Given that the real part of Y; is equal to the
characteristic admittance of the system, Y, the electrical
length of the transmission line can be obtained by the
following equation.

By, = tan™! <_XL1 _ \/R“[(ZO — Ru)* + X111/Z, ) “)

RLI - ZO

By substituting 8, ;value back into (3), the susceptance
part of Y;, B, can be obtained. The value of B can be
eliminated by the open stub S1. The admittance at b in
Fig. 1 is jYytanBs, and should be equal to - jB . So the
electrical length of the stub can be calculated by

05, = —tan_l(%) )

To provide the desired impedance Z;, = R;, + jX;,
at f,, the second stub is introduced into the circuit by
turning the switch ON. To calculate the length of the
second transmission line and stub (TL2 and S2
respectively), the admittance at ¢ (Y3) is calculated by

(6).

Lo+ X, tan(67,) + jR,, tan(61,)
’ Ry, + j(Zotan(6;,) — X12)

+jYotan(6s,)  (6)

The physical length of TL; and S; are fixed but their
electrical lengths vary as the frequency -changes;
therefore, 6],and 6. are introduced which are electrical
length of first transmission line and stub atf,,
respectively. Following the same procedure by applying

1/Y; instead of Zj;, we can calculate the electrical
lengths of TL,and S,.

The derived analytical solution is applicable for
multiband MNs. This can be done by adding additional
switched stubs, position relative toS;, by repeated
application of (6) and back to (3)-(5).

B. Physical Transmission line

For practical applications, the above introduced
algorithm needs to be implemented in a physical
transmission line medium such as microstrip. To find the
lengths of transmission lines in microstrip, the physical
lengths need to be divided by\/s_e yielding (7) where

&, denotes effective dielectric constant.

- 0.c
_\/8_927Tf (7

III. NUMERICAL EXAMPLES

To verify the presented approach, the equations have
been applied to several different numerical values in
different ranges of frequencies and one of them is
presented in this section. A Gallium Nitride (GaN)
HEMT from Nitronex is chosen as an example. Two
different frequencies are selected and appropriate
impedances are obtained from load pull information in
the device datasheet. The required impedances are
0.49 +j0.366 and 1.052 + j0.456 at 1800 and 900
MHz, respectively. The MN has been designed so that
the required impedance for the higher frequency is
provided by the OFF state of the switch, since the
amount of loss in switch in its ON state increases at
higher frequency. Similar to previous section,
appropriate lengths for the transmission lines and stubs
are calculated in two different versions, ideal and
physical transmission lines.

A. Ideal Transmission line

Using (3-5) the value of B, 8;;and 6 are calculated
respectively. In next step Y3 is obtained using (6). Using
the same procedure 6;, and 85, are calculated. These
results are used in the simulations and the simulation
outputs are shown Fig. 2 (a), confirming good agreement
with the required impedances taken from the device
datasheet.

In the first frequency, one transmission line and one
stub is used to match to the required impedance. The
second desired impedance is converted to Y3 at point c in



Fig. 1. The second line and stub parameters are
calculated to transform Y3 at the second frequency to Y,
at points ¢ and d, respectively. No further iteration of the
first line and stub are required to achieve this. The
presented method proves that there is no forbidden
region to match any dual frequencies by this MN,
because whatever the value of Y3, it can, in principle, be
matched using a single line and stub.
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Fig. 2. Simulation result (a) ideal transmission line (b) physical
transmission line

B. Physical Transmission line

The electrical lengths of the transmission lines in this
case are evaluated as before and their physical lengths
are found by use of (7). Fig. 2(b) shows the simulation
results based on the calculated lengths.

The results show a perfect match at 1800MHz and a
reasonably close match at 900MHz. The reason for the
difference observed in second frequency is the
discontinuity of the T-junction. One solution to resolve
this issue is to optimize the MN to compensate the
discontinuity effect of the T-junction. Taking into
account the discontinuity and fine tuning the simulation
will give the result presented in Fig. 3 that shows good
agreement at 900 MHz.

Fig. 3. Simulation result after adjustments

VI. EXPERIMENTAL

The MN based on the calculation in the last part was
built, to prove the validation of the algorithm. It was
fabricated on microstrip substrate of thickness of 0.76
mm and relative dielectric constant of 3.5. A PIN diode
was used as the switch because of its advantages such as
low insertion loss, high isolation, high switching speed
and excellent power handling at microwave frequencies
[6]. The PIN diode was type BARS50 from Infineon.

The simulation and measurement results are compared
and plotted by their magnitude (Fig. 4) and on the Smith
Chart (Fig. 5). The markers on Fig. 5 ((a) and (b))
indicate the reflection coefficient at the intended
frequencies for the ON and OFF state (1800 and 900
MHZ, respectively). Both graphs are shown good
agreement between simulation and measurement. The
small differences are due to real components and their
tolerances.
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Fig. 4. Simulated and measured S11 in (a) OFF and (b) ON state

V. CONCLUSION

In this contribution, for the first time, the feasibility of
multiband MNs for different frequencies, by aid of
derived equation, has been shown. The proposed
theoretical approach, based on the detached stub MN,
provides a closed-form and recursive solution to design
dual-band MNs precisely, given any two frequencies.
Furthermore this method can be applied not only for two
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Fig. 5. Simulated and measured input impedance of MN (a) OFF
state and (b) On state

but for several band MNs. Numerical and experimental
results have been presented by this work and the results
were compared to prove the validity of the algorithm.
The presented MNs and derived algorithm could be
applied to a wide range of multiband components, such
as antennas, LNAs and PAs. These promising results
encourage further research on designing multiband MNs
that take account of harmonic termination requirements,
which are important in power amplifier applications.
Investigation of nonlinearity caused by a PIN diode is
also a matter of interest.
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Abstract— In this paper, a concurrent dual-band class-E
power amplifier is proposed. A distributed matching network is
designed without any switch to achieve dual-mode operation. The
power amplifier works in the 777-787 MHz and 1710-1785 MHz
bands for LTE system. The measured results show 22 and 27
dBm output power at first and second band, respectively. This
power amplifier obtains efficiency of 60% in lower bandwidth
and 84.5 % in higher bandwidth. A novel matching network is
also presented to switch between two different optimum
operations for class-E design to improve the efficiency in the
lower band.

Keywords—class-E;  dual-band;  high efficiency; power
amplifier
L INTRODUCTION
The significant increase in demand for wireless

communication  systems and the proliferation of
communication standards has created interest in more efficient
ways of sharing the spectrum in the last few years. Software
Defined Radio (SDR) provides an adaptable technology with
the potential to improve use of spectrum holes efficiently. The
Power Amplifier (PA) is the most power consuming part in
transmitters. Designing high efficiency multiband PAs is a
critical research area.

Different multiband class-E PAs have been reported. Some
of their features are summarized in table 1, [1]-[6]. Composite
right/left-handed transmission lines (CRLH TLs) are used in
[1] to provide dual-band amplification. In [2], MEMS are used
to switch between two frequencies. A quad-band class-E PA is
proposed in [3] which consists of four transistors and a single
input/output matching network (MN). It works in one of the
frequency bands at a time and is switched between bands by
controlling the gate bias. Sub-optimum class-E operation is
assumed in [4] with element values evaluated for a
compromise between two bands. A multi-level switching
resistance model is incorporated to switch between two
frequencies in [5]. A dual-band class-E with finite DC-feed
inductance is presented in [6]. A switch is applied to achieve
optimum performance in the selected band, while the
inductors are constant.

Class-E has highly frequency dependent characteristics.
Therefore, designing a dual-band class-E PA is challenging

Peter Gardner

School of Electronic, Electrical and Computer Engineering
University of Birmingham
Birmingham, UK

gardnerp@adf.bham.ac.uk

Table 1. Multiband class-E PAs

Reference Frequency Output Efficiency PAE
band (GHz) power (dBm) (%) (%)
[1] 0.836 /1.95 27 N.A 42
[2] 0.9/1.8 20 38/26 N.A
1.9/2.3/ 24.2/23.8/
[3] 26/35 23.4/20.5 48/44/40/35 | N.A
[4] L-/S-band 30/28 61/42 50/30
[5] 1.95/2.6 29/28 N.A 65/63
[6] 1.712.5 27 N.A 57
This work 0.782/1.748 22/27 60/84.5 55/72

because optimum output matching and harmonic elimination
have to be achieved in both bands at the same time with a
single output matching network (OMN) to satisfy the required
efficiency and output power in both operating bands. In this
paper, a dual-band class-E PA with high efficiency in both
bands is presented. This PA is designed without switches to
minimize the number of components and reduce the losses
introduce by switches. The effect of the shunt capacitor across
the transistor on efficiency is studied and a switched band MN
is proposed to enable the OMN to switch between two
optimum modes and improve efficiency further.

II. DUAL-BAND CLASS-E POWER AMPLIFIER

The class-E PA was invented by Nathan and Alan Sokal in
the 1970s [7].The active device in class-E PA is operating as a
switch; when the transistor is off, current flows through the
shunt capacitance and in the on duration, current flows
through the transistor. The OMN plays a crucial role in
designing a highly efficient class-E PA. OMN includes a set of
specific valued components at fundamental frequency to avoid
any overlap between voltage and current waveforms; resulting
in 100% efficiency, ideally. In practice some of the delivered
power will appear in second and third harmonic frequencies.
To maximize the efficiency, all harmonics should be open
circuit. The transistor should be biassed at pinch off and
driven into compression, so the transistor will be on for the
forward cycle of sinusoidal input RF waveform and for all of
the reverse cycle the transistor is switched off.

The first stage of designing a class-E PA is to calculate
optimum parameters of OMN. Equations (3) to (6), taken from
[7], are applied to provide values of components (i.e. load
resistance R, shunt capacitance C', series capacitance and



inductance, C, and L respectively). These equations are

derived from a time domain equation, according to required
voltage and current assumption across the transistor, in OFF
and On state, respectively, (1) and (2).

V@) |=0 (1
av, (@)

=0 2

0 i1 2

These components are calculated based on specific supply
voltage ¥V, and required output power P . Loaded quality
factor (Q, ) is a free choice variable and chosen by designers

based on a tradeoff between operating bandwidth and rejection
of harmonics. For having duty ratio of a usual choice, 50%,
the minimum value of ), is 1.7879. The most desirable range

to provide acceptable efficiency and linearity is between 5 and
10.

2
R—057 68( 173 J 0451759 _ 0402444 )
out QL Q,_
1 091424 1.03175) . 0.6
C= + - 2 = “)
5.446680R 0, 0 ) oL,
1 1 1.101468 ) 0.2
= + —  ©®
oR( 0, —0.104823 \ ' 0, -1.7879) @’L,
1,28 ©
@

The dual-band class-E PA presented in this work is
designed with a transmission line OMN based on two
lumped element networks. Each lumped element network is
designed to operate in one of the desired frequencies. As it
is understandable from equations, the value of components
will be different for each band of frequency, hence a simple
lumped element matching network would require a switch.
For that reason, a distributed OMN which works
simultaneously in two different frequencies without
switches has been proposed here to avoid losses of switch.
Generally, transmission line MNs are preferred over using
lumped elements as their practical implementation is more
convenient and they have more reliable performances as
well as less insertion loss. To fulfill the requirements of the
two lumped element network using a single transmission
line and stub, a required reflection coefficient has to be
obtained from the two lumped element MN in the two
operation frequency bands. A single transmission line and a
single stub, tuned by width and length, have been used in
the OMN to provide the same reflection coefficient as the
lumped element networks at desired frequencies, Fig.l.
Having only a single transmission line and a stub will
enable working simultaneously in two frequencies and
make the design more compact than substituting each
component with their equivalent transmission line.

It has been shown that second harmonic termination is
sufficient to have class-E performance to a reasonable
approximation [8]. The second harmonic termination (HT)

is designed to behave as open circuit at drain of the
transistor at both frequencies. The basic idea to terminate
the harmonic frequencies is using a transmission line and

C L
> [
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R
(a) (b)

Fig. 1. OMN (a) basic OMN for class-E (b) distributed OMN

an open stub both with electrical length of A4, Fig. 2. Thus
this block is composed of a transmission line and a stub
which is M at the second harmonic of the higher
frequency. To terminate the second harmonic of the lower
frequency, a second M4 stub is required. Then another A4
transmission line is required to convert the short circuit to
open circuit at port 1. This requirement is satisfied by the
aid of the first transmission line, the first stub and an added
transmission line (TL). By adjusting the length of TL, the
cascaded line-stub-line combination can be made
equivalent to an impedance inverter at that specific
frequency. This harmonic termination circuit concept could
be extended for terminating » harmonics with n
transmission lines and stubs. The OMN and HT circuits are
implemented together to provide the required performances
for class-E operation.

The dual-band input matching network (IMN) is
designed to have promising return loss in both desired
bands.

III. SIMULATION AND MEASUREMENT

This dual-band PA is designed for the LTE system to cover
two bands, 777-787 MHz and 1710-1785 MHz and output
power of 23 dBm in both bands.

A. Simulation

Components are calculated for both bands, based on
desired output power and voltage supply (Q, set as 10). The

calculated values are illustrated in table 2. A transmission line
and stub are used to transform the 50€Q impedance of the
transmitting antenna to the calculated load impedance,
62.45Q. Then calculated capacitance and inductance for both
bands are simulated to find out their reflection coefficient at
the required frequencies to be used in designing the equivalent
distributed version, Fig. 3.

In order to design this OMN practically, termination of the
second harmonic frequencies is considered. Thus, the
introduced HT circuit aims to provide open circuit at second
harmonic frequencies of operating frequencies, 782 and 1748
MHz. The designed HT circuit is implemented with OMN.
IMN is modeled to provide reasonable match at both
frequency bands, by the aid of a transmission line and two
stubs.



Table 2. Calculated components for both bands

R C Cﬂ LO
First band 62.45Q 0.6 pF 0.4 pF 127 nH
Second band 62.45 O 0.3 pF 0.2 pF 56 nH

Behaves as an impedance inverter

Aldat2f,
i/4at 27,

higher freq
lower freq Swp Max
sw 1785MHz

sv Swp Min
7i 1710MHz

(a) (®)
Fig. 3. Load reflection coefficient data for OMN in (a) first band and (b)
second band

B. Measurement

To verify this method, the PA is fabricated on a microstrip
substrate with thickness of 0.76 mm and relative dielectric
constant of 3.5 using a HFET from TriQuint as a power
device. Fig. 4 shows the image of the manufactured PA. In
class-E operation, the transistor should be biased close to
pinch off and driven into compression. To find the desired
gate voltage and RF input power, to make the transistor
switch, a few measurements are required. The pinch off value
was obtained from the device datasheet which is -2.1v. Then,
the PA was driven with different input RF power to find the
required input power to make the performance of the PA
independent of gate voltage. Input power more than 10 dBm is
appropriate for both bands.

The PA performance using the obtained parameters from
the above measurements is presented in table 3 in terms of
output power and efficiency. Fig. 5 shows efficiency and
output power of the PA with varying input power in both
bands. In the higher band, efficiency of 94% at 18 dBm input
power is obtained. In the case of operating the PA as a
concurrent dual-band PA, both bands should be driven with
the same input power. In table 3, the power and efficiency
figures given are for 16 dBm input power. The obtained
efficiency is the highest reported efficiency for dual-band

class-E with such a big difference of frequency bands.
Table 3. PA performance

Output Power | Drain Efficiency PAE
First band 22 dBm 60 % 55 %
Second band 27 dBm 84.5 % 72.6 %

Fig. 4. Fabricated prototype of dual-band class-E PA

C. Discussion

SPhis design has demonstrated that having a concurrent dual-
"WaRd Qass-E PA in two different and widely separated bands
is feasible at the cost of having a lower efficiency in one of the
band.The measurements show higher efficiency at the higher
band of frequency and more output power. Although the
efficiency of the lower working frequency is good among
reported efficiencies, the big gap introduced between
efficiencies of two working frequency bands is due to the
required shunt capacitor across the transistor. The value of
shunt capacitor across the transistor is an important
component to produce desired efficiency and output power
and its ideal value is different for different frequencies. In the
higher band, the required shunt capacitance is calculated to be
0.3 pF and internal capacitance of transistor is close to 0.3 pF
which fulfills the required capacitance. To have the same
performance in lower band, a shunt capacitance of 0.6 pF is
required. Setting the value of capacitance close to one of the
operation frequencies using a shunt capacitor will yield a high
performance in that particular frequency and relatively lower
performance in the other frequency. One option could be using
a capacitance in between which would degrade the
performance of both bands from their ideal result. Therefore,
to have high efficiency in both bands, it is required to have
different shunt capacitance which could be done using a
switch. This option is explored further in the next section.

IV. SWITCHED-BAND MATCHING NETWORK

A switched-band OMN is proposed to design a switched-band
class-E PA with high efficiency in both bands. In dual-band
OMN case, a transmission line and a stub are used to provide
desired performance at both bands. Performance will be
improved by applying a switch to have more accurate result.
The OMN is proposed in this work called Stub to Short
switching (STS), which is composed of one transmission line
and one stub and utilizes a switch somewhere in the middle of
the stub to connect it to the ground, Fig.6. Placing the switch
between stub and ground to open or short the stubs can
provide different impedances in different operating
frequencies and help to minimize losses which are introduced
by the switch. When the switch is ON, the stub is shorter and
is grounded. The longer and open stub is provided in the OFF
state of the switch. Typically, the higher frequency needs a
shorter stub than the lower frequency; therefore ON state of
the switch is applied at higher frequency. As a result, there is a



better match between lumped element and distributed OMN.
Simulation and measurement results are plotted in the Smith
chart in Fig. 7 in lower and higher band of operation.
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Fig. 5. Measured efficiency and output power vs input power for concurrent
design.(a) first band (b) second band
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Fig. 7. Simulation and measurement result of switched-band OMN (a) lower
band (b) higher band of operation

The PA design shows that to achieve a high efficiency in
both bands, the shunt capacitor across the transistor also has to
be variable. To make this possible, two switching capacitance
methods are presented here. In most cases the internal
capacitance of the transistor is high enough. In this case for
lower band, another 0.3 pF needs to be connected to the
transistor. Fig. 8 (a) illustrates the first method. When the
switch is ON, a stub is introduced to the circuit and provides
shunt capacitance of 0.3 pF. Appropriate length and width are
chosen for the stub to provide the required capacitance. In

suy

SwW

Transistor
|||—/
Transistor

(a) (b
Fig. 8. Proposed method for shunt capacitance (a) with a stub (b) with a
capacitor

higher frequency, the switch is OFF but it leaves a small
residual capacitance of about 0.007 pF, resulting from the
series combination of the switch in its OFF state and the stub.
Method 2 uses a capacitor with a switch to ground, Fig. 8 (b).

V.

A concurrent dual-band class-E PA is presented in this
paper to operate in up-link band of LTE system. Dual-band
transmission line OMN is applied to achieve amplification in
both bands without any switches, with high drain efficiency of
60% and 84.5% and output power of 22 and 27 dBm at 777-
787 and 1718-1785 MHz, respectively. The proposed OMN is
based on tuning of the characteristic impedance and electrical
length of transmission line and stub. The high efficiency of
this PA encourages further study on the effect of shunt
capacitance on the efficiency of class-E operation. The novel
switched-band OMN is presented and fabricated to improve
the efficiency. In future work, a switched-band class-E PA
based on the proposed OMN will be designed.

CONCLUSION
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