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Abstract

In the future communication systems, it is of key importance that the
transceivers are capable of operating in multiple frequency bands and with complex
signals. In this context, the power amplifier is a critical component of the transceiver,
since it is responsible for most of the total power consumption in base stations and
portable devices. Apart from the power consumption, the design of power amplifier
systems must account for multi-band/broadband capabilities, high peak-to-average
power ratio signals and the mismatch effect caused by the various operating
conditions. Hence, the design of power amplifier topologies that enhance the total
system efficiency and reliability is a challenging task.

This PhD dissertation introduces novel power amplifier architectures and
solutions for modern communication systems. The contributions of this thesis can be
divided in two parts. The first part deals with the study and design of power amplifier
systems. It is of major importance that these designs provide linear amplification and
operation at multiple frequency bands, which will permit the reduction of the cost
and size of the devices. Additionally, the possibility to harvest the dissipated power
from the power amplification process is investigated. For the development of the
prototypes, lumped-element topologies, transmission line implementation and
Substrate Integrated Waveguide (SIW) technology are adopted.

In the second part of the thesis, novel matching networks are introduced and
their properties are studied. In particular, resistance compression topologies are
proposed to overcome the performance degradation associated with the sensitivity of

nonlinear devices to environmental changes. These networks can be adopted in
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modern power amplifier architectures, such as envelope tracking and outphasing
energy recovery power amplifier topologies, in order to provide improved

performance over a wide range of operating conditions.
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Resumen

Es primordial que los transceptores de los futuros sistemas de comunicacion
sean capaces de operar en multiples bandas de frecuencia y con sefiales complejas.
En este contexto, el amplificador de potencia es un componente critico del
transceptor dado que su consumo energético supone la mayor parte del consumo
tanto de las estaciones base como de los dispositivos moviles. Aparte del consumo
energético, los nuevos disefios de sistemas de amplificaciéon de potencia deben
considerar aspectos como la capacidad de operar en multiples bandas o en banda
ancha, el uso de sefiales con alta relacién de potencia pico a potencia media (PAPR)
y el efecto de desadaptacion que aparece bajo las diferentes condiciones de
funcionamiento. Por lo tanto, el disefio de nuevas topologias para amplificadores de
potencia que mejoren la eficiencia total del sistema y la fiabilidad es una tarea
compleja.

Esta tesis doctoral presenta nuevas arquitecturas de amplificadores de potencia y
soluciones para los sistemas de comunicacion modernos. Las contribuciones de esta
tesis se pueden dividir en dos partes. La primera parte se centra en el estudio y disefio
de sistemas de amplificaciéon de potencia con el fin de proporcionar amplificacion
lineal y funcionamiento en multiples bandas de frecuencia, lo que permitira reducir el
coste y tamafo de los dispositivos. Ademas, se investiga la posibilidad de reutilizar
la energia disipada en el proceso de amplificacion de potencia. Para el desarrollo de
los prototipos, se utilizan topologias hibridas, implementaciones con lineas de

transmision y tecnologia de guia de onda integrada en sustrato (SIW).



En la segunda parte de la tesis, se proponen redes de adaptacion y se estudian
sus propiedades. En particular, se proponen topologias de compresion de resistencia
para minimizar el efecto que producen en el rendimiento la sensibilidad de los
dispositivos no lineales a los cambios ambientales. Estas redes pueden ser utilizadas
en arquitecturas modernas de amplificadores de potencia como pueden ser las
topologias envelope tracking y outphasing energy recovery con el fin de
proporcionar un rendimiento mejorado bajo multiples condiciones de

funcionamiento.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Motivation and Thesis Objectives

In 1940s (during the World War II), the development of Radar in microwave
frequencies introduced the application of microwaves in communication systems [1].
The term microwave signals refers to the alternative current signals that occupy the
frequency band of 300 MHz to 300 GHz in the electromagnetic spectrum [1]. Some
of the benefits provided by microwave applications are the increased bandwidth and
the use of line of the sight propagation with the tradeoff of the increased complexity
in the analysis and the design of microwave circuits.

In 1947, John Bardeen, Walter Brattain and William Shockley invented the
transistor, which had a significant impact in the evolution of electronics and
communication systems [1]-[3]. Transistor has played a key role in the development
of critical electronic components, such as power amplifiers (PAs) and oscillators. So
far, numerous investigations have been carried out for the evolution of transistors
that have already resulted in two main categories: the Bipolar-Junction Transistors
(BJTs) and the Field Effect Transistors (FETs) [3], [4]. The best candidate for each
application depends on a variety of parameters, including the desired output power

level and the operating frequency.
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The design of active microwave electronic circuits poses numerous challenges in
developing efficient solutions for the current communication systems. Among them
stands the design of efficient power amplifier circuits for modern communication
standards, multi-band/broadband nonlinear devices and circuits with reduced
sensitivity to environmental changes.

In this context, this thesis is focused on investigating novel solutions for the
power ampification stage of modern transceivers. In particular, this work can be
mainly divided in two parts: 1) Chapter 2, 3 and 4 consider different approaches for
the design of power amplifier systems and ii) Chapter 5 and 6 investigate resistance
compression networks in order to alleviate the problem of impedance changes in

power amplifier topologies.

1.1.1 Challenges of Radio Frequency (RF) Power Amplifiers

Nowadays, power amplifiers are critical components for the design of base stations
(BSs) and mobile user equipment (UE). According to [5], [6], the power
amplification process in a base station consumes up to 65 % of the total power
consumption, as it shown in Figure 1.1. Therefore, power amplifiers are key
components to reduce the power consumption in base stations, contributing to the
total system efficiency and reliability. The same applies for the power amplifier
components utilized in mobile user equipment, such as the smartphones, where the
main goal is to boost the battery life, and thus increase the limited standby/talk time

of the handset.

u Power amplifier including feeder (65%)
m Air condition (17.5%)
| Signal processing (10%)

® Power supply (7.5%)

Figure 1.1: Average power consumption distribution in base stations. The data are taken from [5], [6].
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Additionally to the efficiency requirements, modern wireless communication
standards imply new constraints in the design of the power amplification stage due to
the emergence of new signal modulation schemes. In contrast with the second
generation cellular systems (2G), modern modulation techniques produce high
bandwidth signals that are characterized with a non-constant envelope. In many
cases, the signal envelope (i.e. LTE-Advanced) exceeds the peak-to-average power
ratio (PAPR) of 10 dB [7], [8]. Figure 1.2 shows how the peak-to-average power
ratio of communication standards has evolved from the 2G to 4G systems. In order to
efficiently amplify such signals, the power amplifier should operate with a good
efficiency over a wide range of input power levels. Additionally to the high
efficiency requirements, linearity has also become a primary concern and the power
amplifier should operate at its back off power region. Thus, there is an inherent

tradeoff between linearity and efficiency in modern communication systems.

»
&\ 4G
8.5dB-13 dB

&3.5G

3G
&2.5(:; ?PS‘& 7

\ZG 0dB

Figure 1.2: The evolution of the peak to average power ratio of wireless communication standards.
The data are taken from [8].

Simultaneously, the emergence of new communication standards requires
transceivers capable of operating at multiple frequency bands, especially in the case
of portable devices where the size of the device is of great importance. To this end,
the design of multi-band and broadband PAs is a major challenge that may allow the
operation of different standards in the same equipment and thus lead to cost-effective
and compact devices. The major challenge that arises from the design of multi-band
power amplifiers is the implementation of the impedance matching networks that

should meet similar behavior at two frequency bands.
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Taking into account the significance of the power amplification process in
modern transceivers and the associated design challenges as part of the total system
performance, Chapters 2, 3 and 4 deal with the introduction of novel power amplifier
systems. In particular, Chapters 2 and 3 are mainly focused on investigating power
amplifier topologies for modern communication systems with the design and
characterization of various PAs topologies. In Chapter 4, a novel way to exploit the
dissipated power from the power amplification process, using a commercial

thermoelectric generator and its conversion to useful DC power is proposed.

1.1.2 Resistance Compression Networks

Microwave circuits are usually designed for specific operating conditions, including
frequency of operation, input power level and fixed output load. In many cases, the
design of multi-band or broadband matching networks is needed for the
implementation of multi-band and broadband microwave circuits. The design of such
impedance matching networks is a complex task in which the desired tradeoff
between the performances at the operating frequencies should be considered.

Although the nonlinear devices are usually optimized for specific operating
conditions, their input power level and/or the output load usually vary due to the
changes in the surrounding environment. For instance, the design of envelope
amplifier circuits for dynamic power supply schemes is a major issue due to the
time-varying operating conditions. In this case, the envelope amplifier should be
designed to operate for a time-varying load that represents the RF power amplifier
(typically in the range of 1 Q - 100 Q [8]), as Figure 1.3 shows. Therefore, it is a
challenging task to keep the efficiency of the envelope amplifier high for a wide
range of output load values.

The same challenge applies for the design of rectifier circuits for outphasing
power amplifier architectures (with a power recycling network) and for energy
harvesting applications. In outphasing PAs, the isolation resistance of the power
combiner circuity can be replaced with a rectifier topology in order to recover the
dissipated power (Figure 1.4a). In such a topology, an impedance variation between
the ports of the power combiner results in an impedance mismatch and non-perfect

isolation between the RF power amplifier outputs [9]. Thus, the design of rectifier
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circuits with reduced sensitivity to the surrounding environment conditions is of
great concern in order to improve the isolation between the RF PAs and thus the

performance of the outphasing energy recovery amplifier.

Power Supply

Envelope
. Amplifier

RF Power
Amplifier
{1Q -100 Q}
=

Figure 1.3: Envelope amplifier topology, where the drain/collector of the RF power amplifier is
represented as a resistance.

In the same way, the input power of rectifiers for energy harvesting (EH)
applications is not constant since the availability of the harvested power level
depends on the application scenario. Such an input power variation results in an input
impedance change at the input of the diode. Furthermore, the output of the rectifier is
usually connected to a time-varying load (such as a DC-DC converter) that also
results in an input impedance change at the input of the rectifying device (Figure
1.4b).

The impedance mismatch caused by such environmental changes results in
degraded performance. Thus, the design of rectifiers with reduced sensitivity to the
surrounding environment conditions is of great importance. An even more
challenging task is the design of multi-band microwave circuits with reduced
sensitivity to such changes.

In order to alleviate the problem of such impedance changes in microwave
circuits, special consideration should be paid in the design of the impedance
matching networks. Recently, the concept of resistance compression network (RCN)
has been introduced as a novel kind of matching networks that alleviates the
sensitivity of microwave circuits to environmental changes [10].

As part of this work, novel impedance matching networks for power amplifier

topologies are proposed. Chapter 5 considers novel resistance compression networks
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for the design of envelope amplifier circuits, while Chapter 6 proposes dual-band

resistance compression topologies that find successful application in rectifier circuits

for power recycling networks in outphasing PA systems.

Power

——

———— — —

[ r 1
| Antenna ‘ | Rectifier | | DC-DC Converter, |
‘ ‘ \ } | Regulator... [
| L | |
| — N — |
\ \ |

\ \ \
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\ \ \
\ \ |
\ I ! | | !
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Figure 1.4: Application of rectifiers in a) a simplified topology of an outphasing power amplifier with
a power recycling network and b) an architecture for energy harvesting application.

1.2 Thesis Structure

The contribution of this thesis is divided in two parts:

L.

IL.

The first part mainly deals with the power amplification process which
dominates the power consumption in base stations and portable devices.
In Chapter 2 and Chapter 3, the design of power amplifier topologies for
modern transceivers is proposed, while an approach to exploit their
dissipated power and convert it to useful DC power is analyzed in

Chapter 4.

The second part introduces the design of resistance compression
networks for PA architectures, such as envelope tracking topologies and
outphasing energy recovery power amplifiers. In particular, the concept
of dual-band RCNs is introduced, while the resistance compression

properties are applied in the design of 1) an envelope amplifier topology
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(Chapter 5) and ii) a dual-band rectifier (Chapter 6). Such a dual-band
RCN based rectifier can find successful application in RF energy
harvesting applications and wireless power transfer scenarios, where the
rectifier has to operate with highly time-varying conditions.

The thesis is divided in seven Chapters. A brief description of each Chapter is given

at the rest of this Section.

CHAPTER 2

Chapter 2 considers the design of a linear stand-alone power amplifier capable
of operating with modern communications signals that are characterized with time-
varying envelopes. A GaN HEMT transistor is selected for the design and the
implementation of the power amplifier. The linearity of the proposed topology is
validated with different input signals. In order to maximize the efficiency of the
proposed circuit, the concept of applying the RF power amplifier in an envelope
tracking (ET) architecture is also considered. The contributions of Chapter 2 were

published in the Radioengineering journal.

= K. Niotaki, A. Collado, A. Georgiadis and J. Vardakas, “5 Watt GaN HEMT
Power Amplifier for LTE,” Radioengineering, pp. 338 - 344, Apr. 2014.

CHAPTER 3

Multi-band and broadband power amplifiers are crucial components to employ
different communication standards in the same equipment. Chapter 3 considers the
design of a 2.4 GHz/3.35 GHz power amplifier based on the use of Composite
Right/Left-Handed (CRLH) unit cells as the impedance matching networks of the
topology. In this Chapter, the approach of designing a broadband (from 2.3 GHz to
3.5 GHz) power amplifier based on the same concept is also examined. The current
design investigates the implementation of CRLH unit cells in Substrate Integrated
Waveguide (SIW) technology. The contributions of Chapter 3 were presented in the
2012 Conference on Design of Circuits and Integrated Systems and in the 2013 IEEE

Electronic Components and Technology Conference.
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CHAPTER 4

Chapter 4 considers the potential of exploiting the dissipated power from the

power amplifier operation. A simplified thermal model that predicts the amount of

DC power that can be obtained from a specific thermal harvesting scenario that

includes a power amplifier is proposed. A set of experiments are carried out to

predict the amount of the harvested DC power from a power amplifier circuit with a

dissipated power of 1.37 Watt. The contributions of this Chapter were presented in

the 2012 COST IC0803 RF/Microwave Communication Subsystems for Emerging
Wireless Technologies workshop, the 2013 IEEE Radio and Wireless Week

conference and the 2013 IEEE European Microwave Conference.
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CHAPTER 5

Chapter 5 investigates a method to improve the performance of an envelope
amplifier circuit by adding a resistance compression network (RCN) at the switching
stage of a hybrid envelope amplifier topology. A novel way to achieve resistance
compression is introduced and applied for the design of the envelope amplifier. In
order to evaluate the performance of the proposed design, a conventional hybrid
envelope amplifier is also designed and fabricated. The considered design exhibits
reduced sensitivity to the environmental conditions and improved performance in
comparison with a conventional topology without resistance compression network.

The contributions of this Chapter will be submitted in a journal.

= K. Niotaki, A. Georgiadis, A. Collado and J. Vardakas, “Resistance
Compression Networks for Improved Envelope Amplifier Performance,” (in

preparation).

CHAPTER 6

In Chapter 6, the concept of dual-band resistance compression networks is
introduced and applied to the design of a rectifier circuit with improved performance.
The operation principles of these dual-band matching networks are presented in
detail. The proposed dual-band RCN can be used as the matching network located
between the antenna and the rectifying element of a dual-band rectifier for energy
harvesting applications or as part of an outphasing energy recovery power amplifier
architecture. A dual-band (915 MHz / 2.45 GHz) rectifier based on RCN is designed
and characterized showing improved performance in comparison with a conventional
dual-band envelope detector by exhibiting improved RF-DC conversion efficiency
and reduced sensitivity versus output load and input power variations. The
contributions of this Chapter were submitted in the IEEE Transactions on Microwave

Theory and Techniques.

= K. Niotaki, A. Georgiadis, A. Collado and J. Vardakas, “Dual-Band
Resistance Compression Networks for Improved Rectifier Performance”,

IEEE Trans. Microw. Theory Techn. (Accepted for Publication).
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CHAPTER 7

Chapter 7 concludes the dissertation considering some potential research

directions for future development.
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Chapter 2

A Linear GaN HEMT Power Amplifier

2.1 Introduction

The increasing demand for radio frequency (RF) power amplifiers (PAs) in
communication systems has led to enormous research efforts towards the
development of reliable and low-cost circuit designs with the best tradeoff between
linearity and efficiency. As communication systems evolve to higher data rates the
modulation schemes generate complex signals that are characterized by non-constant
envelopes with high peak-to-average power ratio (PAPR). Modern modulation
schemes in 4G signals, such as Long-Term Evolution (LTE), are characterized with a
PAPR that exceeds the value of 10 dB [8]. For instance, the PAPR of a Long-Term
Evolution (LTE) signal is in the range of 8.5 dB to 13 dB [8]. Figure 2.1 shows the
complex waveform of the envelope of a 5 dBm LTE downlink signal with a
bandwidth (BW) of 20 MHz.

The high PAPR signals should be amplified linearly to avoid the signal
distortion and thus the power amplifier should operate below the saturation at back
off. To improve the efficiency in the back off region, several efficiency enhancement
techniques have already been proposed in the literature, including the envelope
tracking (ET) technique [7], [11], [12]. The ET topology consists of an RF PA
operating at its linear region and a dynamic power supply (DPS) that adjusts the

11
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power supply voltage provided to the amplifier according to the input power level.

Several ET systems have been proposed in the literature recently [13]-[18].

1.5

Voltage (V)

0.5

0 2 4 6 8 10
time (us)

Figure 2.1: Measured waveform of the envelope of a downlink 5 dBm 20 MHz LTE signal in the time
domain.

The design of the PA usually starts with the selection of the proper device and
the set of specifications. So far, various structures of transistors have been developed.
Figure 2.2 shows the main classes of power devices, including the Bipolar-Junction
Transistors (BJTs) and the Field Effect Transistors (FETs) transistor technologies.
The best candidate for each application depends on a variety of parameters, including
the desired output power level and operating frequency. Among the candidates for
ET power amplifiers for base stations (BSs) stands the design of gallium nitride
(GaN) high electron mobility transistor (HEMT) RF power amplifiers because of the
inherent advantages of high breakdown voltage, high efficiency, high power density
and large bandwidth [19]-[21].

The specifications for the design of a PA circuit depend on the targeted
application and are significantly different for user equipment (UE) or base stations
(BSs) [22]. The requirements for UE in terms of output power and linearity are
modest in comparison to the BS power amplifiers due to the high power that is
involved in the BS operation [22]. The tight requirements for the design of high
power PAs usually result in a decreased efficiency and thus, the design of a high

power linear RF power amplifier is considered as an even more challenging task.

12



Chapter 2. A Linear GaN HEMT Power Amplifier

TRANSISTOR ‘
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FET BJT
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Figure 2.2: Classes of transistors. The data come from [3].

In this Chapter, taking into account the significance of the power amplification
stage for modern transceivers, a 5 Watt stand-alone GaN HEMT linear power
amplifier that can have successful application in ET systems is proposed. The PA is
also manufactured and its performance is evaluated in terms of linearity, output
power and efficiency. Various input signals, such as single carrier, two-tone and LTE
signals are used for the characterization of the proposed design.

The outline of this Chapter is as follows. Section 2.2 presents the design of the
GaN HEMT PA. The device is designed and optimized for optimum tradeoff
between linearity and efficiency at 2.4 GHz. In Section 2.3, the fabrication procedure
of the RF PA is described in detail. Section 2.3 also includes the experimental
characterization of the power amplifier in terms of power gain (G), power added
efficiency (npag) and drain efficiency (n). Section 2.4 presents additional
measurements to evaluate the linearity of the amplifier, such as two-tone
intermodulation distortion (IMD) and adjacent channel power ratio (ACPR)

measurements. Section 2.5 summarizes the conclusions of the presented work.
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2.2 Design of GaN HEMT Power Amplifier

GaN devices are promising candidates for the design of microwave PAs mainly due
to the advantages of high power density and high breakdown voltage, as it has
already been discussed in the previous Section [23], [24]. A plethora of microwave
GaN HEMT PAs has already been presented in the literature demonstrating good
performance for a variety of applications [25]-[33].

The design of GaN HEMT power amplifiers operating at the Ultra High
Frequency (UHF) and Very High Frequency (VHF) band is a challenging task as the
devices are characterized with high gain at these frequencies and thus, special
attention should be paid for the stability of the device [26]. A VHF/UHF high power
amplifier (20 W), operating in the frequency band of 50 MHz to 550 MHz has been
proposed in [25], with a drain efficiency in the range of 63 % to 72 % in the
corresponding band. A GaN HEMT PA operating at the 5.8 GHz band has been
presented in [27] demonstrating a 33.3 dBm output power at 5.65 GHz. A GaN
HEMT device has also been selected for a high power amplifier (310 W) that has
shown a power gain of 10 dB over the frequency band of 8.5 GHz - 10 GHz [29].

In this Chapter, a GaN HEMT transistor from Cree (CGH40006P) that operates
up to a frequency of 6 GHz is chosen for the design and implementation of the
microwave power amplifier [34], [35]. The PA is designed using the harmonic
balance (HB) analysis and S-parameter analysis in Agilent Advanced Design System
(ADS) software. The schematic of the designed power amplifier is shown in Figure
2.3a. The drain and gate bias networks are implemented as quarter wavelength bias
lines with some decoupling capacitances, including chip capacitances and a radial
stub with width=0.415 mm, length=19 mm and angle=70°. DC-blocking capacitances
are placed in the input (C,;, C;) and output (Cs) matching networks (Figure 2.3a).

The topology of the power amplifier includes three resistances (R;, R, and R3)
that contribute to the global stabilization of the power amplifier for all the expected
operation conditions in terms of bias voltage and input power level. Stability
considerations should always be taken into account in the design of nonlinear devices
in order to eliminate oscillation problems [36].

The input and output matching networks are designed and optimized to match

the power amplifier to 50 Q. Small-signal S-parameters and Large-signal S-
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parameter (LSSP) analysis is also used to impose constraints on the impedance
matching of the nonlinear device at the operating frequency band. The matching
network parameters are optimized to match the instantaneous output impedance of
the transistor at the fundamental frequency (2.4 GHz). The final circuit parameters

are shown in Table 2.1.

Ca Cs Co (a)

Figure 2.3: GaN HEMT power amplifier: a) Simulated circuit topology and b) fabricated prototype.
The fabricated prototype has a total size of 6 cm x 10 cm. The active device is a GaN HEMT
transistor from Cree (CGH40006P) [34].

Design specifications for the linearity of the device are taken into account during
the design of the power amplifier. The proposed system is excited with a two-tone
input signal at f; GHz and f, GHz, with equal input power levels (Pi17=Pinji2)),
where f; > f;. The main goal of the optimization process is to minimize the output
power of the third order components, at 2f;-f; GHz (Pougri-r2)) and at 2f,-f; GHz

(Pou2p2-f17), as Figure 2.4 shows.
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In order to do so, a two-tone HB simulation, in combination with two
optimization goals, one at each third order intermodulation product, are used aiming
at minimizing the power level at these frequency components (Figure 2.4). The IMD
sweet spots are also examined to minimize the level of the nonlinear distortion
(IMD) [36]-[38]. The IMD sweet spots are particular points of operation that lead to
reduced third order intermodulation products and depend on the bias of the device, as

well as the input power level [37].

Component Value Component Value
C 1 pF Cy 6.8 nF
C 0.5 pF Cs 22 nF
C; 3.3 pF Cs 47 nF
R, 5Q C; 6.8 nF
R, 52Q Cs 22 nF
Rj 390 Q Cy 47 nF

Table 2.1: GaN HEMT power amplifier circuit (Figure 2.3a) component values.

‘ @ HARMONIC BALANCE Optim
OptimType=Gradient

HarmonicBalance
HB1

Freq[1]=f1 GHz ‘ GOAL I ‘ GOAL I
Freq[2]=f2 GHz - on
oal oal
OptimGoal1 OptimGoal2
Minimize (Pout[zfl_fz]) Minimize (Pout[2f2—f1])
Pinre
Pinpry @ 1 Pougri] Poutry
Pougari-n) T T Poupam-11]
Pmer | RE pA 1 1
Piniy @ £
7 50Q

Figure 2.4: Simplified schematic of the optimization process that minimizes the level of the nonlinear
distortion for a two-tone input signal, using HB analysis in Agilent ADS software.

High linearity should be met at high output power levels close to 1 dB
compression point. The selected operating frequencies are f;=2.395 GHz and
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£,=2.405 GHz and the input power level is Pin11=Pin27=22 dBm. A comparison of
the carrier to intermodulation ratio for different values of the gate voltages is shown
in Figure 2.5. The optimum carrier to intermodulation ratio is predicted from the
nonlinear simulation when the device is biased with a drain voltage (V4s) of 35 V and
a gate voltage (V) of -3.5 V. The simulation results show a high linearity level for a
wide input power range when the device operates in its linear region for the selected

bias conditions.

-10

-201

-301

(C/1) (dBc)

—= V=35V
= == V=3V
------- Vge=-2.5V
— V=2V
_60 Il Il Il
5 10 15 20 25

Input Power per tone (dBm)

Figure 2.5: Simulated C/I ratio versus input power level per tone for Vo= -3.5V, Vo= -3 V, V= -2.5
V and Vg= -2 V. The selected operating frequencies are £;=2.395 GHz and f,=2.405 GHz. The results
are obtained when the device is biased with a drain bias of 35 V.

Figure 2.6 shows the simulated output power and the carrier to intermodulation
ratio of the power amplifier when excited by a two-tone signal around 2.4 GHz
(f1=2.395 GHz and £,=2.405 GHz). The x-axis corresponds to the total power of one
of the tones, which means the total input power at the amplifier is 3 dB higher. The
output power at the operating frequencies (Poygrij and Poygr)) 1s shown in the plot,
along with the upper and lower carrier to intermodulation ratios (C/I. and C/ly).
Details about the calculation of the carrier to intermodulation ratio are given in
Section 2.3. A reduced IMD is noticed when the PA operates with total input power
from 8 dBm (5 dBm each tone) to 23 dBm (20 dBm each tone) for the selected bias
conditions.

The potential use of the device as the RF PA of an ET topology is examined by

varying the drain voltage of the device. The performance of the device is compared
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for different V4 when the power amplifier operates with an input signal at 2.4 GHz
and for Vy=-3.5 V. The simulated performance of the power amplifier over a wide
range of output power levels is shown in Figure 2.7 and Figure 2.8. The simulation
results are obtained when the PA operates at 2.4 GHz and for V=-3.5V. Details

about the calculation of the power added efficiency are provided at Section 2.3.
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Figure 2.6: Simulated output power and C/I ratio versus input power level of one of the tones. The
selected operating frequencies are f;=2.395 GHz and f,=2.405 GHz. The results are obtained for V4=
35Vand Vy=-35V.
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Figure 2.7: Simulated power added efficiency versus output power for Vg= 20 V, V4=25 V, V=35
V and V=45 V. The power amplifier operates at 2.4 GHz and the selected gate voltage is -3.5 V.
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Figure 2.8: Simulated gain of the power amplifier for different drain voltages (V=20 V, V=25V,
V4s=35 V and V=45 V) and output power levels. The power amplifier operates at 2.4 GHz and the
selected gate voltage is -3.5 V.

It can be observed from Figure 2.7 and Figure 2.8 that different efficiency levels
are achieved for various drain voltage and input power values. Thus, the proposed
device could be potentially used in an ET topology in order to improve the average
efficiency of the device when operating with high PAPR input signals and time-

varying envelopes, such as LTE.

2.3 Implementation and Characterization of the Power

Amplifier

The power amplifier is fabricated in Arlon 25N substrate with dielectric constant of
3.38, loss tangent of 0.0025 and 30 mil thickness using an LPKF Protomat C100/HF
circuit board plotter [39]. A brief description of the fabrication process is given in
this Section. The first step in the fabrication procedure is machining the surface of
the substrate using the available tools (i.e. universal cutter and micro cutter [40]).
The second stage of the process includes the drilling of the vias on the board using

spiral drills [40]. Figure 2.9 shows the moving plotter milling head during the drilling
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phase, where adhesive film is placed at both sides of the substrate material. Finally,
the PCB has to be cut along the border lines of the board using a contour router [40] .

Conductive paste is applied at both sides of the board using a squeeze and a
vacuum table that assures that the conductive paste is inserted in the vias [40], [41]
(Figure 2.10). Then, the adhesive film is carefully removed from both sides of the
PCB and the fabricated board is placed into a hot air oven (170 °C) in order to cure
the conductive paste for around 30 minutes. After the removal of the PCB from the
oven, the copper is peeled from the board manually, as Figure 2.11 shows. The final
layout of the circuit (after the removal of the copper) is shown in Figure 2.12.

Then, the lumped-element (LE) components, such as capacitors and resistances,
are soldered on the board. The active device is placed on the board using a
conductive epoxy (Circuitworks - CW2400) [42]. In order to cure the paste, the
printed circuit board (PCB) is placed in the hot air oven (80 °C) for a few minutes
(around 20 minutes).

Special considerations are taken into account for the heat dissipation of the
device. Initially, an aluminum board is placed at the bottom side of the PCB (using
screws) in order to help in the heat dissipation during the power amplification
process. Thermal paste (Figure 2.13) is also applied in between the aluminum board
and the PCB in order to achieve a good contact between them by filling in the air
gaps due to the surface imperfections. Figure 2.13 shows the bottom side of the PCB
after applying thermal paste on it.

G

Figure 2.9: Drilling the vias of the power amplifier using an LPKF Protomat C100/HF circuit board
plotter [39].
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Figure 2.11: Peeling the copper of the board manually (top view of the PCB).

Figure 2.12: Top view of the layout of the board after the peeling phase shown in Figure 2.11.
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Figure 2.13: View of the bottom side of the board after applying thermal paste on it.

Finally, a heatsink is attached at the bottom side of the aluminum board in order
to dissipate the heat efficiently to the environment. In this case, conductive epoxy
(Circuitworks - CW2400) [42] is used between the surfaces in order to provide a
good contact between them. The PCB is also placed in the hot air oven (80 °C) for
around 20 minutes. The final implemented power amplifier circuit is shown in Figure
2.3b and has a total size of 6 cm x10 cm.

The power amplifier is initially characterized in its small signal regime. Figure
2.14 - Figure 2.17 show a comparison among the simulated and measured small-
signal S-parameters performance over the frequency range of 0.5 GHz to 3 GHz. In
Figure 2.14, a comparison between the simulated and measured reflection coefficient
(|811 |) is shown. The measured and simulated small-signal gain (| Soi |) of the
device is also shown in Figure 2.15, where a slight shift to higher frequencies is
observed at the frequency band of interest. Figure 2.16 and Figure 2.17 show the

| San | and | Siz | parameters showing good agreement between simulation and

measurements. The small discrepancies between the simulation and the
measurements could be attributed to various factors, as it will be explained at the end
of the Section.

The fabricated prototype is also characterized in terms of its output power (Poy),
power gain (G), power added efficiency (npag) and drain efficiency (n) with a single
tone input signal using a signal generator (Agilent E§247C) and a spectrum analyzer
(Agilent E4448A). The drain efficiency is calculated as the ratio of the output power
(Pout) and the dissipated power (Pq.) [11], as
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2.1)

where Py is the total DC power consumed at the drain (P4) and at the gate of the
device (P,). The dissipated power at the drain is calculated as the product of the DC
current (I4) at the drain of the transistor and the drain voltage (V). In the same way,

P, is given as the product of the DC current (Ig) at the gate of the transistor and the

gate voltage (V).
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Figure 2.14: Comparison of simulated (solid line) and measured (dashed line) small-signal |811 |
over the frequency range of 0.5 GHz to 3 GHz.
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Figure 2.15: Comparison of simulated (solid line) and measured (dashed line) small-signal |821 |

over the frequency range of 0.5 GHz to 3 GHz.
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Figure 2.16: Comparison of simulated (solid line) and measured (dashed line) small-signal |Sz2|
over the frequency range of 0.5 GHz to 3 GHz.
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Figure 2.17: Comparison of simulated (solid line) and measured (dashed line) small-signal |Su|
over the frequency range of 0.5 GHz to 3 GHz.

The power added efficiency [12] takes into account the RF input power (Pi,) and is
defined as

Pout_Pin

P (2.2)
24
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Table 2.2 shows a comparison of the simulated and measured performance of the
fabricated PA for an input power of 25 dBm at 2.4 GHz and 2.45 GHz. The device
demonstrates a measured gain of 11.7 dB and a drain efficiency of 39 % for an input
power of 25 dBm at 2.4 GHz, while a higher gain of 12.7 dB and drain efficiency of
43.3 % is obtained at 2.45 GHz.

Parameter Simulated Performance Measured Performance
2.4 GHz 2.45 GHz 2.4 GHz 2.45 GHz
Pout 38.1 dBm 37.9 dBm 36.7 dBm 37.7 dBm
G 13.1 dB 12.9 dB 11.7 dB 12.7 dB
n 47.2 % 45.4 % 39 % 43.3 %
NPAE 44.9 % 43.1 % 37 % 41 %

Table 2.2: Measured and simulated output power, gain, drain efficiency and power added efficiency of
the power amplifier for a fixed input power of 25 dBm at 2.4 GHz and 2.45 GHz. The device is biased
with 35 V drain and -3.5 V gate voltage.

Discrepancies between the simulated and measured S-parameters (Figure 2.14-
Figure 2.17) and the performance of the power amplifier (Table 2.2) can be attributed
to the tolerance in the fabrication process (during the drilling and milling phase) of
the prototype. In addition, the tolerances of the surface mounted devices (SMD),
such as capacitors and inductors, and the substrate material produce inaccuracies in
the simulation results. Finally, the discrepancies between the simulation and the
measurements could be due to possible inaccuracies in the nonlinear model of the

transistor.

2.4 Linearity Measurements

The performance of the PA in terms of linearity is evaluated with different input
signals. Initially, the power amplifier is tested with a single carrier input signal and
the 1 dB compression point is defined. A two-tone input signal is used in order to
evaluate the linearity of the power amplifier by calculating the carrier to
intermodulation (C/I) ratio. The device is also tested in a LTE environment using a

LTE input signal.
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2.4.1 One and Two-Tone Characterization

Initially, the performance of the PA is evaluated for different input power levels. The
measured output power and gain when the input varies from 0 to 27 dBm are shown
in Figure 2.18. As the input power increases, the device is driven into saturation. It is
observed that the maximum linear P, of the stand-alone power amplifier is 24 dBm
and corresponds to an input power of 10 dBm and a gain of 14 dB at 2.4 GHz. The

measured value of the 1 dB compression point (P4p) is observed for P;,=22 dBm.
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Figure 2.18: Measured output power and gain for a 2.4 GHz input signal as a function of the input
power level. The measurements are for V=35 V and Vy=-3.5 V.

One of the most widely used nonlinear distortion metrics is the carrier to
intermodulation ratio. The C/I is defined as the ratio between the carrier output
power (Poy) and the intermodulation product output power (Pou2rn-f1] OF Pougafi-p1)-
Many factors including memory effects contribute to C/I asymmetries at the output
power spectrum [36]-[38], [43], [44]. Thus, due to the asymmetry in the upper and
lower bands of the intermodulation products, the C/I is defined as lower ((C/I)p) and

upper C/I ((C/T)y), where (C/I)., and (C/T)y are calculated as

<C/I> — Poutff1] (23)
L

Pout[2f1-f2]
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and

<C/]> Pout[fz] (2.4)

Pout[2f2—f1]

The C/I ratio is measured using a two-tone input signal. The two tones have
equal amplitude and they are centered around 2.4 GHz. The C/I is calculated for
different frequency spacings (Af=f, — f}) between the two tones (5 MHz, 10 MHz, 15
MHz, 20 MHz). Each of the tones has a power of Piy=Pin=22 dBm. The

measurement setup is depicted in Figure 2.19.

out[fl] I:)out[fZ]

Pin[f1)=22 dBm
@ f, GHz Out[2f1 2] out[2f2 f1]
SG — Preamplifier ——
GaN HEMT Spectrum
Power Amplifier Analyzer
SG —{Preamplifier ——
Pin[f2]=22 dBm
@ fz GHz

Figure 2.19: Measurement setup for a two-tone characterization of the PA. The device is tested for
different frequency spacing at a center frequency of 2.4 GHz.

Two preamplifiers are used as the signal generators (SGs) are not able to give
such a high output power. The preamplifiers are adjusted to provide an input signal
of 22 dBm to the fabricated PA at the selected frequencies. The output spectrum of
the power amplifier when excited with a two-tone 22 dBm input signal at 2.395 GHz
and 2.405 GHz (Af=10 MHz) is shown in Figure 2.20. The PA operates at the
compression region and the obtained lower and upper carrier to intermodulation
ratios are 24.3 dB and 24.6 dB, respectively.

(CM)p and (C/T)y for different frequency spacing are shown in Table 2.3
demonstrating a good performance even though the device is not operating at its
linear region. It is shown that for a spacing of 5 MHz the PA demonstrates a carrier

to intermodulation ratio better than 25 dB.
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Figure 2.20: Output spectrum when the power amplifier is excited with a two-tone input signal (22
dBm each of them) of a center frequency of 2.4 GHz and spacing of 10 MHz.

Af (MHz) (C/D)L (dB) (C/)y (dB)
5 254 32
10 243 24.6
15 234 254
20 249 223

Table 2.3: Lower and upper carrier to intermodulation ratios for different frequency spacing at 2.4
GHz. The measurements are made for a two-tone input signal of 22 dBm power each.

2.4.2 LTE Environment

In this Section, the linearity of the proposed topology is also tested using a LTE input
signal. LTE supports different channel bandwidths ranging from 1.4 MHz to 20 MHz
(1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz and 20 MHz) to deploy more spectrum
flexibility than the previous systems. The wider channel bandwidths of 10 MHz, 15
MHz and 20 MHz target to improve the system performance as users may perceive
that they have a wide bandwidth connection while sharing the bandwidth with

individual users [7].
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The proposed PA is tested with LTE input signals with different BWs (3 MHz, 5
MHz, 10 MHz, 15 MHz and 20 MHz) in order to evaluate the performance of the
device under various operating conditions. This is done because the performance of
the PA and also its stability properties may vary depending on the signal bandwidths
due to the nonlinear device. Additionally, the gain of the PA circuit is not flat over
the whole frequency band which will results in different performances depending on
the signal bandwidth.

One of the metrics that are used for the protection of the adjacent channel is the
ACPR [7]. A LTE signal is used as the input signal of the device for the calculation
of the ACPR. The measured complementary cumulative distribution function
(CCDF) [45], [46] of the envelope of the LTE input signal for an input power of 5
dBm is measured using the Agilent Vector Signal Analyzer (VSA) software and is
shown in Figure 2.21. A maximum PAPR of 9.54 dB is measured for the envelope of
the LTE signal and thus the PAPR of the signal is around 12.54 dB [45].

The lower adjacent channel power ratio (ACPRy) is defined as the ratio between
the total output power measured in the fundamental zone around the carrier, Py, and

the total power in the lower adjacent-channel power (P 1) as it is shown in (2.5).

ACPR, = —out (2.5)

out_L

The same applies for the upper ACPR (ACPRy) which is defined as the ratio of
the P,y and the upper adjacent-channel power (P, ) according to (2.6).

ACPRy = —out (2.6)

out U

The upper and lower adjacent channel power ratio for each LTE input signal is
measured according to the channel bandwidth (5 MHz, 10 MHz, 15 MHz and 20
MHz) [7], as it is shown in Table 2.4. For instance, for a 5 MHz LTE input signal,
P,y 1s measured in a 4.5 MHz bandwidth in the transmitted frequency channel, while
Pout L and Poy; u 1s measured for the same bandwidth (4.5 MHz) at a frequency offset
of +5 MHz and -5 MHz, respectively.
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Figure 2.22 - Figure 2.25 show the measured output spectrum of the fabricated
power amplifier for an input LTE signal with total power of 5 dBm for different BWs
(5 MHz, 10 MHz, 15 MHz and 20 MHz). As it can be observed from Figure 2.26,
two unequal adjacent channels exist at the measured output spectrum of the PA and
therefore different metrics are defined: the lower ACPR and the upper ACPR. A

comprehensive explanation about the reasons that cause this asymmetry can be found

in [47].
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Figure 2.21: Measured complementary cumulative distribution function of the envelope of a downlink
LTE 5 dBm signal (BW=10 MHz).
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Figure 2.22: Measured output spectrum for a S MHz LTE 2.4 GHz input signal (5 dBm).
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Adjacent Channel Center
BW (MHz) Measured BW (MHz)
Frequency Offset (MHz)
5 4.5 +5/-5
10 9 +10/-10
15 13.5 +15/-15
20 18 +20/-20

Table 2.4: Measured Bandwidth and adjacent channel center frequency offset for LTE signals with
different bandwidths [7].
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Figure 2.23: Measured output spectrum for a 10 MHz LTE 2.4 GHz input signal (5 dBm).
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Figure 2.24: Measured output spectrum for a 15 MHz LTE 2.4 GHz input signal (5 dBm).
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Figure 2.25: Measured output spectrum for a 20 MHz LTE 2.4 GHz input signal (5 dBm).
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Figure 2.26: Output spectrum of the power amplifier when excited with a 2.4 GHz LTE signal. The
input power level is 5 dBm and the bandwidth 10 MHz.

The nonlinear distortion of the output signal is shown in Table 2.5. It can be

noted that the ACPR; and ACPRy are higher than 40 dB for an input power of 5

dBm. The PA has almost the same ACPR performance regardless of the LTE input

signal bandwidth. Measurements with a higher input power level is not possible as

the available instrumentation in the laboratory is not able to give a higher output

power level.
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BW (MHz) ACPR; (dB) ACPRy, (dB)
5 432 44.2
10 40.7 43
15 41 43.75
20 40 43.4

Table 2.5: Measured adjacent channel power ratio of the power amplifier for various bandwidths (5
MHz, 10 MHz, 15 MHz and 20 MHz.

The overall performance of the PA is summarized in Table 2.6. The device
exhibits a gain of 11.7 dB and a drain efficiency of 39 % for an output power of 36.7
dBm at 2.4 GHz. The carrier to intermodulation ratio is better than 24 dB for a two-
tone input signal of 25 dBm of total power and a spacing of 10 MHz. Table 2.7
compares the performance of the power amplifier with previously published GaN
HEMT power amplifiers operating around the same frequency band for an input
power of 25 dBm, demonstrating that the proposed stand-alone linear GaN HEMT

power amplifier shows comparable performance to these PAs, using a simpler

topology.
Parameter Value
Vas, Vs 35V,-35V
Pout @ Pin=25 dBm 36.7 dBm
G @ Py»=25 dBm 11.7dB
N @ Pi,=25 dBm 39 %
C/1 @ Pi,=25 dBm (C/MH1=24.3 dB
(Af=10 MHz) (C/My=24.8 dB
ACPR for a5 dBm LTE signal ACPR;=40.7 dB
(BW=10 MHz) ACPRy=43 dB

Table 2.6: Summarized performance of the power amplifier at 2.4 GHz.

f(GHz) | Pow (dBm) | G (dB) N (%) | neak (%)
[19] 2.45 34.68 12.27* - 425
[48] 1.8 344 9.4 - 24.19
[This Thesis] | 2.4 36.7 11.7 39 37

Table 2.7: Comparison of GaN HEMT power amplifiers for P;,=25 dBm.
*small signal-gain
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2.5 Chapter Summary

This Chapter presents the design and implementation of a stand-alone linear power
amplifier at 2.4 GHz with high output power. A GaN HEMT transistor is selected for
the design and implementation of the PA. The device exhibits a gain of 11.7 dB and
a drain efficiency of 39 % for an output power of 36.7 dBm at 2.4 GHz (Pi,= 25
dBm). The device achieves a carrier to intermodulation ratio as good as 25 dB for a
two-tone input signal of 25 dBm of total power when it is not operating at its linear
region. The fabricated power amplifier is also tested with LTE input signals with
different input signal bandwidths (5 MHz to 20 MHz). The PA despite its simple
design achieves high linearity close to 1 dB compression point. This design, taking
advantage of the device linearity sweet spots can have successful application in ET

systems.
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Chapter 3

Design of Dual-Band and Broadband

Power Amplifiers

3.1 Introduction

Modern wireless communication systems require transceivers that are capable of
operating at multiple frequency bands simultaneously in order to allow for the
implementation of multiple standards in the same equipment. In fact, broadband
and multi-band operation can substantially reduce the number of circuit
components needed in wireless platforms, as well as the cost and the size of the
devices [49]. As PAs are critical components in most communication systems,
their design can actually benefit from a multi-band or broadband approach.
Nonetheless, such devices are difficult to design, as the input and output matching
networks need to be optimized for operation in a wider frequency range or in
multiple frequency bands.

So far, many efforts have been made to realize impedance matching networks
operating in multiple frequency bands, including lumped-element (LE) networks
and transmission line (TL) implementations [50]-[52]. A 1.81 GHz/2.65 GHz PA
based on multiharmonic load transformation network is described in [52]. In [53],

the design and implementation of a dual-band PA with two frequency matching
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networks based on the low-pass Chebyshev form impedance transformer design is
presented. The design of a dual-band (1.9 GHz/ 3.5 GHz) PA circuit based on n-
topology matching network is also discussed in [54].
Among the efforts for dual-band operation stands the implementation of PA
circuits based on the newly introduced concept of Metamaterial (MTM)
structures [55]-[60]. The term MTM refers to artificial effectively
homogeneous electromagnetic structures with unusual properties that are not
readily available in nature [56]. The properties of the metamamaterial
transmission lines have found successful application to the design of a plethora
of devices, from antennas [61]-[64] to microwave sensors [65]. The first
topology considered in this Chapter is a dual-band power amplifier inspired
from the MTM concept and based on Composite Right/Left-Handed (CRLH)

TL unit cells for both the input and output matching networks.

Starting from the realization of multi-band impedance matching networks
using CRLH unit cells for the development of multi-band PAs, the implementation
of such PA topologies in Substrate Integrated Waveguide (SIW) technology is also
considered in this Chapter. In particular, in this Chapter, two power amplifier
topologies are proposed, along with the design techniques used for every approach.
Initially, the concept of using CRLH unit cells for the design of multi-band PAs is
addressed and verified by means of a single-substrate prototype [66]. Then, starting
from this result, the development of a broadband power amplifier topology based
on SIW technology is also investigated [67].

This Chapter is organized as follows. In Section 3.2 the properties of CRLH
unit cells are discussed and applied to the implementation of a dual-band PA
operating at ISM band and 3.35 GHz WiMAX band. Initially, two design
approaches for the implementation of the matching networks are considered and
simulated in Section 3.2.1. Harmonic Balance simulation along with optimization
goals are used for the design of the PA, as it is described in Section 3.2.2. Finally,
the experimental characterization of the fabricated device is presented in Section
3.2.3, where a dual-band frequency response is demonstrated.

After obtaining the multi-band frequency response of the CRLH unit cells, an
additional study related to the implementation of CRLH unit cells in Half-Mode
SIW (HMSIW) technology is carried out. In Section 3.3, a broadband PA operating
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from 2.3 GHz to 3.5 GHz based on CRLH Half-Mode Substrate Integrated
Waveguide technology is presented. Section 3.3.1 describes the preliminary design
phase, where the PA is designed and optimized using the equivalent circuit model
of the CRLH unit cells.

Then, based on the resulting requirements for the matching networks response,
input and output CRLH HMSIW are dimensioned, following an approach that
combines full-wave finite element method (FEM)-based simulation with nonlinear
HB analysis (Section 3.3.2). Section 3.3.3 presents the experimental results from
the single-substrate prototype, demonstrating broadband operation. Finally, Section

3.4 discusses the obtained results.

3.2 A Dual-Band Power Amplifier Based on Metamaterial-
Inspired Matching Networks

3.2.1 Design of Dual-Band Matching Networks

The design of a power amplifier circuit implies the design of two matching
networks as it is shown in the simplified power amplifier topology of Figure 3.1.
The input matching network matches the signal source to the gate of the device,
while the output matching network offers an impedance matching from the
drain/collector of the transistor to the 50 Q output load.

The selection of the matching networks depends on the system specifications
and the operating frequency or frequencies. A variety of matching network
topologies can be applied when operating at a single frequency. The simplest
structures for an impedance transformation network are the L-type and m-type
networks [1]. Their implementation varies according to the device specifications
and the available technology. Implementations with commercial lumped-element
topologies or transmission line have been presented in the literature [1].

The design of dual-band matching networks is a more complex task as the
same behavior should be met at an arbitrary set of frequencies. Among the efforts
for multi-band operation stands the implementation of dual-band power amplifier
topologies based on the MTM concept.
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Figure 3.1: Simplified PA circuit topology that consists of the input and output impedance matching
networks, two DC blocking capacitors and the bias of the transistor.

In this Chapter, a dual-band PA is proposed based on the CRLH MTM TL unit
cells. In particular, a single CRLH TL unit cell is used for both the input and output
matching networks. A CRLH MTM TL unit cell is the combination of a right-
handed (Figure 3.2a) and a left-handed (Figure 3.2b) TL unit cell, and is shown in
Figure 3.2¢ [1][56]. Additional CRLH TL unit cells (N) can be put in series
according to the application scenario and the available technology. The total phase

shift (¢) depends on the number of cells along a CRLH TL and is given by:

@ = NAp (3.1)

where N is the number of unit cells and Ag is the phase shift for each unit cell.

A CRLH TL unit cell shows a left-handed (LH) response at the low operating
frequency as Cr and Ly tend to be open and short at f; [56]. Likewise, the CRLH
TL unit cell shows right-handed (RH) behavior at the high frequency f, as C; and
Ly tend to be short and open at f,. A CRLH transmission line can be implemented
with asymmetric or symmetric unit cells. The asymmetric structure of a CRLH TL
(Figure 3.2¢) has unequal input and output impedance. On the other hand, the
symmetric CRLH TL unit cell (Figure 3.2d) is characterized with equal input and
output impedance.

A dual-band PA is designed based on the ATF-50189 E-pHEMT transistor from
Avago (operating frequency from 400 MHz to 3.9 GHz) [68]. The performance of
the power amplifier using one and two unit cells at the input and output matching
networks of topology is investigated in simulation. Figure 3.3 shows the

simulated|Sn| for both topologies (with a single and two unit cells at the
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impedance matching networks) showing a similar behavior at the frequencies of

interest.
Ly (a) Lg C. (c)
o— 1M J_ o oL o
CR:I: CR:: L|_
(d)

Figure 3.2: Equivalent circuit model of: a) ideal lumped-element RH TL unit cell, b) ideal lumped-
element LH TL unit cell, ¢) ideal asymmetric lumped-element CRLH TL unit cell (T-shaped
topology) and d) ideal symmetric lumped-element CRLH TL unit cell (T-shaped topology).
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Figure 3.3: Simulated |Sll| versus operating frequency for two different impedance matching
networks.

In Figure 3.4 and Figure 3.5 the drain efficiency and the gain of the structures
is shown, respectively, where a good compromise between the efficiency and the
gain is achieved for both topologies. Thus, the simulated results demonstrate that

the use of a single cell can lead to a good performance, while additionally it
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minimizes the size and number of components used in the PA. As a result the PA

with N=1 is selected for the implementation of the input and output impedance

networks.
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Figure 3.4: Simulated drain efficiency versus operating frequency (P;;=19 dBm) for two different
impedance matching networks.
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Figure 3.5: Simulated gain versus operating frequency (P;;=19 dBm) for two different impedance
matching networks.
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3.2.2 Design of the Dual-Band Power Amplifier

The design of the PA starts with the selection of the active device and the system
specifications. The selected transistor is an enhancement mode pseudomorphic
HEMT (E-pHEMT) transistor (ATF-50189) from Avago [68], as it has already
been mentioned. Harmonic Balance analysis in combination with nonlinear
optimization procedure is used to obtain an efficient and stable operation at the
selected frequencies (2.4 GHz and 3.35 GHz). Optimization goals are carefully
selected to match the system requirements as far as the output power and the
efficiency of the system (Figure 3.6). In particular, the simulation setup includes

the following optimization goals for the output power and the drain efficiency of

the topology:
Poutir1] > Pmin @and Mg > Nmin atf; = 2.4 GHz (3.2)
and
Poutifz] > Pmin and Niez) > Nimip at f; = 3.35 GHz (3.3)

where Pgy¢r1) and nygypis the output power and the drain efficiency at the low
operating frequency (f; = 2.4 GHz), respectively. Pgy[r,) and mey) is the output
power and the drain efficiency at the high operating frequency (f, = 3.35 GHz),
respectively.

In Figure 3.6, the simplified schematic of the simulation setup is demonstrated.
Two identical circuit schematics are placed in the simulation setup, each of them
using a HB analysis at a different operating frequency. Thus, the simulator
optimizes the values of the lumped-components, such as inductors and capacitors,
to be able to operate simultaneously in the two frequencies. The lumped-element
component values are optimized to fulfill these goals when the device operates
with an input power level of 19 dBm. Small-signal S-parameters and LSSP
analysis is also used to ensure the impedance matching of the circuit at the selected
frequencies.
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The simulation data from the S-parameter analysis are also used for a stability
analysis of the topology. In particular, the design is optimized in order to meet the
necessary and sufficient conditions for unconditional stability B > 0 and K > 1
[4], [69]. The simulation result shows that by placing a series resistance of 22 Q at
the gate of the transistor, the PA exhibits a stable operation for all the expected
operating conditions. The final circuit schematic and the component values is

shown in Figure 3.7a and Table 3.1, respectively.

wa] orm] @] narmonic BaLAncE | (@] narvonicBaLance |
Optim X HarmonicBalance HarmonicBalance
OptimType=Gradient e HB2
Freq[1]=f1 GHz Freq[1]=f2 GHz
[ GOAL | [ GOAL | [ GOAL | [ GOAL |
Goal Goal Goal Goal
OptimGoal1 OptimGoal2 OptimGoal3 OptimGoal4
Maximize (Pougsi) Maximize (n17) Maximize (Poyqs)) Maximize (W)
@f, GHz f, GHz
@ e Vet 500

Figure 3.6: Simplified schematic of the optimization process that results in dual-band frequency
response, using HB analysis in Agilent ADS software.

Figure 3.7: Dual-band power amplifier: a) Schematic of the circuit topology and b) fabricated
prototype. The fabricated prototype has a total size of 7 cm by 5 cm. The active device is an
enhancement mode pseudomorphic HEMT (E-pHEMT) transistor (ATF-50189) from Avago.
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Commercial capacitors from Murata and AVX and inductors from Coilcraft
are used for both the simulation and the implementation of the current design. The
PA is fabricated in Arlon 25N substrate with dielectric constant of 3.38, loss
tangent of 0.0025 and thickness of 30 mil utilizing a LPKF Protomat C100/HF
circuit board plotter [39]. A photo of the implemented prototype is shown in Figure
3.7b. The fabricated prototype has a total size of 7 cm x 5 cm.

Component Value Component | Value Component | Value
(O] 1.8 pF Ce 12 pF L, 1 nH
C 3.9 pF C, 10 pF Ls 1 nH
Cs 0.45 pF Cs 1 pF L4 1.8 nH
Cy 0.25 pF R 220 Ls 16 nH
Cs 5.6 pF L, 0.9 nH L 100 nH

Table 3.1: Dual-band power amplifier (Figure 3.7a) circuit component values.

3.2.3 Experimental Results

Initially, the S-parameters of the PA are measured using a signal with an input
power of 0 dBm. The |Su| and |Szz| parameters are shown in Figure 3.8

showing a good impedance matching at the two operating frequencies (2.4 GHz

and 3.35 GHz).
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Figure 3.8: Measured small-signal S-parameters ( | Si | and | Sy | ) versus operating frequency for
an input power of 0 dBm (V4=4.5 V and V=0.54 V).
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The | So1 | and | Siz | parameters are also shown in Figure 3.9, where it can

be observed that the circuit exhibits a small-signal gain of 11 dB and 7.8 dB at 2.4

GHz and 3.35 GHz (P;,=0 dBm), respectively. The small-signal gain of the circuit

is tested for different gate voltages as Figure 3.10 shows. From Figure 3.10, it can

be seen that the device reaches a maximum value of gain for V,=0.54 V and thus,

the characterization of the circuit will be carried out for Vg=0.54 V.
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Figure 3.9: Measured small-signal S-parameters ( | Sy | and | S | ) versus operating frequency for
an input power of 0 dBm (Vds=4.5 V and Vgs=0.54 V).
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Figure 3.10: Measured | Sy | versus operating frequency for different gate voltages (V= 0.45V,
V= 0.48V and V= 0. 54V). The measurements are for input power P;;=0 dBm and Vy4=4.5 V.

Then, the circuit is characterized for a fixed input power level of 19 dBm

versus operating frequency. The measured output power and drain efficiency are
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shown in Figure 3.11 and Figure 3.12, respectively. A measured efficiency of 58 %
and 38 % is obtained at 2.4 GHz and 3.35 GHz, respectively, as it can be seen from
Figure 3.11. Additionally, Figure 3.13 shows the measured gain of the circuit

versus frequency.
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Figure 3.11: Measured output power level versus operating frequency for an input power of 19
dBm. The measurements are for Vg=4.5 V and V,=0.54 V.
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Figure 3.12: Measured drain efficiency versus operating frequency for an input power of 19 dBm
(Vas=4.5 V and V=0.54 V).

The circuit is also tested versus input power level at the two operating
frequencies. Figure 3.14 shows the measured drain efficiency of the device when

the input power level varies from 0 to 24 dBm. A maximum drain efficiency of 65
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% and 52 % is achieved for an output level of 28.7 dBm and 27.5 dBm at 2.4 GHz
and 3.35 GHz, respectively. Finally, Figure 3.15 shows the measured gain of the

circuit versus input power.
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Figure 3.13: Measured gain versus operating frequency for an input power of 19 dBm (V4=4.5 V
and V,=0.54 V).
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Figure 3.14: Measured drain efficiency versus input power level for the two operating frequencies
(2.4 GHz and 3.35 GHz). The measurements are for V4=4.5 V and V,=0.54 V.

As it can be observed from the measured value of the gain, the 1 dB
compression point of the PA is observed for Pi;=18 dBm and P;;=20 dBm at 2.4
GHz and 3.35 GHz, respectively. Thus, the PA approaches the Pqg at a higher
input power level (P;,=20 dBm) at 3.35 GHz, if compared with its operation at 2.4
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GHz where the 1 dB compression point is measured for Pj,=18 dBm. The
improved linearity at 3.35 GHz comes in the tradeoff the reduced efficiency and

gain, as it is shown in Figure 3.14 and Figure 3.15.

15

— 2.4GHz
— — 3.35GHz

Gain (dB)

5 10 15 20 24
Input Power (dBm)

Figure 3.15: Measured gain versus input power level for the two operating frequencies (2.4 GHz
and 3.35 GHz). The measurements are for Vq=4.5 V and V,=0.54 V.

A comparison of the measured performance of the power amplifier with a
selection of the State-of-the-Art (SoA) dual-band power amplifiers in the literature
is shown in Table 3.2, where it can be observed that the proposed approach can be
successfully applied for the design of efficient dual-band PAs operating at an
arbitrary set of frequencies. The proposed design shows a good performance at the
two operating frequencies (2.4 GHz and 3.35 GHz) and can reduce the number of

components used in wireless platforms.

Ref. fi/f, (GHz) Peak Efficiency (%) Pout (dBm)
[70] 2.45/33 (M) 53/ 46 33/32.5
[71] 1.96 /3.5 (M) 59.8/ 55.1 40/ 40
[72] 0.8/1.7 (Mpar) 42.5/ 42.6 22.4/222
[73] 2.5/3.5 (Mpar) 45/ 34 22/20.8
[74] 0.433/0.915 (Mpar) 44/ 44/8 29/29.8
[This 65/ 52 (P,=24dBm) 28.7/27.5
Thesis] 24335 (nf:l) 50/ 34 (P,;=22dBm) | 29.1/27.23

Table 3.2: Comparison of the measured performance of the power amplifier with other reported
dual-band power amplifiers in the literature.
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3.3 A Broadband Power Amplifier Based on Metamaterial-
Inspired Half-Mode SIW Technology

3.3.1 Preliminary Nonlinear Analysis of the Power Amplifier

SIW technology is as a very promising design technique for the realization of
compact wireless communication systems. Starting from the obtained results of
Section 3.2, this Section investigates the implementation of CRLH unit cells in
SIW technology. In particular, a broadband power amplifier is designed based on
CRLH unit cells implemented in Half-Mode SIW technology.

The applications of SIW technology are of great interest nowadays, and a
variety of passive and active components have already been proposed in the
literature [75]-[79]. SIW technology allows for the integration of traditional
rectangular waveguides within a single-substrate configuration and combines the
low losses and high isolation of a bulky metallic waveguide with a compact shape
and reduced fabrication cost [75]. SIW structures can be designed with two rows of
conductive cylinders or slots embedded in a dielectric substrate [75], as it is shown

in Figure 3.16.

0
DDDDDDDUDDDDDDUDDDD
R

Figure 3.16: SIW topology. It consists of two rows of conductive cylinders or slots embedded in a
dielectric substrate.

In order to reduce the size of SIW technology, the Half-Mode SIW topology
(Figure 3.17) has been proposed [67], [75]. HMSIW technology shows similar
propagation characteristics to conventional SIW, but allows for a dramatic
decrease in the area occupied by the circuit [75]. In fact, both the waveguide width
and the metallic surface area are reduced by nearly half.

The implementation of CRLH unit cells in SIW technology arises from the
equivalence between the structure of the CRLH unit cell and the SIW
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characteristics. Figure 3.18 shows the equivalent circuit model of a lumped-
element CRLH unit cell (n-shaped topology) [67], [79]. A CRLH transmission line
can be modeled by means of a n-shaped equivalent circuit because of the intrinsic
shunt inductance, shunt capacitance and series inductance of the structure. The
series capacitance of the CRLH unit cell topology can be added to the circuit by
etching interdigital meander slots on the top metal surface of the waveguide.
Figure 3.19a shows the schematic of a meander slot that acts like a series capacitor

and Figure 3.19b — Figure 3.19d show three different implementations.

Metal Layer (Top)

Dielectric Substrate Metal Via
Metal Layer (Bottom)
Figure 3.17: Half-Mode SIW topology.
/2 ¢, /2
e i
C/2F 2, Co/2 T }zu

Figure 3.18: Equivalent circuit model of ideal symmetric lumped-element CRLH unit cell (n-shaped
topology).

In Figure 3.20a, the schematic of the selected PA topology based on CRLH TL
unit cells is shown. In the current design, three unit cells (N=3) are selected for
both the input and output matching networks. In this design, the separation
between f; and f, is chosen in such a way to obtain a broadband design. The
analysis of the topology of Figure 3.20a is carried out by means of nonlinear HB
simulation using Agilent ADS software. In this implementation, wideband
operation from f;=2.3 GHz to f,=3.5 GHz is addressed. In order to accomplish this
specification, the unit cells are designed for improved performance at the

boundaries of the frequency band.
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Two DC-blocking capacitors are placed in the input and output matching
network. Stability considerations have also been taken into account in the design
phase in order to eliminate oscillation problems. In particular, the simulation has
shown that a resistance should be placed at the gate biasing path in order to make
the device unconditionally stable. The values of the circuit components used in the

design are listed in Table 3.3.

E(a) .

Figure 3.19: a) Schematic of meander slot and b), ¢), d) implementation of meanders with different
dimensions.

(a)

UNIT CRLH CELL

UNIT CRLH CELL r
W2 o o0, W21 Poy

(b)

ATF50189
E-pHEMT

Figure 3.20: Broadband power amplifier: a) Schematic of the simulated PA topology and b)
fabricated prototype based on HMSIW CRLH waveguide. The overall size of the prototype is 3 cm
by 12 cm.
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Component Value Component Value
Cin 0.5 pF L4 100 nH
Cout 0.5 pF Lout 1 nH

R 560 Q L, 100 nH

Table 3.3: Power amplifier (Figure 3.20a) component values.

3.3.2 HMSIW Sections and Power Amplifier Design

As it is described in [67], [79], the unit cell of Figure 3.20a can be implemented by
means of a HMSIW waveguide. In particular, the CRLH behavior can be obtained
by etching interdigital meander slots on the top metal surface of the waveguide. By
comparing Figure 3.20a and Figure 3.20b, one can see how the circuital model of
the unit CRLH cell can be implemented in such a waveguide topology.

Figure 3.20b shows the implemented PA based on HMSIW input and output
matching networks. The device is fabricated in Arlon 25N substrate with dielectric
constant of 3.38, loss tangent of 0.0025 and thickness of 30 mil utilizing the LPKF
Protomat C100/HF circuit board plotter [39]. The active device is also the ATF-
50189 E-pHEMT device from Avago Technologies with an operating frequency
range from 400 MHz to 3.9 GHz [68]. The overall size of the prototype is 3 cm by
12 cm.

The optimization of the lumped-element matching networks results in the
information regarding the necessary frequency response for the PA operation.
Then, a finite element method-based simulator (Ansys HFSS Version 12) is used to
dimension the input and output CRLH HMSIW waveguides, in order to obtain the
same frequency response. The optimization process addresses mainly the real and
imaginary part of the S-parameters of the HMSIW structures in the selected
frequency points of the considered bandwidth.

Figure 3.20b also shows a detail of the meander line capacitor, pointing the
relevant geometric parameters. Three different parameters (W, L, L) are
optimized in order to match the correct value of the series capacitance of the
CRLH cells. Additionally to the optimization of the interdigital capacitors shape,
the guide width is used as an additional degree of freedom in this design phase,

leading to input and output waveguide sections that feature different widths. This is
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due to the fact that the meander slots in each section modify in different ways the
characteristics of the structure.

The ground path along the cells length (Figure 3.20b) is placed in order to
minimize the eventual radiation losses from the HMSIW guide. Finally, for
measurement purposes, input and output 50 Q microstrip transitions are added to
the design and taken into account in the simulation. The final geometric parameters
of the design are listed in Table 3.4. After the full-wave analysis of the HMSIW
sections, the S-parameters resulting from simulation are imported in the HB
simulator, where a final analysis of the complete structure is carried out. The
simulated performance for the complete design is shown in Figure 3.21-Figure

3.25.

Component Value (mm) Component Value (mm)
L, 22 Las 1.76
L, 274 Las 1.52
Ls 9 Ly 0.85
L4 17.7 Lo 1.3
Ls 2 L3 0.53
L 9.7 L4 1.8
W, 15.5 Lb s 2.4
W, 24.5 Lbvs 1.54
W3 5.8 Wi 0.25
Wy 5.4 W2 0.25

La 1 W3 0.25
Lao 1.3 Wi 0.44
Las 0.93 Wis 0.39
Laa 1.5 Wi 0.47

Table 3.4: Geometric dimensions of the input and output matching networks of the broadband PA
(Figure 3.20b).

3.3.3 Experimental Results

The implemented prototype is characterized with an input power of 20 dBm
provided by an Agilent signal generator (Agilent E§247C). The output power is
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then evaluated by means of an Agilent spectrum analyzer (Agilent E4448A), in
order to calculate the efficiency and gain characteristics of the PA at the
frequencies of interest. The active device is biased with V,=0.5 V and V4=4.2 V.

In Figure 3.21, the simulated and measured gain is plotted versus operating
frequency. As it can be seen, the measured gain exceeds 4 dB in the frequency
band from 2.3 GHz to 3.5 GHz, with the peak value of 6.9 dB at 2.4 GHz. A
second peak of 6.2 dB, which has not been predicted in the simulation, is
additionally measured at the other extreme of the band.

The same behavior is observed in Figure 3.22, where a comparison between
the simulated and measured power added efficiency is shown. One can see that the
power added efficiency shows a peak of 38 % at 2.4 GHz. The simulated and
measured evolution of the drain efficiency versus frequency is plotted in Figure

3.23, showing a maximum value of about 49 % at approximately 2.7 GHz.
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Figure 3.21: Simulated and measured gain versus operating frequency for an input power of 20
dBm. The measurements are for Vq=4.2 V and V,=0.5 V.

Figure 3.21-Figure 3.23 show that a second peak is measured at 3.5 GHz,
although it has not been predicted during the simulation phase. The discrepancies
between the simulated and the measured performance of the power amplifier
versus frequency are mainly attributed to inaccuracies in the nonlinear model of the

transistor as the higher extreme of the operating frequency band is approached. As
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it can be observed from the measurement results, the device presents a slightly
wider bandwidth and a small shift to higher frequencies respect to simulations.
Additional factors that contribute to the simulation inaccuracy are the 1) fabrication
tolerance (during the drilling and milling phase), ii) tolerance of the capacitors and

inductors and iii) tolerance of the substrate material properties.

5 T T T T T T T
—— Simulation
i + Measurements | ]
— 40 b
X
> - .
(@]
C
@
S 30r T
&= +
i
- L i
9]
S
3 20
S
GJ - -
2
&
10r b
+
G 1 1 1 1 1

2 2.2 2.4 26 28 3 3.2 34 36
Frequency (GHz)

Figure 3.22: Simulated and measured power added efficiency versus operating frequency for an
input power of 20 dBm. The measurements are for V4=4.2 V and V,=0.5 V.
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Figure 3.23: Simulated and measured drain efficiency versus operating frequency for an input
power of 20 dBm. The measurements are for Vq=4.2 V and V=0.5 V.
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Finally, the performance of the implemented PA is tested for different input
power levels ranging from 0 to 21 dBm at 2.4 GHz, showing good agreement
between measurements and simulation, as it is shown in Figure 3.24 and Figure
3.25. The measurements demonstrate the possibility to employ the concept of

broadband and multi-band CRLH TLs for the design of SIW PA topologies.
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Figure 3.24: Simulated and measured output power versus input power at 2.4 GHz for the
broadband PA. The measurements are for Vg=4.2 V and V,=0.5 V.
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Figure 3.25: Simulated and measured PAE at 2.4 GHz operation for the implemented PA. The
measurements are for Vg=4.2 V and V,=0.5 V.
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3.4 Chapter Summary

This Chapter presents the design and development of i) a dual-band power
amplifier operating at 2.4 GHz and 3.35 GHz and ii) a broadband power amplifier
based on SIW technology. Both approaches are based on the use of CRLH unit
cells for the implementation of the impedance matching networks. Initially, the
dual-band PA is designed based on CRLH unit cells and is characterized in terms
of measurements. A maximum drain efficiency of 65 % and 52 % is achieved for
an output level of 28.7 dBm and 27.5 dBm at 2.4 GHz and 3.35 GHz, respectively
and thus, the proposed design can be successfully applied for the design of dual-
band PAs operating at an arbitrary set of frequencies.

Starting from this achievement, the design of CRLH unit cells in Half-Mode
SIW topology has been investigated for the design of a broadband PA topology. In
this design, the impedance matching networks of the device are realized in CRLH
Half-Mode SIW waveguide, thus allowing for a more compact implementation,
and for a reduction in the number of metal vias needed. The PA is designed
following a single-transistor topology, and thanks to the CRLH waveguide sections
the number of lumped-elements to be soldered is greatly reduced. Moreover, the
use of HMSIW input and output matching networks permits a straightforward
integration of the device within the packaging of the complete wireless platform.
Using the SIW technology for the design of multi-band or broadband PAs opens a
variety of new perspectives, since it combines the advantages of the capability to

operate at different standards with compact and easy to fabricate structures.
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Chapter 4

Thermal Energy Harvesting from Power

Amplifier Operation

4.1 Introduction

Power amplifiers are fundamental components in any transmitter circuit.
Unfortunately, power amplification has a poor efficiency that results in a
significant amount of wasted power, as it has already been discussed in the
previous Chapters. Figure 4.1 shows the calculated dissipated power from the
operation of highly efficient PAs, where it can be seen that a lot of power is
dissipated in terms of heat in the case of high power PAs [25], [80]-[87]. The
possibility to recover DC electrical power from this wasted heat using
thermoelectric generators (TEGs) is of great interest, as it can be utilized for
providing back up electricity, supply low-power sensors and control circuits
forming part or placed near a transmitter circuit.

So far, numerous investigations have been carried out for the energy recovery
from the dissipated power of many devices (usually indicated as thermal energy
harvesting), such as the thermoelectric power generation from the operation of the
Central Processing Unit (CPU) [88]-[90]. In [88], the possibility to implement a
heat driven cooling system using a TEG attached to the CPU of a portable
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computer has been experimentally demonstrated. The generated electricity has
been supplied to a cooling fan which provided sufficient airflow to heatsinks that
in turn keep the temperature of the CPU below 85 °C. In [90], the wasted power
from the operation of a microprocessor has been considered. Using a commercial

TEG, 7 mW of power has been harvested from a Pentium III processor operating at

1 GHz [90].
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Figure 4.1: Calculated dissipated power from the operation of efficient power amplifiers in the
literature [25], [80]-[87].

In this Chapter, the potential to recover electrical DC power from the operation
of a power amplifier is examined [91], [92]. A novel approach for exploiting the
dissipated power from the power amplification process using commercial
thermoelectric generators and its conversion to DC power is introduced, employing
both simulated and experimental results. The main idea is that the harvested power
could either be used as a part of the power supply of the power amplifier circuit or
even supply low-power sensors.

This Chapter is organized as follows. Initially, the operating principles of the
TEGs are briefly discussed (Section 4.2). Then, a preliminary thermal model that
can be used in circuit simulators to predict the amount of DC power that can be
obtained from a thermal energy harvesting scenario is presented in Section 4.3.
Section 4.4 and Section 4.5 present a set of experimental results using commercial
TEGs in different topologies. At the end of the Chapter (Section 4.6), the obtained

results are discussed.
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4.2 Thermoelectric Generators

Under full operation conditions the active device of the power amplifier can reach
high temperature levels, which are translated into wasted heat. Commercial TEGs
can be used to recover electrical power from the generated heat in thermal energy
harvesting applications and their operation relies on the Seebeck effect [93], [94].
The Seebeck effect describes the phenomenon where a voltage is generated from
the temperature difference across the junctions of dissimilar metals/semiconductors
[94] (Figure 4.2).

TEGs are usually packaged inside a thermogenerator package (TGP) that
protects them and provide the integration of the system. The TEG package is
mounted between the hot (Tpe) and the cold source (T¢oq) and its temperature
difference (AT) leads to heat flow through the TEG, as Figure 4.3 shows. The

temperature difference across the TEG of the system is given by

AT = Thor — Teold 4.1)

where Thor and Teoyq 1S the hot and cold temperature (Figure 4.3), respectively.
The limit of the maximum theoretical efficiency of thermal to electrical energy
conversion, defined as Carnot efficiency (1), can be calculated by measuring the

Thot and Toq of the TEG, as (4.2) indicates.

AT
Thot

Ne = (4.2)

material a

v

Thot Tcold

/!

material b

Figure 4.2: A voltage is generated from the temperature difference across the junctions of dissimilar
metals/semiconductors (Seebeck effect) [94].
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Thot

Ceramic Layer

Metal Strip

Ceramic Layer

Tcold

Figure 4.3: Structure of a thermoelectric generator.

The hot and cold side contacts of the TEG are thermally connected in parallel
and electrically connected in series, using ceramic layers with low thermal
conductivity, as it is shown in Figure 4.3. A pair of N-type and P-type
thermoelements (usually called as a thermocouple) is the basic building block for
most of the thermoelectric generators and refrigerators [94].

For the evaluation of the TEG, the conversion efficiency (Mcony) for the

maximum output power is also used and is defined as

Zin T+1-1

Nconv = MNc — T
(VZarT+ 724

ot

(4.3)

where T is the mean temperature across the thermoelements ((Thor+Teoid)/2) and
Zy, 1s the thermoelectric figure of merit [94]. The conversion efficiency is
primarily limited by the Carnot efficiency and the figure of merit of the
thermoelectric materials, which depends on the Seebeck coefficient a, the electrical

conductivity o, and the thermal conductivity A, as it shown in (4.4).

o?o

Ty = (4.4)

The figure of merit of a thermoelectric material indicates if the material is
suitable for thermoelectric applications and depends on many factors, such as the
material properties [94].
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4.3 Thermal Model

In this Section, a preliminary thermal model that predicts the harvested DC
power from the operation of a power amplifier is considered. A commercial
thermogenerator package from Micropelt (TGP-751) is used in the proposed
thermal energy harvesting setup. TGP-751 is shown in Figure 4.4 and is integrated
with a DC-Booster, power management and heatsink. For the selected commercial
TEG, the thermoelectric material is bismuth telluride (Bi,Te;), which is mainly
used when the cold junction temperature is approximately 300 K and has a figure
of merit of 0.0025 K™' [93]-[96]. The properties of the TGP-751 [97] are listed in
Table 4.1.

i-..:jnkth“ GND

to RF2500T 5]

Figure 4.4: Micropelt thermoharvesting module with integrated TGP, DC-Booster, power
management and heatsink [97].

Component Value
Relec 300 Q
R 18 K/'W
Seebeck Voltage 110 mV/K
TEG inside MPG-D751
Length 15 mm
Width 10 mm
Weight 22 gr

Table 4.1: Properties of the TGP-751 according to manufacturer datasheet [97].

61



Chapter 4. Thermal Energy Harvesting from Power Amplifier Operation

Figure 4.5 shows the schematic of the thermal energy harvesting setup that
consists of a power amplifier, a thermoelectric generator package and a heatsink.
The power amplifier is represented as a transistor placed on the Arlon 25N (Ajsn)
PCB substrate. The TEG is attached on the bottom side of the PCB, at the areca
below the transistor, as it can be seen from Figure 4.5.

Using the analogy between the electrical and heat charge [93] that is shown in
Table 4.2, a preliminary thermal model is derived to predict the harvested power
level from the thermal energy harvesting setup of Figure 4.5. The setup can be
expressed in terms of the thermal resistances (Ry) in a commercial circuit
simulator, as Figure 4.6 illustrates. A temperature gradient (voltage difference)
between the top and the bottom sides of the generator results in heat (current)

flowing through the TEG, and thus to an open circuit at the TEG output terminals.

Device
| Aosy
TEG Package

Heatsink

Figure 4.5: Schematic of the thermal harvesting setup, where the TEG is attached on the bottom
side of the PCB, at the area below the transistor.

Electrical Quantity | Symbol | Unit | Thermal Quantity | Symbol | Unit
Voltage \Y \Y Temperature T K
Current I A Heat Q A\

Electrical Thermal
. Relec Q . Rth K/W
Resistance Resistance
Electrical Thermal
_ C F . Cin J/K
Capacitance Capacitance
Absolute zero
Ground ov 0K
temperature

Table 4.2: Electrical and thermal analogy [95].
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Device Assy TEG Package Heatsink
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Figure 4.6: Equivalent thermal circuit for the thermal harvesting setup of Figure 4.5. The model
consists of the total thermal resistance of the device, the substrate, the TEG package and the
heatsink.

The thermal model of Figure 4.6 is simulated using the DC analysis in Agilent

ADS. Using the analogy between the thermal and the electrical conduction

[93], the simulation has predicted a hot temperature of 318.1 K and a cold

temperature of 306.7 K. Thus, a maximum harvested power of 2.1 mW and a

Carnot efficiency of 3.58 % are expected. In the next Section, the experimental

results of this setup are presented and compared with the simulation.

Thermal capacitances are not included as only steady state conditions are
considered. The thermal equivalent circuit consists of the thermal resistance of the
device (Rp; and Rpy), the substrate (Razsn), the TEG package (Rrpgpack) and the
heatsink (Rys). The total thermal resistance of the TEG package (Rrggpack) 1S the
series connection of the thermal resistances of the TEG PCB (Ryggpcs), two layers
of aluminium (R,um) and the ring isolator (Riso1), as Figure 4.6 shows. Rassn takes
into account the thermal resistance due to the substrate material and the thermal
resistance due to the contact between the PA board and the TEG. The selected
values of the thermal resistances are based on the manufacturer datasheets [97] and

are listed in Table 4.3.

Quantity Symbol Value (K/W)
Ry, of the device (junction-ambient) Rp; 125
Ry, of the device (junction-substrate) Rp» 29
Ry, of the substrate and the contact Razsn 10
Total Ry, of the TEG package RrEGPack 18
Ry, of the TEG PCB Rrecees 12.5
Ry, of the heatsink Ryus 5.8

Table 4.3: Thermal resistances values for the thermal model of Figure 4.6. The values of the

thermal resistances are based on the manufacturer datasheets [97].
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4.4 Experimental Results

In this Section, a set of experimental results for the power generation from a
thermal energy harvesting setup is presented. Initially, a 1 Watt PA prototype is
designed based on the ATF-50189 E-pHEMT from Avago [68] in order to be used
as the heat generating mechanism. The circuit schematic and component values are
shown in Figure 4.7 and Table 4.4, respectively.

The prototype is fabricated on Arlon 25N substrate with height of 30 mil,
relative permittivity of 3.38 and loss tangent of 0.0025 using an LPKF Protomat
C100/HF circuit board plotter [39]. The PA has a measured gain of 10 dB and
power added efficiency of 34 % when operating with a 2.45 GHz 19 dBm input
signal. The device drain bias is 4.5 V, the gate bias is 0.54 V and the drain current
is 465 mA, corresponding to a dissipated power of 1.37 W. Due to the fact that the
prototype is intended to be used in a thermoelectric energy harvesting system, its
efficiency is not optimized to be maximum.

After designing and characterizing the power amplifier, a preliminary
experiment is carried out in order to evaluate the thermal behavior of the circuit

and find out the area with maximum temperature on the PCB.

a (a)

T Cout1  Cous Pout

——

Figure 4.7: a) Simulated power amplifier circuit schematic and b) fabricated prototype. The
fabricated prototype has a total size of 3.2 cm by 2.1 cm.

64



Chapter 4. Thermal Energy Harvesting from Power Amplifier Operation

Component Value Component Value
Chlock 4.7 pF Cp2 1 nF

Lin 3 nH Cps 4.7 uF
Cin 1.8 pF Lp 680 nH
Lg 4.7 nF Lout 3.3nH
Cai 1 uF Coutl 0.5 pF
Ca 1 nF Cout2 0.5 pF
Cas 4.7 uF Couss 0.5 pF
Cpi 1 uF

Table 4.4: Power amplifier circuit (Figure 4.7a) component values.

The thermal behavior of the PA is evaluated by measuring the temperature
along the ground plane of the PCB at 72 different points, as Figure 4.8a shows. The
measurements are taken with a digital multimeter from TENMA and a temperature
probe. The temperature probe is in contact with the corresponding measuring point
on the board and each measurement is taken after allowing sufficient time for the
probe reading to stabilize. The temperature varies depending on the measurement
point and the maximum achievable temperature value is obtained for the points
close to the area where the transistor is located.

The measured temperature distribution of the PCB is shown in Figure 4.8b,
where a maximum temperature of 355.4 K (82.4 °C) is measured for an ambient
temperature of 298.7 K (25.7 °C). Based on these values a Carnot efficiency of
15.95 % is estimated. Once a TEG module is brought to contact with the PA circuit
board, its thermal resistance leads to a new thermal equilibrium where a reduced
temperature gradient is present between the hot and cold sides of the TEG. The
new thermal equilibrium as well as the underestimation of the contact thermal
resistance in the model (included in Rp,5y) result in a reduced Carnot efficiency.

Starting from these measurements, an experiment for the electrical power
generation from the power amplifier operation is carried out. The TEG is placed in
contact with the metal ground of the PA circuit board at the area that presented
maximum temperature (Figure 4.8b), as it is shown in Figure 4.5. The photos of the
experimental setup are shown in Figure 4.9 and Figure 4.10.
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(a)

Temperature (°C)

Figure 4.8: Temperature distribution measurement: a) selected measurement points on the metal
ground of the power amplifier board and b) measured temperature distribution.

Figure 4.9: Experimental setup for scavenging the wasted power from a power amplifier operation.
The TEG is attached on the bottom side of the PA, at the area below the transistor.

Transistor

\

Figure 4.10: Side view of the energy harvesting setup of Figure 4.9 [97].
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The value of the electrical resistance of the TEG (R¢c=300 Q) is used as
provided by the manufacturer [97] in order to calculate the maximum harvested
power according to (4.5). The maximum harvested DC power (Pp.x) can be
expressed in terms of the TEG open circuit voltage (V) and short circuit current

(Is) as

VOCISC
Phax = 4 (4.5)

where the open circuit voltage and short circuit current are given by (4.6) and (4.7),

respectively,
V,. = aAT (4.6)
VOC
lgc = Rores 4.7)

where a is the Seebeck coefficient that depends on the properties of the materials
and Rg 1s the electrical resistance of the TEG [94].

Figure 4.11 shows the evolution of the measured V. and I, where it is shown
that the output terminals of the TEG reach a steady state after approximately 4
minutes of operation, with maximum values of V,=1.31 V and [=3.1 mA
respectively. Consequently a maximum available harvested output power (Pyax) of
1.015 mW is measured, which is lower than the one predicted in simulations of 2.1
mW due to the differences in the simulated and measured T

The measured and simulated Carnot efficiency and conversion efficiency
versus the temperature gradient at the TEG are shown in Figure 4.12. More
accurate theoretical conversion efficiency can be calculated by taking into account
the dimensions of the TEG [94]. The measured temperature at the hot and cold
sides of the TEG (Tho=313.1 K and T,,¢=305.9 K) predict a Carnot efficiency of
2.3 %, while the simulated thermal model predicted a 3.58 % Carnot efficiency due
mainly to a higher simulated Ty Table 4.5 summarizes the performance of the
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measuring setup. The difference between the simulated and measured Carnot
efficiency is mainly attributed to the underestimation of the value of the thermal
contact resistance (included in Raysn) that in the experiment is higher due to the
existing air gaps between the PA board and the TEG.

A fluid with large thermal conductivity can be used in order to fill the air gaps
between the PA board and the TEG, in order to obtain a better thermal contact and
thus improve the agreement between the simulated and measured temperature

values.

Voc (V)
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Figure 4.11: Measured TEG open circuit voltage and short circuit current from the experimental
setup of Figure 4.9. The maximum measured values are V,=1.31 V and I;:=3.1 mA.
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Figure 4.12: Carnot efficiency and conversion efficiency versus temperature gradient at the TEG
contacts.
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Parameter Simulation Measurements
Thot (K) 318.1 313.1
Teola (K) 306.7 305.9
AT (K) 11.4 7.2

Ne (%) 3.58 23

Pnax (mW) 2.1 1.015

Neony (%0) 0.51 0.074

Table 4.5: Comparison of the simulated and measured results for the thermal energy harvesting
experiment.

4.5 Multiple TEG Setup

This Section explores the possibility to harvest the dissipated power from the
operation of a power amplifier using additional TEGs. One, two and three
thermoelectric generators are placed at the thermal energy harvesting setup of
Figure 4.5 in order to investigate the potential to increase the harvested DC power
level. A PA with a dissipated power level of 0.76 W is used as a source of heat for
these experiments.

The basic thermal energy harvesting setup that includes a single TEG has
already been demonstrated in Section 4.4 and it is shown in Figure 4.5. The same
set of measurements is performed using additional TEG packages in order to
increase the amount of harvested power. The schematics of the thermal energy
harvesting setups that consist of two and three TEGs in series are shown in Figure
4.13a and Figure 4.13b, respectively.

The major difficulty to perform these experiments is to obtain a good contact
among the TEG packages. The analysis of the setup of Figure 4.13a and Figure
4.13b in terms of thermal resistances is shown in Figure 4.14a and Figure 4.14b,
respectively. The photo of the experimental setup that consists of two TEGs is
shown in Figure 4.15.

A performance comparison of the proposed setups is shown in Table 4.6,
where the measurement results are summarized. As it can be noticed, the maximum
harvested output power level, when one thermoelectric generator is used, is 0.23

mW (Figure 4.5). In the case that two thermoelectric generators are placed in the
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setup (Figure 4.13a), the maximum harvested power from the TEG; and TEG; is

0.177 mW and 0.086 mW, respectively. Thus, an overall maximum harvested

power of 0.273 mW is measured using the thermal energy harvesting setup of

Figure 4.14. Hence, an increased harvested power level is achieved using two

thermoelectric generators.

Device

TGP

TGP

AZSN

Device

- AZSN

(a)

(b)

Figure 4.13: Schematic of the thermal harvesting setup with a) two TEG packages and b) three TEG
packages.
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Figure 4.14: Equivalent thermal circuit of the setup of Figure 4.13a and Figure 4.13b.

In the same way, TEG;, TEG; and TEG; produce a maximum harvested power

of 0.15 mW, 0.07 mW and 0.04 mW, respectively, resulting in a total P, of 0.26

mW. Therefore, by placing three TEGs in the setup, a reduced harvested DC power

level is achieved if compared with the case of two TEGs.
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DIIVLCMPET i
W o

Figure 4.15: Stacked TEG topology for the heat scavenging from a power amplifier using two
thermoelectric generators in series [97].

Thot (K) | Teold (K) | AT (K) | M (%) | Pmax (mW)

One TEG 302.6 299.8 2.8 0.92 0.23
Two TEGs | TEG; | 3054 302.6 2.8 0.9 0.177
in series TEG, | 301.5 299.3 2.2 0.73 0.086
TEG; | 305.9 302.6 33 1.08 0.15

Three TEGs
. . TEG, 302 299.8 2.2 0.73 0.07

in series

TEGs; | 299.3 298.2 1.1 0.37 0.04

Table 4.6: Measurement results for the thermal energy harvesting experiment with one, two (Figure
4.13a) and three TEGs in series (Figure 4.13b).

One can see that that there is an optimal number of TEGs that can be put in
series in a thermal energy harvesting setup in order to maximize the total harvested
DC power level. Once this number is reached, adding more TEGs to the setup is
not able to increase the harvested DC power mainly due to the increased thermal

resistance among the TEGs.

4.6 Chapter Summary

In this Chapter, a novel idea for exploiting the power losses from power amplifier

circuits and converting it to useful DC power is presented. It is experimentally

shown that 1 mW of power can be harvested from a power amplifier with a

dissipated power of 1.37 W using a commercial thermoelectric generator attached

to the PCB of the circuit. The possibility to increase the harvested DC power using
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additional TEGs is also considered. The amount of harvested power increases for
high power amplifiers but even for a 1 Watt PA, the harvested power level is
enough to supply low-power sensors and control circuits forming part or placed

near a transmitter circuit.
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Chapter 5

Design of Resistance Compression

Network based Envelope Amplifier

5.1 Introduction

The design of efficient power amplifiers operating with high peak-to-average
power ratio (PAPR) input signals has attracted much attention recently due to the
emergence of modern communication standards. As it has been already discussed
in the previous Chapters, new modulation schemes produce complex signals with
high peak-to-average power ratio, in the range of 8.5 dB to 13 dB for 4G systems
[8], [14]. The power amplification of such signals implies that the PA should
operate efficiently over a wide range of input power levels.

At the same time, the RF power amplifier has to attain the quality of the
transmitted signals and thus high linearity has to be met. The additional linearity
constraints imply that the power amplifier must operate in the back off mode,
resulting to poor average system efficiency, increased dissipated power level and
additional running cost of the system.

To improve the efficiency in the back off region, several efficiency
enhancement techniques have been proposed in the literature [11]. Among them

stands the envelope tracking (ET) and envelope elimination and restoration (EER)
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schemes, where a dynamic power supply is used instead of a fixed supply scheme
(Figure 5.1a). In particular, the fixed power supply is usually replaced with a
power converter circuit (usually indicated as envelope amplifier) that amplifies the
envelope signal. ET and EER topologies can improve the PA efficiency at low-
power input signals and thus minimize the dissipated power that is converted into

wasted heat.

(a)

Fixed Supply

RFin RF out
PA

/'JW (b)

M
"

Envelope
Detector

Linear PA

Envelope
Detector

RF phase signal

Q)

Figure 5.1: Simpl{ﬁed schematics of a) fixed power supply amplifier topology, b) ET topology and
c¢) EER topology.
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The ET architecture consists of an envelope amplifier (EA) and a linear (or
slightly compressed) RF PA, as it is shown in Figure 5.1b. In contrast, EER
technique employs a nonlinear and highly efficient RF PA that processes a constant
envelope and phase modulated signal (Figure 5.1¢). However, in both topologies,
the envelope amplifier tracks the envelope of the RF input signal and dynamically
adjusts the DC supply voltage of the RF PA (Figure 5.2b) resulting in a reduced
level of dissipated power if compared with the conventional topology of Figure
5.2a.

The envelope amplifier can be either linear or switching (or a combination of
both) and is placed between the drain/collector of the RF PA and the fixed supply
source for both the ET and EER architectures, as it is shown in Figure 5.1b and
Figure 5.1c, respectively. Buck (Figure 5.3a) and boost topologies (Figure 5.3b)
are usually used for the design of switching EA circuits by virtue of their simplicity
and their high efficiency operation [98]-[101]. A linear, but inefficient, stage can
be combined with the DC-DC converter in order to improve the performance of the
circuit resulting in a hybrid switching amplifier (HSA) topology [8], [14]. So far,
such hybrid topologies have found successful application in the design of efficient
power amplifier topologies in the literature [99]-[102].

Fixed DC voltage
/ (a)

Dissipated | Power

A

Input Signal

Voltage (V)

time

(b)

Dynamic DC
Voltage

e

Voltage (V)

A

Input Signal

time

Figure 5.2: Power dissipation of a power amplifier with: a) fixed supply voltage and b) dynamic
supply voltage [98].
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(a)

™™
i
Q) ‘ —

A )

Q

Figure 5.3: Schematic of DC/DC converters: a) buck converter topology and b) boost converter
topology.

Although the ET and EER topologies can improve the efficiency of the power
amplification stage (due to the reduced amount of dissipated power), special

attention should be taken in the design of the envelope amplifier as the total
efficiency of the system (nyt) is given by the efficiency of the RF PA (1)

multiplied by the efficiency of the envelope amplifier (nga), as it is shown in (5.1).

Ntot = N * NEga (5.1)

The efficiency of the envelope amplifier is not constant due to the impedance
variations caused by the time-varying conditions of the system, such as the various
drain/collector bias voltages of the RF PA [14]. Thus, the potential reduced
sensitivity of the envelope amplifier to different bias voltages of the RF PA is a
major challenge that could improve further the performance of ET and EER
topologies.

Hybrid switching amplifiers can also find successful application in a wireless
power transfer (WPT) transmitter. In contrast with the ET and EER topologies, in
WPT applications high peak-to-average power ratio signals are highly desired as
they can increase the RF-DC conversion efficiency in the receiver. In particular, it
has been shown in [45] that signals with high PAPR are able to turn on the diode of
the rectifier (Figure 5.4) for lower input power levels. Therefore, such hybrid

switching amplifiers can be used to efficiently amplify the signals [103], [104].
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Figure 5.4: Simplified schematic of multi-sine transmitter and receiver for wireless power transfer
application.

In this Chapter, the mismatch effect caused by the operating environment
variations in a HSA is investigated. In particular, such an effect is alleviated by
adding a resistance compression network (RCN) in the switching stage of a hybrid
switching amplifier topology. A resistance compression network is a novel kind of
matching network that reduces the sensitivity of electronic circuits to impedance
variations [9], [10], [105]-[108]. So far, RCNs have successfully improved the
performance of DC-DC converters [10], outphasing energy recovery amplifier
systems [9] and rectifier circuits [105]-[107].

A novel way to implement RCNs using typical LC matching networks is
proposed in this Chapter. Then, such a RCN topology is applied in the design of an
envelope amplifier circuit in order to improve its performance. The obtained
simulated and measured results show that the proposed design shows improved
performance in comparison with a conventional HSA topology without resistance
compression network.

The outline of this Chapter is as follows. Section 5.2 introduces two RCN
topologies and describes their behavior in detail. In Section 5.3, the design of a
conventional hybrid amplifier and the design of a HSA based on a RCN are
presented. Additionally, the simulated and measured results show that the proposed
structure maintains higher efficiency for different operating conditions if compared

with the conventional topology. Finally, Section 5.4 discusses the obtained results.
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5.2 Resistance Compression Network Theory

The structure of a RCN consists of two branches that show opposite phase
response of the input impedance Zi, (¢ and - ¢) at the operating frequency, as
Figure 5.5 shows. A simple way to obtain the necessary opposite phase response is

by using the same network and simply reversing the input and output ports.

O@f

RIoad

-

Lin 0@ f

RIoad

Figure 5.5: Resistance compression networks structure. Each branch exhibits an opposite phase
response (¢ and - @) of the input impedance at the operating frequency.

In this Section, a novel way to achieve resistance compression, using the
typical LC impedance matching networks of Figure 5.6a and Figure 5.6¢ is
proposed. The LC matching network of Figure 5.6a exhibits an opposite phase
response of the input impedance at the operating frequency fr by simply reversing
the input and output ports of the structure (Figure 5.6b). A resistance compression
network can be obtained by placing the unit cells of Figure 5.6a and Figure 5.6b at
the branches of a RCN topology (Figure 5.5) and the proposed RCN topology is
indicated as RCNg (Figure 5.7a).

The operating frequency of such a RCN topology can be derived with a
straightforward procedure by calculating the input impedance of the topology in
terms of the Rjn,q4, the inductor reactance Ziyg (as shown in (5.2)) and the capacitor
reactance Zc,, (as given by (5.3)). Resistance compression is achieved when the
network is driven at its resonance [10] and then, the input impedance (Zi,) of the
network suffers small variations under large variations of the output load (Rjeaq).
The operating frequency of the RCNg topology (Figure 5.7a) and its characteristic
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impedance is given by (5.4) and (5.5), respectively.
LR (a) I-R (b)

o[ ML,

d)l @ f1 CR% CR % 'd)l @ fl

C C (d)
o—|

(c)
o o || o
[
b, @ f, LLJ? L? -b, @ f;

Figure 5.6: a), b), ¢), d) Lumped-element LC structures for RCN topologies. Figure 5.6b and
Figure 5.6d show the rearranged structure of Figure 5.6a and Figure 5.6c.

Zind = ](L)L (52)
1

anp = ](D_C (53)
1

fp = ———— 54

S (54)
2L

g = C—RR (5.5)

where Ly and Cg is the inductor and the capacitor of the resistance compression
topology RCNg shown in Figure 5.7a, respectively.

Resistance compression can also be achieved by using the LC impedance
matching network of Figure 5.6c. A simple manner to obtain the opposite phase
response of the input impedance at the operating frequency fy is to use the same
unit network but mirror it by reversing the input and output ports (Figure 5.6d). By
placing the networks of Figure 5.6c and Figure 5.6d at the branches of the topology
shown in Figure 5.5, resistance compression is also achieved at the resonance. The
proposed topology is indicated as RCNy, (Figure 5.7b) and the operating frequency
of the resistance compression network (f) can be calculated as described above.

The operating frequency fi and the characteristic impedance of the RCNy, topology
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(Zy) are given by (5.6) and (5.7), respectively.
1

fi, = P (5.6)
2L

where Lp is the inductance and Cy the capacitance value of the RCN topology

shown in Figure 5.7b.
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@ % Rload
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Figure 5.7: RCN topologies: a) RCNy topology and b) RCN; topology.

The compression characteristics of the proposed resistance compression
networks are now discussed. The resistance compression topology of Figure 5.7a
(indicated as RCNg) operates at 123.9 MHz for Lg=100 nH and Cgr=33 pF. It
exhibits a compressed input impedance variation with a ratio of 1.7:1 ( | Zin | varies
from 78 Q to 134 Q) for a 10:1 load variation (Rjo.q varies from 25 Q to 250 Q).

In the same way, the RCN| operates at 61.9 MHz for L;=100 nH and C;=33
pF. For a 10:1 Rypq variation (from to 25 Q to 250 Q), the magnitude of the input
impedance of the structure varies from 78 Q to 134 Q (a ratio of 1.7:1). The

magnitude of the input impedance versus load variations for the RCNg (at 123.9
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MHz) and RCN topologies (at 61.9 MHz) are shown in Figure 5.8.
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Figure 5.8: Magnitude of the input impedance ( | Zin | ) of the RCNR and RCN| topologies versus
load variations (Rj,q). The RCNg topology operates at 123.9 MHz, while the RCN| operates at 61.9
MHz for the same component values (Lr=L; =100 nH and Cg=C;=33 pF).

5.3 Envelope Amplifier Design based on RCN

5.3.1 Hybrid Switching Amplifier Topology

The key idea behind the ET and EER topologies is that the envelope amplifier
follows the envelope of the RF input signal and subsequently adapts the power
supply of the RF power amplifier, as it has already been discussed in the previous
Section. An envelope detector is usually used to track the envelope of the
transmitted signal (Vj,), as it can be seen from Figure 5.9 where a simplified
schematic of a power amplifier architecture with a dynamic power supply is
shown.

The output of the envelope amplifier (Vpa) is connected to the drain/collector
of the RF PA and is usually represented as a resistor Rpy (typically in the range of
1 Q-100 Q [8]). The equivalent resistor is a time-varying variable that depends on
the RF PA efficiency [3] and the output power and can be calculated as
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Vea _ Vea'™n (5.8)

R =
PA IPA l:)out

where Vpa and Ip, is the output voltage and the output current of the envelope

amplifier, respectively, n is the efficiency of the RF PA and P, is the output
power of the RF PA.

Power Supply

Envelope

I~
~

Detector .

*********

i RF Power
RPAi Amplifier

Figure 5.9: Simplified schematic of a power amplifier architecture where the drain/collector of the
RF PA is connected to the output of an envelope amplifier that follows the envelope of the

modulated input signal.

The topology of the conventional hybrid envelope amplifier is implemented as
a hybrid switching amplifier and comprises a linear and a switching stage (Figure
5.10). An operational amplifier is used at the linear stage of the topology, while the

switching DC-DC converter is implemented as a boost converter.

Linear Stage =

Operational
Amplifier Switch
= ||_
Hysteretic
Voc2 DC comparator

Envelope
Detector

Switching Stage

Figure 5.10: Hybrid envelope switching topology.

The schematic of the proposed EA structure with the RCN is shown in Figure
5.11, where the resistance compression network is placed at the switching stage of

the proposed topology and the linear stage is identical with the conventional
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approach. In particular, two Schottky diodes are placed at the switching stage
(Figure 5.11) and a resistance compression network (RCNg topology) is used as
the matching network placed between the switching transistor and the Schottky
diodes (Figure 5.11).

One can see that in the implementation of the RCNs that has been described in
the previous Section, two separate loads are used for each of the branches of the
topology, while in the proposed scheme of Figure 5.11, the RCN shares the same
load. Figure 5.12 shows an equivalent simplified schematic of the section of the

HSA, where the RCN has been placed.

Tleran
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Operational I
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Envelope
Detector
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Figure 5.11: Proposed hybrid switching amplifier topology. A resistance compression network is
placed at the switching stage of the hybrid topology.

o >
I
A R
T e

Figure 5.12: Equivalent simplified schematic of the section of the HSA, where the RCN has been
placed.

It can be observed that the load of each branch of the RCN is the input

impedance of the diode (Z,) and not the Rj,,g. However, variations in the output

83



Chapter 5. Design of Resistance Compression Network based Envelope Amplifier

load and the input power of the RCN (Figure 5.12) result in an impedance change
at the input of the diode and thus an impedance mismatch. The proposed RCN that
is placed between the switching transistor and the diodes aims at alleviating the

mismatch effect caused by the various operating conditions during its operation.

5.3.2 Calculation of the Envelope Amplifier Efficiency

The design of the hybrid envelope amplifier topologies starts with the
selection of the commercial components that are required. A list of the commercial
components (operational amplifier, hysteretic comparator, switching transistor and
Schottky diodes) that are used for the design of the circuits of Figure 5.10 and
Figure 5.11 is shown in Table 5.1.

Component Type
Operational Amplifier LMH6639 Op-Amp [109]
Hysteretic Comparator LMV7219 [110]
Switching Transistor FDV302 FET Transistor [111]
Schottky Diode ZLLS400 Packaged Diode [112]

Table 5.1: Commercial components for the implementation of linear and switching stage of the EAs
of the conventional HSA (Figure 5.10) and the HSA based on RCN (Figure 5.11).

The behavior of the circuits is analyzed using the transient analysis in Agilent
ADS software. The conventional (Figure 5.10) and the proposed topology (Figure
5.11) are designed and optimized for maximum efficiency when operating at 1
MHz. The efficiency of the envelope amplifier [102] can be calculated according
to (5.9).

P
NEA —2 (5.9

l:’EA"'Ploss

where Pg, is the output power of the envelope amplifier and Py is the total power
losses from its operation. The total dissipated power of the topology is calculated
as the sum of the dissipated power of the operational amplifier (Popamp), the power

losses of the switching transistor (Py.,,) and the diode losses (Pgiode). The dissipated
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power from the operation of the comparator is not included in the calculation of the
efficiency.

The envelope amplifier efficiency can be derived by calculating the envelope
amplifier output power and the component power losses for one period of the
signal (1 MHz). The dissipated power of the switching transistor is calculated as
the supply voltage of the device (Vpc; in Figure 5.10 and Figure 5.11) multiplied
by the current Iy, ( see Figure 5.10 and Figure 5.11) according to

Piran = Vpei liran (5.10)

In the same way, the dissipated power of the linear stage (Popamp) 1s calculated
as the supply voltage of the operational amplifier (Vpc; in Figure 5.10 and Figure
5.11) multiplied by the current Iypamp (see in Figure 5.10 and Figure 5.11) as

Popamp = Vb Iopamp (5.11)

The power losses of the diode (Pg4) are calculated as the voltage drop across the
diode terminals (V4-Vpa in Figure 5.10) multiplied by the diode current (I3 in
Figure 5.10) as

Pa = (Vg — Vpa) Ig (5.12)

In the case of the proposed topology (Figure 5.11), the total power losses from
the operation of the diodes should be taken into account for the calculation of the

efficiency. In particular, the total losses from the diode operation is given as
Poss = Pran + 1:)opamp + Py (5.13)

where V41-Vpa and V-Vpa (Figure 5.11) is the voltage drop across the diode D,
and D», respectively, and I4; and 14, (Figure 5.11) indicate the current of D and D,.
The total power losses of the HSA shown in Figure 5.10 and Figure 5.11 are given

by
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Pg = (Va1 — Vpa) lar + (Vaz — Vea) laz (5.14)
After the calculation of Py, the average efficiency of the EA can be estimated by
(5.9).

In order to be able to evaluate the performance of the hybrid envelope
amplifier topologies in terms of measurements, the current should be measured at
various nodes of the circuit. For this reason, 1 Q resistances are placed at different
nodes of the circuit in order to calculate the current as the voltage difference across
the resistance. The modified conventional and proposed envelope amplifier
topologies are shown in Figure 5.13 and Figure 5.14, respectively.

In particular, a resistor (1 Q) is placed at the ground of the operational
amplifier and at the ground of the switching transistor in order to measure I, and
Iopamp, Tespectively. The current that goes to the ground due to the operational
amplifier (Iopamp) and to the switching transistor (Iyan) Operation is calculated as the

voltage drop across the 1 Q resistances.

Figure 5.13: Switching amplifier topology including three 1 Q resistors for measurement purposes.

The current that enters in the diode of Figure 5.10 (Ig) and in the diodes of
Figure 5.11 (Iq; and lyy) are also necessary for the calculation of the total power
losses. For this reason, a 1 Q resistor is placed at the input of the diode of Figure

5.10 in order to measure the voltage drop across the resistor and thus, calculate the
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diode current (I4). In the same way, two resistors (1 Q) are placed at the input of

the D; and D, (Figure 5.11) in order to estimate I4; and Iq,.

1 Q_g Miran
]

LSW

Figure 5.14: Proposed hybrid switching amplifier topology including four 1 Q resistors for
measurement purposes.

5.3.3 Design of the RCN based Envelope Amplifier

The design of the RCN based envelope amplifier starts with the selection of
the RCN topology. The RCNg topology is chosen for this design, as it has already
been shown in Figure 5.14. The initial inductor and capacitor values are obtained
by defining the characteristic impedance and the operating frequency of the RCN.
After defining these values, the inductor and capacitor values are calculated using
(5.4) and (5.5). This procedure leads to the following components values for the
RCNy topology: Lr=16.4 uH and Cr=2.8 nF.

Then, the obtained values are placed in the topology shown in Figure 5.12 and
the input impedance of the RCN is investigated for different operating conditions
using the LSSP analysis in Agilent ADS software. Figure 5.15 shows how the real
and imaginary part of the input impedance of the topology is affected for different
input power levels and output loads. As it can be observed from Figure 5.15a, the
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real part of the input impedance of the network remains almost constant for a wide
range of Rypag values (from 10 Q to 150 Q). In the same way, the imaginary part of
the input impedance (Figure 5.15b) suffers small variations for the same input

power and load conditions.
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Figure 5.15: Real and Imaginary part of the input impedance of the RCN shown in Figure 5.11
versus Ryy,q for various input power levels at 1 MHz.

After the design of the RCN for the proposed EA topology (Figure 5.14), the
transient simulation in Agilent ADS has shown that maximum efficiency is
obtained for Ri=1 kQ, R,=1 kQ, Rw—=1 Q, Lsw=8.2 uH and C,=8 nF. In the same
way, using (5.9) - (5.13) and the transient analysis in Agilent ADS software, it is
shown that the conventional HSA achieves maximum efficiency for R;=1 kQ,

Ry=1 kQ, Ryw=1 Q, Ls=3.3 uH and Cy,=2.2 nF.
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The performance of the conventional and the proposed circuit is evaluated in
terms of simulation for different conditions that affect the operation of the
envelope amplifier. Initially, the EA circuits are simulated for different input
signals that are characterized with a DC level (Vgcey) of 1.5 V and a peak to peak
voltage (V) of 1.6 V when the switching transistor is biased with Vpci=3 V. The
simulated results that are shown in Figure 5.16a show that the proposed design is
more efficient for the specific operating conditions.

Then, the proposed EA circuit is tested for the same signal and output load
range, but for a different supply voltage of the transistor (Vpc;=2.7 V) in order to
test the performance of the circuits for different power levels at the input of the
RCN. The obtained simulated results of Figure 5.16b show that the RCN based
envelope amplifier is more efficient for these operating conditions.

Finally, the hybrid envelope amplifier circuits are characterized for a different
input signal of Vgce,=1.55V and V,,=1.4 V and with a supply voltage of the
switching transistor of Vpc;=3.2 V. The obtained efficiency is shown in Figure
5.16c¢. From the simulated results of Figure 5.16a - Figure 5.16¢, it can be noticed
that the proposed design exhibits higher efficiency for a wide range of operating

conditions if compared with the conventional EA topology.

5.3.4 Implementation and Characterization of the Hybrid Envelope
Amplifier Topologies

The envelope amplifier circuits are fabricated on 30 mil Arlon 25N substrate
(6=3.38 and tand=0.0025) using an LPKF Protomat C100/HF circuit board plotter
[39]. The photos of the fabricated prototypes are shown in Figure 5.17. Figure
5.17a shows the conventional envelope amplifier topology, while in Figure 5.17b it
is shown the proposed structure (with the RCN). Both prototypes are characterized
in terms of measurements. The prototype of the conventional and the proposed
topology has a total size of 3.8 cm x 2.8 cm and 4.8 cm x 4.5 cm, respectively.

The prototypes are tested for different input signals and load values (Rpa) for
Vpc1=3 V. The input signal of the envelope amplifier is a sinusoidal with a DC

level and is generated using the Agilent 33250A arbitrary waveform generator
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(AWG). During the measurements, the voltage waveforms are measured using the

high impedance probes of a mixed signal oscilloscope (Agilent M506054A).
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Figure 5.16: Simulated efficiency of the conventional design (Figure 5.10) and the proposed
structure (Figure 5.11) at 1 MHz versus output load value (Rp,) for different operating conditions:
a) Vauer=1.5V, V,=1.6 V and Vpc;=3 V, b) Vyie=1.5V, V,,=1.6 V and Vpc,=2.7 V and c)
Vaerev=1.55V, V,;:=1.4 V and Vpe=3.2 V.
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Figure 5.17: Fabricated prototypes of: a) a conventional envelope amplifier (without the resistance
compression network) with a total size of 3.8 cm by 2.8 cm and b) an envelope amplifier based on
a resistance compression network with a total size of 4.8 cm by 4.5 cm.

When the envelope amplifier operates with an input signal with Vgce,=1.53V
and V,,=1.6V and an output load of Rpa=39 Q, the proposed envelope amplifier
circuit exhibits a measured average efficiency of 67.2 % at 1 MHz. The waveforms
of the input signal, the output signal and the output of the comparator are shown in
Figure 5.18. The circuit exhibits higher efficiency if compared with the
conventional design that shows an efficiency of 57.4 % for the same operating
conditions, as Table 5.3 shows.

Both circuits are also tested with a different input signal of V4ce,=1.35 V and
Vp=0.85 V and an output load of 33 Q at 1 MHz. In this case, the proposed design
shows an efficiency of 72.1 %, while the conventional design exhibits an efficiency
of 55.6 % as it is shown in Table 5.3. The measurements show that the proposed
design shows improved performance due to the reduced sensitivity to input power

and load variations if compared with a conventional envelope amplifier design.
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Figure 5.18: Measured input and output signal waveforms, along with the comparator output for the

envelope amplifier based on RCN at 1 MHz.

Conventional design

(Figure 5.10)

Proposed design
(Figure 5.11)

NEA 57.4 % 67.2 %
Table 5.2: Efficiency of the conventional and proposed design for an input signal of
Vaeev=1.53V/V,,,=1.6V and an output load of Rp,=39 Q at | MHz.
Conventional design Proposed design
(Figure 5.10) (Figure 5.11)
NEA 55.6 % 72.1 %
Table 5.3: Efficiency of the conventional and proposed design for an input signal of

Vielev=1.53V/V,,=1V and an output load of Rpy=33 Q at 1 MHz.

5.4 Chapter Summary

In this Chapter, novel matching networks that show reduced sensitivity to

impedance variations have been proposed and discussed. The proposed resistance

compression networks are used as part of the design of an envelope amplifier that

shows higher efficiency for various operating conditions if compared with a

conventional hybrid envelope amplifier design.
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Chapter 6

Dual-Band Resistance Compression
Networks for Improved Rectifier

Performance

6.1 Introduction

Microwave circuits are usually optimized for specific operating conditions,
including frequency of operation, input power level and fixed output load. In a
plethora of electronic circuits, such as power amplifiers and electromagnetic
energy harvesters, the device has to operate with varying input power level and
output loads. Such environmental changes result in a deviation from the nominal
operating conditions and in an impedance mismatch of the circuit. In rectifier
circuits, output load and input power level variations produce an impedance change
at the input of the diode and thus, degraded performance.

Rectifiers are fundamental components for many microwave applications,
such as power amplifier architectures and energy harvesting scenarios. In
particular, rectifiers can be applied in outphasing power amplifier topologies that
include a power recycling network to harvest the dissipated power in the power

combiner [9]. In conventional outphasing power amplifier topologies, the isolator
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resistance of the topology achieves maximum efficiency only at maximum output
power level. When the power amplifier operates with high peak-to-average power
ratio input signals, the efficiency of the topology degrades due to the isolator
resistor losses at the low-power signals. In [9], the isolation resistance of the power
combiner has been replaced with a rectifier that harvests the dissipated power from
its operation. The proposed rectifier has shown reduced sensitivity to
environmental changes and has successfully improved the isolation of the RF
power amplifiers (Figure 6.1a). The obtained results have demonstrated that the
resulting 48 MHz PA shows high system efficiency and linearity due to the
resistance compressed rectifier. However, it is a major issue to design such multi-
band rectifiers based on Resistance Compression Networks (RCNs) for the

implementation of multi-band PAs architectures.

Antenna (a)

L ‘ AR J Power
PA Combiner

777777777777777777777777777777777 (b)

Rectenna

DC-DC Converter,
Regulator...

Antenna @ . _______

Figure 6.1: Application of rectifier circuits in a) an outphasing power amplifier topology with a
power recycling network and b) energy harvesting applications.

In the same way, rectifiers are used in RF energy harvesting applications, as
part of a wireless energy harvester, in order to efficiently transform the harvested
power to useful DC power [113]. In such applications, the input power is not
constant since the availability of the harvested power depends on the surrounding

conditions, such as the propagation environment (Figure 6.2). A variation in the
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available power at the input of the rectenna results in a change of the input
impedance of the nonlinear rectifying device and thus a deviation from the nominal

operating conditions that imply a reduced harvested power level.

RF Energy Harvester

Antenna Rectifier

Figure 6.2: Schematic of RF energy harvesting setup where the input power level varies depending
on the application, the operating frequency band and the propagation environment.

The output of the rectenna is usually connected to a varying load, such as DC-
DC converter or regulator circuit, as Figure 6.1b shows. The load variation due to
the time-varying operating conditions of the circuitry also results in an input
impedance change in the rectifying device and thus, degraded performance.
According to [114], maximum RF-DC conversion efficiency is achieved for a
specific selection of output resistance value, while the optimum load varies versus
frequency. The design of multi-band and broadband rectennas with reduced
sensitivity to the surrounding environment conditions is an even more challenging
task for increasing the harvested power level in energy harvesters.

Since ambient electromagnetic energy is available in low levels, the design of
efficient energy harvesters that can harvest simultaneously the ambient energy
from different frequency bands is desirable to achieve enough harvested DC
power. Multi-band and broadband rectenna circuits have already been proposed in
the literature [115]-[124]. In [125], the design and characterization of various
rectifiers based on a single low threshold Schottky diode has been presented. A
broadband rectifier in the frequency band of 800 MHz - 2.5 GHz has been
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implemented, showing a maximum measured RF-DC conversion efficiency of 8 %
for P;,=-20 dBm. A dual-band rectifier that is able to achieve RF- DC conversion
efficiency around 15 % at GSM-850 and GSM-1900 for an input power of -20
dBm is also proposed. An additional dual-band rectifier operating at GSM-850 and
ISM 2.45 GHz with RF-DC conversion 10 % — 12 % at both frequency bands
(Pix=20 dBm) has also been introduced.

In [126], a four stage rectifier has been designed for the implementation of a
triple-band rectifier. The maximum measured RF-DC conversion efficiency of the
design is 80 % (Pip,=10 dBm) and 47 % (P;,=8 dBm) at 940 MHz and 1950 MHz,
respectively. A peak RF-DC conversion efficiency of 43 % is measured at 2.44
GHz for an input power level of 16 dBm.

A dual-band rectifier based on a Schottky diode for wireless power transfer
(WPT) application has been introduced in [127], where the measurement results
have shown that a peak RF-DC conversion efficiency of 66.8 % and 51.5 % is
achieved at 2.45 GHz and 5.8 GHz for an input power level of 10 mW.

In order to reduce the sensitivity of the rectifier circuits versus load and input
power variations, novel circuits have been recently proposed in the literature [10]
namely resistance compression networks. These networks achieve small variations
in the input impedance of the rectifier circuit under large variations of input power
levels and output load values. So far, resistance compression networks operating at
a single frequency have been proposed in the literature [9], [10], [105]-[108].

In this Chapter, the design of a dual-band resistance compression network
based rectifier with reduced sensitivity to input impedance and output load
variations is proposed [128]. In particular, two RCN topologies are introduced and
their behavior is presented in detail. An analytical equation about the input
impedance of the rectifying device is mathematically derived to show the
dependence of the input impedance of the diode to the input RF amplitude and
output DC voltage. A performance comparison between two rectifier topologies
based on different RCNs is made, where it is shown that improved performance is
achieved by cascading two unit cells at each branch of the RCN based rectifier. A
detailed analysis of the rectifier design is also presented with an adequate set of
measurements showing that the proposed rectifier shows a good RF-DC conversion

efficiency with minimized sensitivity to input power and load variations.
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The outline of this Chapter is as follows. In Section 6.2, the properties of the
dual-band resistance compression networks are described. Section 6.3 presents
some considerations for the design of the proposed topology along with the
performance evaluation of the RCN based rectifier in comparison with a
conventional envelope detector rectifier. In Section 6.4, the experimental
results of the fabricated 915 MHz/2.45 GHz RCN based rectifier are presented
showing reduced sensitivity to input power and load variations. Finally, the

conclusions of the Chapter are presented in Section 6.5.

6.2 Dual-Band Resistance Compression Network Theory

A resistance compression network is a matching network that reduces the
sensitivity of electronic circuits (such as rectifiers) to impedance variations due to
input power and output load changes, as it has been already presented in Chapter 5.
The basic structure of a resistance compression network consists of two branches
that exhibit opposite phase response of the input impedance (¢ and —¢@
respectively) at the operating frequency (f) as Figure 6.3a shows. In this topology,
the input impedance of the network (Zi,) suffers small variations under large

variations of the real load values.

(a) (b)

-0, @ fy
Qe +0, @ f,
Cﬁ Rload Ol: Rload
= +O, @ f "
Zin D@f Zin -CDzl@ le
Rload Rload

Figure 6.3: a) Resistance compression networks operating at a single frequency. Each branch
exhibits opposite phase response (¢ and -) at the operating frequency (f) and b) Dual-band RCNs.
Taking into account the operating principles of a RCN, dual-band and in
general multi-band RCN should similarly exhibit opposite phase response at an
arbitrary set of frequencies, as Figure 6.3b depicts for the dual-band case. A way to
achieve the necessary phase conditions can be the use of bandpass unit circuit cells

consisting of series and shunt LC network (Figure 6.4a) [56].
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Figure 6.4: a) Unit circuit cell consisting of a series and shunt LC network and b) Rearranged
circuit cell (the same network as Figure 6.4a with reversed input and output ports).

The unit cell shown in this figure can be used as a dual-band matching
network operating at an arbitrary set of frequencies (f; and f;). In particular, at the
low operating frequency (f}), the discrete elements Cr and Ly tend to be open and
short, respectively. In the same way, Cp and L tend to be short and open at the
high operating frequency (f3).

The unit cell shown in Figure 6.4a exhibits a negative phase response (-¢;) at
the low operating frequency (f}) and a positive phase response (¢,) at the higher
frequency (f). A simple manner to obtain the opposite phase response in the two
branches is to use the same unit network but mirror it by reversing the input and
output ports (Figure 6.4b). The unit cell of Figure 6.4 shows opposite phase
response at the two selected frequencies if compared to the unit cell in Figure 6.4a:
¢ at the low frequency f) and -¢, at the high frequency f,. A dual-band resistance
compression effect can be achieved by placing the conventional and reversed unit
cells into the two branches of the RCN, as Figure 6.5 depicts (topology RCNcgrL).

As it has been previously described, dual-band resistance compression can be
achieved by using a single unit cell at each branch of the resistance compression
network topology (RCNjcgrr in Figure 6.5). A resistance compression can also be
achieved by cascading identical unit cells at each branch of the network, as shown
in Figure 6.6. The structure of Figure 6.6 will be referred to as RCNycgrrs. Such a
structure offers more degrees of freedom in defining the resistance compression
properties.
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Figure 6.5: Dual-band resistance compression network implemented with a single circuit cell at
each branch. The proposed topology is indicated as RCN gy .

% RIoad

Figure 6.6: Dual-band resistance compression network. The proposed topology (with two unit cells
at each branch of the network) is indicated as RCN,cgys.

The input impedance (Zi,) of the networks shown in Figure 6.5 and Figure 6.6
can be derived by using the equivalent model in Figure 6.7b of the unit cell of
Figure 6.7a, where the series elements are represented by an impedance Z and the
parallel elements by an admittance Y Then, the dual-band RCN of the topology
RCNcgL (Figure 6.5) can be represented as a combination of impedances and
admittances as Figure 6.7a shows.

The same applies for the topology of RCNycgr1s (Figure 6.6). The impedance
and admittance of a unit cell are given by (6.1) and (6.2), respectively [56].

1

Z=j(wlg—=) (6.1)

wCp,
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Y =j (u)CR _ L) (6.2)

(.OLL

Straightforward calculations result in the estimation of the input impedance of
such networks. For instance, the Z;, of the RCNcgr1 topology is given by (6.3) as

a combination of Z, Y and Rjgaq.

_ (Rload+z)(Rload+Z+RloadZY)
(R10ad®ZY2+2R)0ad*Y+R10adZ2Y2+4R0aqZY +2Rjpad+Z2Y+2Z)

Zin (6.3)

In order to demonstrate the properties of the proposed topologies (RCNcgrrL
and RCNjcgrrs) two networks are designed to have dual-band operation at 915
MHz and 2.45 GHz. The compression ratio of the input impedance is defined as
the ratio between the largest and smallest values of |Zin | and is compared with
the ratio between the largest and smallest values of the corresponding Rjg.qg

variations, as it is shown in Figure 6.8 and Figure 6.9.

(a)

Lr

7 1 (b)
o—I Y RIoad
[ Z _
Zin Y %
L Rload

Figure 6.7: a) Equivalent network for an ideal unit cell represented as a set of complex impedance
(Z) and admittance (Y) and b) Equivalent network of the dual-band RCN (RCNjcg; 1) in terms of
complex impedances.

The magnitude of the input impedance of the networks ( | Zin | ) is plotted
versus the output load (Ry,aq) for both operating frequencies. Figure 6.8 and Figure
6.9 also show the percentage of the delivered power from the 50 Q source to the
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input of the rectifier circuit showing explicitly how the matching is affected for
each Rjoq value. The values of the elements used to obtain the compression

characteristics of the RCN topologies are shown in Table 6.1.

RCNcgLL topology RCNjcgLLs topology
Lr 7.15nH 5.55nH
Cr 3 pF 1.14 pF
Ly 4 nH 10.15 nH
CL 1.5 pF 2 pF

Table 6.1: Component values used to obtain the data at Figure 6.8 and Figure 6.9.

The compression of the RCNcg L topology (Figure 6.5) is shown in Figure
6.8. For an Rj,q range from 24.2 Q to 242 Q (a ratio of 10:1 around the central
compression point), the | Zin | varies from 73 Q to 127 Q (a ratio of 1.74:1) at 915
MHz. In the same way, a 10:1 variation of Rj,q (from 21.2 Q to 212 Q) results in
1.74:1 variation of |Zp| (66.7 Q to 116 Q) at 2.45 GHz. Thus, the same

compression ratio is achieved for both frequencies around the center compression

point.
500 100
400 180
300 160
c X
< ‘ =
200" \‘ — 1402
—
1000 " === |Zi| at 915 MHz || 20
—— |Zu| at 2.45 GHz
— — Pat915 MHz
—— P at 2.45 GHz
10° 10” 10" 10’ 10"

Rload (kQ)

Figure 6.8: Magnitude of the input impedance ( | Zin | ) and percentage of the delivered power to the
input of the rectifier for the RCN, g1 topology (Figure 6.5) versus load variations (Rjg.q).

The compression characteristics of the RCNycgrrs topology are shown in

Figure 6.9. The center value of the compression curve of RCNycgrrs at 915 MHz
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(2.45 GHz) corresponds to the values of Rj5,¢=189 Q and | Zin | =32.2 Q (Ry0a¢=179
Q and |Zin | =31 Q). A 10:1 variation of Ry values (from 60 Q to 600 Q) is

compressed to 1.74:1 ratio (from 32.2 Q to 56 Q) at |Zin| at 915 MHz. Finally,
the same compression ratios are achieved for a variation of Rjg,g from 57 Q to 570

Q (a ratio of 1:10) to the compressed variation of |Zin| from 31 Q to 54 Q

(1:1.74) at 2.45 GHz.
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Figure 6.9: Magnitude of the input impedance ( | Zin | ) and percentage of the delivered power to the
input of the rectifier for the RCN,cg 1 topology (Figure 6.6) versus load variations (Rjgaq).

6.3 Dual-Band RCN based Rectifier

6.3.1 Design Considerations for the Dual-Band RCN based Rectifier

Topology

In rectifier circuits, output load and input power level variations result in an

impedance change at the input of the diode and thus, degraded performance.
Therefore, resistance compression network topologies have been considered, such

as the ones in the previous Section, to be used in the design of rectifier circuits.

In this Section, the dual-band resistance compression networks are placed as

the matching network located between the input of a Schottky diode and a 50 Q
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source. Figure 6.10a and Figure 6.10b show the RCNjcprr and RCNjcprrs
topologies presented in the previous Section when applied for the design of a dual-

band rectifier.

RCN1 T (@)

|
| CL '

I

|

[ L D 1 (b)

| —_—_——— —— =

Figure 6.10: Schematics of the simulated dual-band rectifiers: a) proposed RCN based rectifier with
RCNj gL topology, b) proposed RCN based rectifier with RCNjcg s topology, ¢) conventional
envelope detector topology.

One can see that in the proposed implementations of the RCN based rectifier
(Figure 6.10a and Figure 6.10b) there is only one output load if compared with the
traditional implementations of RCN where two separate loads are used for each of
the branches (Figure 6.5 and Figure 6.6). However it has to be considered that in
the RCN based rectifier topologies, the loads of the RCN are the Schottky diodes
of the rectifier. The capacitances that are placed at the output of the rectifier isolate
the two branches at RF frequencies, which lead to a similar structure to the one in
Figure 6.5 and Figure 6.6 where the loads are the complex input impedances of the

diodes (Z,).
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The electrical behavior of the diode can be expressed as complex impedance
(Z,). The formula for the calculation of Z; derives from the analysis of the
electrical behavior of the proposed structures (Figure 6.10a and Figure 6.10b). Let
us assume a sinusoidal input signal equal to vij=Ecos(wt), where E is the amplitude
and o the frequency of the input signal (Figure 6.11a).

(a) (b)
1

Vv

1
AC% 7 v,

1372
—O—
=Y

74}

!

Figure 6.11: a) Simplified circuit topology of the proposed rectifier topology, b) equivalent circuit
of the diode (D1) at RF and c¢) DC equivalent circuit of the proposed structure.

SAVA

1 =1y
]

2

The current through the diodes D1 and D2 as a function of the voltage across

the terminals of the diodes are given by (6.4) and (6.5), respectively.

v1—V,

i1 == Isl(e Vi — 1) (64)
Vi

iz == Isz(e Vi — 1) (65)

where V, is the thermal voltage and Vi (V =I Ry) is the output DC voltage of the
circuit, assuming that C,, is ideal and provides a perfect RF short at the output of
the diodes.

At RF frequencies the two branches of the proposed structure are isolated
because of the DC capacitor at the output of the network. Considering only the
behavior of a single diode at RF (Figure 6.11a), the diode current (i;) can be
calculated (taking into account the voltage drop across the diode that is equal to

Ecos(wt)-Vy) as

E cos(wt)-Vy,

ip =Ig(e - 1)) (6.6)
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Taking into account the modified Bessel function series expansion, similarly
to [129] and shown in (6.7), the current through the diode (i) can be expressed as
in (6.8) and then approximated by the sum of only the DC and the first harmonic

contributions as in (6.9).

eXcoswt = B (x) + 2 Y, B, (%) cos(nwt) (6.7)
v vy
i =l (e i B, (Vit) - 1) +2I,e Ve Y B, (Vit) cosnwt (6.8)
__‘/].4
iy = Iy + 2l e Ve By () cos wt (6.9)
t
with

\'%

-Vi
I =1 <e B, (Vit) - 1) (6.10)

where By(x) and Bj(x) is the modified Bessel function of order 0 and n,
respectively. Note that the two branches of the proposed topologies (Figure 6.10a
and Figure 6.10b) are DC coupled which affects the diode impedance. The DC
equivalent circuit of the structure is shown in Figure 6.11c. At the DC analysis, the

output DC current is given by
L+, =1 (6.11)

The output DC voltage (Vi) can be calculated by substituting (6.10) into
(6.11). The result, shown in (6.12), demonstrates that Vi depends on the amplitude

of the input signal E (and therefore the input power) and the output resistance (Ry).
Vi E VL %
Iy (e VB, (—) - 1) +1g, (e ve — 1) = (6.12)
\ Ry
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The RF resistance of the diode can be calculated by dividing the RF voltage

difference across the diode terminals v; with the RF current flowing into the diode

from (6.9) which gives
_ E
7, = L. (6.13)
2Ig.e VtBl(V—t)

From (6.12) and (6.13), one can see that the input impedance of the diode (Z;)
depends both on the input voltage (through the amplitude E) the output load Ry
(through V). Considering that Vi =I; Ry, the input impedance of the diode is also
given by (6.14).

7, = (6.14)

6.3.2 Design of the Dual Band RCN based Rectifier

One of the most widely used metrics for the evaluation of the performance of
rectifiers is the RF-DC conversion efficiency (6.15), which is calculated as the
fraction of the harvested DC power (P4 narv) and the RF available power (Pi)
[122].

P c_harv
NRF-DC = — ot (6.15)

The maximum RF-DC conversion efficiency of rectifier circuits is achieved
for a specific selection of output load that varies with the frequency [113]. The
design of broadband and multi-band rectifier circuits implies that a compromise of
the performance among the operating frequencies should be made.

A RCN based dual-band rectifier is designed to operate at £;=915 MHz and
£,=2.45 GHz. The RCNycgr1s topology is selected for this design, as simulation

(Figure 6.12) has shown that the rectifier achieved improved performance with the
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RCNjcgrrs (Figure 6.10b) topology in comparison with the RCNjcgrr topology
(Figure 6.10a). Figure 6.12a and Figure 6.12b show the performance of the rectifier
versus input power level and output load, where better results are achieved using

two unit cells.

20 ——  One unit cell at 915 MHz

— Two unit cells at 915 MHz
10r ~==- Oneunit cell at 2.45 GHz
— — Two unit cells at 2.45 GHz

RF-DC Conversion Efficiency (%)

-15 -10 -5 0

Pin (dBm)
65 - - - -
s — One unit cell at 915 MHz (b)
60 / \\ — — — Two unit cells at 915 MHz
55l / \ |~ Oneunitcellat2.45 GHz
* Two unit cells at 2.45 GHz

RF-DC Conversion Efficiency (%)

Ry (kQ)
Figure 6.12: Performance comparison of a RCN based rectifier with a single (RCNcg; . topology)

and two unit cells at each branch of the RCN (RCN,cgp 5 topology): a) versus input power (for

R =1 kQ) and b) output load (for P;,=0 dBm).

In order to be able to evaluate the performance of the proposed RCN based
rectifier, a dual-band rectifier based on an envelope detector topology (Figure
6.10c) is also designed and optimized for maximum efficiency at 915 MHz and
2.45 GHz. The design and optimization of the two rectifiers is made using a
commercial simulator (Agilent ADS). A harmonic balance analysis is used along
with Large Signal S- Parameter analysis for the optimization of the circuits [122]-
[124]. Optimization goals are used to impose constraints on both the minimum RF-

DC conversion efficiency of the circuit and the input impedance matching (Z;,) at
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fi and f,. The selected rectifying device is a low threshold Schottky diode
(SMS7630) from Skyworks [130].

The schematic of the conventional single diode envelope detector is shown in
Figure 6.10c, while the proposed RCN based rectifier is depicted in Figure 6.10b.
The values of the unit cells are chosen in such a way that the total phase difference
for each branch has opposite sign at both operating frequencies. An additional
inductor (L4=100 nH) is also placed as a DC path to the ground at the input of the
diode (Figure 6.10b).

A performance comparison of the proposed RCN based rectifier and the
envelope detector is presented in Figure 6.13-Figure 6.16. Their performance is
evaluated in terms of the simulated RF-DC conversion efficiency versus Ry, for an
input power level of 0 dBm at the low operating frequency (Figure 6.13) and at the
high operating frequency (Figure 6. 14). One can see that there is a larger range of
output loads (Rp) for which the RF-DC conversion efficiency remains above 50 %
for the case of the RCN based rectifier if compared to the envelope detector.

The RF-DC conversion efficiency versus input power level for a selected
output load (R =1 kQ) for both operating frequencies is also presented in Figure 6.
15 and Figure 6.16. It can be observed that the RF-DC conversion efficiency of the
proposed RCN based rectifier remains higher than 50 % for a larger range of input

power levels in comparison with the envelope detector rectifier.
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Figure 6.13: RF-DC conversion efficiency (%) of a) the envelope detector rectifier and b) the RCN
based rectifier for an input power of 0 dBm at the 915 MHz band.

110



Frequency (GHz)

Chapter 6. Dual-Band Resistance Compression Networks for Improved Rectifier Performance

2.5

g
»
“

40—

30

35
25

Ry (kQ)

10

(a)

Frequency (GHz)
N

2.5

35

IS
S

40

55

T

(b)

2.4
0.1

1
R (kQ)

Figure 6. 14 . RF-DC conversion efficiency (%) of a) the envelope detector rectifier and b) the RCN
based rectifier for an input power of 0 dBm at the 2.45 GHz band.

o

Frequency (GHz)

0.

o

Frequency (GHz)

0

1 " " " " " "
© a2
© N
8
S 4 4 \
P> < M
95¢ T
Y
R8s
g w
58] |80
278
| % L3 % So
0.9 LN
490
2 o .
'&’~.. 153
RN * l , T
85 ‘ ‘ ‘ ; ‘ ‘
30 25 20 15 10 -5 0 5

Input Power (dBm)

(a)

Frequency (GHz)

! L4 VK
© o,
~~~~?4;>$ / G5
¢ p 2
A
0.95] « .
BUIN
(=]
2R NN oW P
oﬁgbu‘s \/mm
&
0.9]
\
5 g:ﬁl”
R
PRSI T R S L

(b)

0.85

-15

-10

Input Power (dBm)
Figure 6. 15 RF-DC conversion efficiency (%) of a) the envelope detector rectifier and b) the RCN
based rectifier for R;=1 kQ at the 915 MHz band.

(b)

1 1 )
o S a8 (a) R
T T3
o Ay d 2
o S A
i P g
~ S M
95r _.0.95 w o
NN = e E
hog T ) BN
N & =
» )
] c o
28 ] 2R NN oW 1
551 1Qn =] % w)e
2/ g T 8 8
% B2 50, = S
0.9 %\, “ "\J < 09 A
40 e
25 o
s 35
ags | |
S0 g;ﬁmu'i €
w0 wad A |
g ‘ R N N N ‘ 0.85 I S S N (L
-30 -25 -20 -15 -10 -5 0 5 10 -30 -25 -20 -15 -10 -5 0 5

Input Power (dBm)

Input Power (dBm)
Figure 6.16: RF-DC conversion efficiency (%) of a) the envelope detector rectifier and b) the RCN
based rectifier for R;=1 kQ at the 2.45 GHz band.

In conclusion, as it can be seen from Figure 6.13 - Figure 6.16, the proposed

RCN based rectifier is less sensitive to input power and output load variations than

the conventional envelope detector rectifier. Additionally the RCN based rectifier

shows improved performance in terms of RF-DC conversion efficiency. The RF-

DC conversion efficiency for both circuits at the two operating frequencies is also

shown in Figure 6.17.

1
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Figure 6.17: Performance comparison of the conventional envelope detector topology and the
proposed RCN based rectifier versus a) output load (915 MHz/2.45 GHz), b) input power level for
R1=0.51 kQ (915 MHz/2.45 GHz), and c) input power level for R;=1 kQ (940 MHz/2.42 GHz).
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One can see from Figure 6.17 that the RCN based rectifier presents a flatter
and higher value of RF-DC conversion efficiency versus the load resistance
(Figure 6.21a for P;,=0 dBm). The RF-DC conversion efficiency also maintains
higher values versus input power levels. It can be noticed that the improvement in
the rectifier performance is more noticeable in certain load values (Figure 6.17b for
Ri= 0.51 kQ) and in certain frequency values (Figure 6.17¢ for Ri=1 kQ) where
the RF-DC conversion efficiency maintains a higher value in a larger range of
input power levels.

It should be noted that the RCN based rectifier shows little improvement for
high load values and high input power levels, which is partially attributed to the
low breakdown voltage of the diode that determines its operating range and thus,
the performance of the circuit. After the breakdown voltage is reached, RCN is not

able to have any significant effect.

6.3.3 Final Design of the RCN based Rectifier

In the previous Sections, the RCN based rectifier has been designed using ideal
lossless discrete elements. For the fabrication of the prototype, the ideal values of
the lumped components have to be replaced with the models that are provided from
the manufacturers. The layout of the rectifier circuit had also to be analyzed using
electromagnetic (EM) simulation. A full-wave EM simulation is made for the
design of the passive structure of the circuit.

In order to evaluate the impact of the substrate losses and the EM analysis of
the layout on the performance of the circuit, two curves with intermediate steps are
included in this Section. The RF-DC conversion efficiency of the proposed ideal
rectifier (whose performance has been already analyzed in Section 6.3.2.) is shown
in Figure 6.18. One can see that the rectifier presents peak RF-DC conversion
efficiency at the 915 MHz and 2.45 GHz frequency bands.

The second curve of Figure 6.18 depicts how the introduction of the EM
simulation affects the circuit performance. The layout of the circuit is simulated
using the Agilent Momentum EM simulator and the obtained data are introduced in
the circuit simulation. The capacitor Cg is implemented as a radial stub with width

W=1.05 mm, length L=4.55 mm and angle 45°. By introducing these data at the
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simulation, an additional peak is observed close to the second frequency band.
Additionally, the peak efficiency at the high operating frequency band is slightly
shifted to a higher frequency.

The third curve of Figure 6.18 shows the performance of the rectifier with real
inductor and capacitor models but without substrate losses. So far, the obtained
results show that the main source of losses of the topology is due to the discrete

components losses and the layout of the circuit.

60

— - — Ideal Components w/o EM sim.
--------- Ideal Components with EM sim. (lossless substrate)| |
—— - Real Components with EM sim. (lossless substrate)
—— Real Components with EM sim. (lossy substrate)

501

RF-DC Conversion Efficiency (%)

Frequency (GHz)

Figure 6.18: Evolution of the RF-DC conversion efficiency versus operating frequency for R;=1 kQ
and P;,=-15 dBm.

Finally, the fourth curve (solid line) shows the performance of the dual-band
rectifier, including losses associated with the layout, the discrete component values
and the substrate material. The rectifier has reduced efficiency at the two operating
frequencies in comparison with the design of the ideal rectifier as it is expected.

The simulation resulted in the component values shown in the Table 6.2.
Commercial inductors from Coilcraft and capacitors from Murata have been used
for the implementation of the rectifier. The prototype (Figure 6.19) is fabricated on
Arlon 25N substrate with height of 30 mil, relative permittivity of 3.38 and loss
tangent of 0.0025 using an LPKF Protomat C100/HF circuit board plotter [39].

The fabricated prototype has a total size of 3.8 cm x3.5 cm and it is shown in

Figure 6.19. The measured results of the fabricated prototype are described in the
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next Section, where the reduced sensitivity of the dual-band RCN based rectifier to

input power and output load variations is demonstrated.

Component | Value | Component | Value | Component | Value

Lr 8.7nH Lgc 100 nH C 27 pF

L. 100 nH Cr 0.8 pF Cout 120 pF

Table 6.2: Component values for the fabricated dual-band RCN based rectifier.

Figure 6.19: Fabricated prototype of the 915 MHz/2.45 GHz RCN based rectifier with a total size of
3.8 cm by 3.5 cm.

6.4 Experimental Results

The fabricated prototype is characterized in terms of its RF-DC conversion
efficiency versus input power levels (Pi,), output loads (Rp) and operating
frequency. The performance of the circuit is shown in Figure 6.20 - Figure 6.26.
Initially, the RF-DC conversion efficiency of the circuit versus operating frequency
for Ry =1 kQ and R;=2 kQ is measured for Pj;=-15 dBm (Figure 6.20). One can see
that the high operating is slightly shifted to a higher frequency value in comparison
with the simulation results.

The slight shift of the second operating frequency to 2.5 GHz can be due to
different factors, including the tolerances in the fabrication process, the surface

mounted devices and the substrate material. Possible inaccuracies in the nonlinear
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model of the diode could also contribute to the shift of the high operating
frequency. However, the dual-band rectifier achieves RF-DC conversion efficiency

0f23.2 % and 21.2 % at 915 MHz and at 2.5 GHz (R;=2 kQ).

30

— Simulation for R;=1 kQ
— —  Measurement for R ;=1 kQ
250 | Simulation for R;=2 kQ

— *— Measurement for R;=2 kQ

RF-DC Conversion Efficiency (%)

Frequency (GHz)

Figure 6.20: Comparison of simulated and measured RF-DC conversion efficiency for an input
power of -15 dBm versus operating frequency for two different load values (1 kQ and 2 kQ).
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Figure 6.21: Comparison of simulated and measured reflection coefficient ( | S | ) versus operating
frequency for two different input power levels (-15 dBm and 0 dBm) for R;=2 kQ.

A comparison between the simulated and measured reflection coefficient
( | Sii | ) of the RCN based rectifier for Pij,=-15 dBm and Pj;,=0 dBm is shown in

Figure 6.21. The measured results show that the rectifier remains matched for a
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range of input power levels and that the measured results are in accordance with
the simulation. The measured | Si | versus operating frequency for Ri= 0.51 kQ,
2 kQ and 2.7 kQ for a fixed Pj, (-15 dBm) is depicted at Figure 6.22 in order to
show that the circuit also remains matched under a large variation of output loads

(0.51 kQ to 2.7 kQ).

[Su| (dB)

200 | — Measurement for R;=0.51 kQ
— — Measurement for R;=2 kQ

Measurement for R;=2.7 kQ

-25 . \ \ !

1 1.5 2 2.5 3
Frequency (GHz)

Figure 6.22: Measured reflection coefficient ( | Si | ) versus operating frequency for various output
loads (R;=0.51 k€, 2 kQ and 2.7 kQ) for an input power of -15 dBm.
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Figure 6.23: Measured RF-DC conversion efficiency versus input power for various load values
(0.51 kQ, 0.75 kQ, 1 kQ, 2 kQ and 2.7 kQ) at 915 MHz.
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In order to verify the reduced sensitivity of the RCN based rectifier to input
power and output load variations, a set of additional measurements is taken (Figure
6.23 to Figure 6.26). The evolution of the RF-DC conversion efficiency of the
proposed rectifier versus Pj, for different load values (0.51 kQ, 0.75 kQ, 1 kQ, 2
kQ and 2.7 kQ) at the two operating frequencies with peak RF-DC conversion
efficiency (915 MHz and 2.5 GHz) is depicted at Figure 6.23 and Figure 6.24,

respectively.

50

— Measurement for R;=0.51 kQ

RF-DC Conversion Efficiency (%)

15 — — - Measurement for R;=0.75 kQ
o | Measurement for Ri=1 kQ
— *— Measurement for R;=2 kQ
st — ** = Measurement for R;=2.7 kQ
0 0.002 0.004 0.006 0.008 0.01
Pin (W)

Figure 6.24: Measured RF-DC conversion efficiency versus input power for various load values
(0.51 kQ, 0.75 kQ, 1 kQ, 2 kQ and 2.7 kQ) at 2.5 GHz.

As it can be observed from Figure 6.23 and Figure 6.24, the evolution of the
RF-DC conversion efficiency remains flat for a wide range of input power levels
for R =0.51 kQ, R;=0.75 kQ and R;=1 kQ. The resistance compression effect
starts reducing for values greater than R;=2 kQ. However, the efficiency of the
RCN based rectifier remains in high levels for a range of Ry and degrades
smoothly. The measured results of Figure 6.23 and Figure 6.24 indicate that the
optimum Ry that maximizes the RF-DC conversion efficiency of the rectifier is
different for each frequency band [113], [115].

In order to evaluate the performance of the rectifier at low input power levels,
the measured RF-DC conversion efficiency of the rectifier is plotted versus output
load for low input power levels (-15 dBm, -10 dBm and -5 dBm) at 915 MHz
(Figure 6.25) and 2.5 GHz (Figure 6.26). One can see that the efficiency remains
nearly constant over a wide range of Ry for low levels of harvested power.

118



Chapter 6. Dual-Band Resistance Compression Networks for Improved Rectifier Performance

Finally, a comparison of the implemented RCN based rectifier with a selection
of the state-of-the-art multi-band rectifiers is presented in Figure 6.27,
demonstrating that the proposed rectifier exhibits a measured RF-DC conversion
efficiency (23.2 % and 21.2 % at 915 MHz and 2.5 GHz) for Pj,=-15 dBm and
Ri=2 kQ. Thus, the RCN based rectifier exhibits a state-of-the-art performance

while at the same time shows reduced sensitivity to environmental changes.
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Figure 6.25: Measured RF-DC conversion efficiency versus output load for a range of input power
levels from -15 dBm to -5 dBm at 915 MHz.
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Figure 6.26: Measured RF-DC conversion efficiency versus load for a range of input power levels
from -15 dBm to -5 dBm at 2.5 GHz.
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Figure 6.27: Comparison of state-of-the-art multi-band rectifiers.

6.5 Chapter Summary

In this Chapter, dual-band resistance compression networks have been introduced
and experimentally demonstrated as part of the design of a dual-band rectifier. The
operation principles of these novel impedance matching networks are presented in
detail. The design of a dual-band RCN based rectifier operating at 915 MHz and
2.45 GHz is compared with a conventional envelope detector showing improved
RF-DC conversion efficiency and reduced sensitivity to output load and input
power variations. The proposed dual-band rectifier exhibits similar performance
with the state-of-the-art dual-band rectifiers that have already been proposed in the

literature.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis has focused on the power amplification stage of modern
transceivers. The main motivation has been to propose novel power amplifier
architectures and investigate different topologies that can improve the performance
of power amplifiers under various operating conditions. Lumped-element
topologies, transmission line implementations and SIW technology has been used
for the development of the prototypes.

The main contribution of this PhD thesis dissertation can be divided in two
parts: 1) the investigation of power amplifier topologies for modern communication
systems (Chapter 2, 3 and 4) and ii) the introduction of novel resistance
compression networks for power amplifier architectures in order to improve their
operation under various conditions (Chapter 5 and 6). The obtained results are
summarized as follows.

In Chapter 1, the motivation of the dissertation has been presented in detail.
The design challenges associated with the power amplifications stage of modern

transceivers have been described, along with the thesis structure.
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Chapter 2 has focused on the design of a linear stand-alone power amplifier
based on a GaN HEMT transistor. The proposed topology exhibits a gain of 11.7
dB and a drain efficiency of 39 % for an output power of 36.7 dBm at 2.4 GHz
(Pin= 25 dBm) and presents some interesting characteristics. It achieves a carrier to
intermodulation ratio as good as 25 dB for a two-tone input signal of 25 dBm of
total power when it is not operating at its linear region. The PA despite its simple
design achieves high linearity close to 1 dB compression point. This design, taking
advantage of the device linearity sweet spots can be the basis for the development
of an envelope tracking architecture.

Chapter 3 has dealt with the reduction of the number of circuit components
needed in modern communication systems in order to minimize the cost and the
size of the devices. In particular, two design approaches have been introduced for
the implemetation of dual-band and broadband power amplifiers: 1) the design of a
2.4 GHz/3.35 GHz power amplifier based on the use of Composite Right/Left-
Handed unit cells and ii) a broadband power amplifier based on Composite
Right/Left-Handed unit cells impemented in Substrate Integrated Waveguide
technology. The dual-band PA has shown a maximum drain efficiency of 65 % and
52 % for an output level of 28.7 dBm and 27.5 dBm at 2.4 GHz and 3.35 GHz,
respectively, demonstrating the feasibilty of such PA topologies to operate at an
arbitrary set of frequencies. To that end, such a power amplifier topology has been
implemented in SIW technology. The obtained results have shown that the
implementation of multi-band/ broadband PAs based on Half-Mode SIW
technology results in compact and easy to fabricate structures and yields numerous
advantages, including the integration of the device within the packaging of the
complete platform.

Chapter 4 has addressed a novel way to take advantage of the power

amplification stage by exploiting the amount of dissipated power in the form of

heat and converting it to useful DC power. A thermal model has been
developed in a commercial simulator and it has been experimentally shown
that a harvested power level of 1 mW can be achieved from a total dissipated
power of 1.37 W. The harvested power, although in the order of mW, is

enough to supply low-power sensors and control circuits placed near a
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transmitter circuit. The possibility to increase the harvested DC power using

additional TEGs has also been investigated in terms of measurements.

The last major contribution of this thesis concerns the design of resistance
compression topologies to be applied in power amplifier topologies. Chapter 5 has
been devoted to the design of such novel matching networks that show reduced
sensitivity to environmental conditions variations based on simple LC impedance
matching networks. The proposed topologies, despite their simple structure, exhibit
resistance compression over a wide range of load variations and have been
successfully applied in the design of a hybrid envelope amplifier topology. The
simulated and measured results have shown that improved performance is achieved
in comparison with a conventional envelope amplifier architecture.

Starting from the obtained results of Chapter 5, in Chapter 6 a dual-band
resistance compression network scheme has been introduced. The proposed
topology has been applied to the design of a dual-band rectifier. In particular, a 915
MHz/2.45 GHz has been designed and implemented showing reduced sensitivity
versus output load and input power variations at the two operating frequencies. The
fabricated prototype remains matched in a wide range of input power and loads and
thus, exhibit higher RF-DC conversion efficiency if compared with a conventional
envelope detector topology. The proposed RCN based topology can be
successfully applied in a plethora of applications, from modern power amplifier

topologies to RF energy harvesting scenarios.

7.2 Future Work

The topologies and the design approaches that have been proposed and
discussed in this thesis have opened new lines for further investigation and

research. The main goals for future work are summarized as follows.

= Chapter 2: The proposed stand-alone linear power amplifier could be used as
the basis for the development of an envelope tracking topology. According to
the preliminary simulation results presented in this Chapter, the power
amplifier maintains high efficiency over a wide range of output power level

and thus can have successful application in envelope tracking architectures.
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Chapter 3: Chapter 3 has introduced two design approaches to achieve dual-
band and broadband power amplification based on the properties of the
Composite Right/Left-Handed unit cells. Future work could include the
design of a SIW power amplifier based on the same concept with a reduced
number of unit cells and improved performance in terms of efficiency and

gain.

Chapter 4: In Chapter 4, a preliminary thermal model that predicts the
amount of harvested DC power from the operation of a power amplifier
circuit has been introduced. The proposed model considers a simulation
approach where only steady state conditions have been considered. It is
worth exploring in detail the behavior of such thermal energy harvesting
setups by adopting a thermal model that will include thermal capacitances.
Future work could also include the implementation of a symbolically defined
device (SDD) thermal model in a commercial nonlinear circuit simulator in
order to jointly simulate and optimize the electrical and thermoelectric
performance of the power amplifier with the TEG system.

Chapter 5: In Chapter 5, novel matching networks have been introduced and
applied in the design of an envelope amplifier topology that has shown
higher efficiency if compared with the conventional hybrid envelope
amplifier topology. This can be further developed by adopting different
structures and technologies that can achieve resistance compression in such
envelope amplifier topologies. The design and fabrication of a RCN based
envelope amplifier and RF power amplifier system, and its characterization
with different input signals will constitute a great contribution.

Chapter 6: A challenge associated with the design of multi-band and
broadband resistance compression networks is the operating bandwidth of
each frequency band. The increased operating bandwidth would be an
important step ahead that could improve further the performance of
microwave circuits. Such RCN topologies could be applied in power
amplifier topologies, energy harvesting and Wireless Power Transfer

applications.
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