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Abstract

Over the past few decades, wireless communication systems have experienced rapid
advances that demand continuous improvements in wireless transceiver architecture,
efficiency and power capabilities. Since the most power consuming block in a transceiver
is the power amplifier, it is considered one of the most challenging blocks to design, and
thus, it has attracted considerable research interests. However, very little work has
addressed low-power designs since most previous research work focused on higher-
power applications. Short-range transceivers are increasingly gaining interest with the
emerging low-power wireless applications that have very strict requirements on the size,
weight and power consumption of the system.

This thesis deals with designing fully-integrated RF power amplifiers with low
output power levels as a first step to improving the efficiency of RF transceivers in a 0.18
pm standard CMOS technology. Two switch-mode power amplifiers, one operating at a
frequency of 650 MHz and the other at a frequency of 2.4 GHz, are presented in this
work using a class-E output stage with a class-F driver stage. The work presented here
represents the first use of class-E power amplifiers for low-power applications. The
measurement results of the 650 MHz design show a maximum drain efficiency of 15 %
and a maximum gain of 11.5 dB. When operated from a 0.65 V supply, the power
amplifier delivers an output power of 750 pW with a maximum power-added efficiency
(PAE) of 10 %. As for the 2.4 GHz design, three layouts were fabricated. The first two
designs have a filtered and a non-filtered output to show the effects of using on-chip
filtering in low-power designs. Special attention was given to optimize the layout and
minimize the parasitic effects. Measurement results show a maximum drain efficiency of
38 % and a maximum gain of 17 dB. When operating from a 1.2 V supply, the power
amplifier delivers an output power of 9 mW with a PAE of 33 %. The supply voltage can
go down to 0.6 V with an output power of 2 mW and a PAE of 25 %. The improvements

in the layout show an increase in drain efficiency from 8 % to 35 %. The third design

iii



uses a 2 pum thick top-metal layer of low-resistivity, with the same circuit component
values as the first two designs. Measurement results show a maximum drain efficiency of
53 % and a maximum gain of 22 dB. When operating from a 1.2 V supply, the power
amplifier delivers an output power of 14.5 mW with a PAE of 51 %. The supply voltage
can go down to 0.6 V with an output power of 3.5 mW and a PAE of 43 %.

Also, a novel mode-locking power amplifier design is presented in two fully-
integrated, differential superharmonic injection-locked power amplifiers (ILPA)
operating at a frequency of 2.4 GHz and at a frequency of 400 MHz. Measurement results
of the 2.4 GHz design and the 400 MHz design show that the fabricated power amplifiers
have a maximum gain of 31 dB from only one stage that occupies a chip area of only 0.6
mm’ and 0.9 mm? respectively, with all components fully integrated.

Finally, two fully-integrated, single block baseband direct-modulation
transmitters operating at a frequency of 2.4 GHz and at a frequency of 400 MHz are also
presented in this work. Measurement results of the 2.4 GHz transmitter show a drain
efficiency of 27 %. When operating from a 1.5 V supply, the transmitter delivers an
output power of 8 dBm with a low phase noise of -122 dBc/Hz at a 1 MHz offset.
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Chapter 1

INTRODUCTION

The rapid advances in wireless communication systems over the past decades demand
continuous improvements in wireless transceiver architecture, efficiency and power
capabilities. Since the most power consuming block in a transceiver is the power
amplifier, it is considered one of the most challenging blocks and thus, it has attracted a
lot of research interests in the recent past. However, very little work has addressed low-
power designs since most previous research work focused on higher-power applications
such as wireless LAN and Bluetooth. Short-range transceivers are increasingly gaining
interest with the emerging low-power wireless applications such as, wireless body area
networks (WBAN), wireless sensor networks, smart dusts, biotelemetry and even
synthetic insects.

Figure 1.1 shows models of flying and crawling microrobots developed by the
University of California [1]. These synthetic insects that could fly or crawl act as smart
dust motes (nodes) that can sense and communicate. The crawling microrobot can lift
more than 130 times its own weight while consuming only tens of microwatts. The flying
microrobot has a wing span of 10-25 mm and consumes less than 10 mW of power
provided by solar cells [1]. Such motes are expected to communicate with each other
within a wireless sensor network of smart dusts using a transmitted power of 1-3 mW to
cover an indoor range of less than 10 meters [2]. Designing power amplifiers for such
low transmit power levels is very challenging and not yet thoroughly researched, as
compared to high power amplifiers used in traditional transceivers.

Although RF circuits contain fewer devices than digital circuits, RF circuit design
is more challenging because second-order effects, non-linearities, noise, mismatch,

distortion and parasitic elements must be carefully considered to obtain the required time
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and amplitude precision [3, 4]. Another reason why RF circuit design is considered more

challenging is the lack of automation and synthesis tools, unlike digital circuits, which

have well developed tools [4].

Figure 1.1: Flying and crawling microrobot models for wireless sensor networks [ 1]

For biomedical applications, especially biomedical implantable electronic circuits,
RF designers are faced with even more challenges such as electromagnetic radiation
exposure safety limits, size and weight of the implantable devices, power supply and
power consumption issues and whether the power should be externally supplied through
inductive coupling or internally from a battery. Also, due to restrictions on the amount of
power transmitted into or out of the human body, there is great need for improving the
efficiency of implantable transceivers, even with low-power designs [65].

The choice of technology used depends mainly on the required performance of the
targeted market or standard, the level of integration required and most importantly the
cost [5]. Traditionally, a mixture of different compound semiconductors was used for
designing efficient RF power amplifiers that were connected to the digital circuitry,
which is usually implemented in standard CMOS technology, to create a whole system-
in-a-package (SiP). However, deep sub-micron CMOS has become a very attractive

technology for RF circuit design [7].
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1.1 Why CMOS?

The main advantages of using current CMOS (180 nm and below) technology in building
RF circuits are the high level of integration and cheap cost. Using CMOS in transceiver
circuits produces fully integrated system-on-a-chip (SoC) designs at reduced costs, rather
than the multiple-die SiP [3, 4, 7]. This furthermore enabled designers to increase system
compatibility by developing single chips that could operate at more than one wireless
communication standard [1]. Figurel.2 shows the first integration of different
technologies as a SoC with a standard CMOS process [6]. Previous designs used
compound semiconductors such as SiGe and GaAs instead of standard CMOS for circuits
that operate at high-frequencies or transmit high-power levels. However, recent research
[8-10] work proved that CMOS designs can fulfill the power requirements of many
wireless standards because the maximum operating frequency of MOSFET transistors is
continuously increasing with device down-scaling [4]. Future predictions indicate that
silicon based technologies will gain even more importance due to their high level of

integration [3, 5].

[ Logic / SRAM / Flash |

| E-DRAM |

[ FPGA / FRAM

[ MEMS / Chemical Sensors

! ! I I 1 I 1 I I L il i 1 T e
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Figurel.2: First integration of different technologies as a SoC with standard CMOS, reproduced from [6]

In short-range or biomedical applications, the transmitted power is fairly low and
the operating frequency is limited to one of the industrial-scientific-medical (ISM) bands.
Usually in biomedical applications, the frequency of the signals transmitted through the
human body must be low to minimize the attenuation losses in the body layers and to
remain within the safety restrictions [11]. Since both the transmitted power and operating
frequency are low, standard CMOS technology becomes a good candidate to be used in
biomedical applications. Figure 1.3 shows the application spectrum of some common
wireless applications and the corresponding suitable technology. This makes CMOS

technology very attractive because its performance is now comparable to traditional
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compound semiconductors with improved integration compatibility and reduced costs
[7]. Figure 1.4 shows a cost, size, speed and switching energy comparison of CMOS
technology to some of the emerging technologies such as, molecular devices, quantum
cellular automata, rapid signal flux quantum (RSFQ), optical devices, plastic or thin film
transistors (TFT), nano-electro-mechanical systems (NEMS), and biologically inspired
which represents the human brain for comparison only. More information on these

technologies can be found in [6].

0.8 GHz 2 GHz §GHz  10GHz 28 GHz 77 GHz 94 GHz

Figure 1.3: Application spectrum [6]

Figure 1.4 shows that most of the emerging technologies are superior in a specific
range only, which makes them application specific, unlike CMOS that occupies a good
area on all axes, which proves that is capable of serving many applications at a

reasonable size, cost and speed.

1.2 Biomedical Systems

Over the past few decades, implantable electronic systems have proven to be very
successful in the treatment of many diseases and in improving the quality of care for
patients’ lives with more advanced and cost-effective condition monitoring [12]. Two-
way wireless communication systems can be used to link implanted devices to
monitoring systems so that doctors could easily retrieve information about a patient’s
health and make adjustments on the operation of the implanted devices to ensure optimal
treatment [13]. Figure 1.5 shows some of the various locations where electronic systems

can be implanted in the human body [14].
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Figure 1.4: A comparison between emerging technologies and CMOS [6]
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First generation implantable medical devices used low-frequency inductive links
as a means of communication. These systems operated in the hundreds of kilohertz range
with data rates lower than 30 kB/sec and over a very short range, which often requires
direct contact with the skin. Recent applications that require higher data rates use one of
the industrial — scientific - medical (ISM) bands such as the 433 MHz band, the 915 MHz
band and the 2.45 GHz band [12]. A 402 - 405 MHz medical implant communications
service (MICS) band has been recently allocated specifically for implantable medical
devices. The MICS band allows for 10 channels of 300 kHz each and a transmission
range of 2 meters with a maximum output power of 25 pW [12-14].

The 25 pW transmitted power constraint set by the MICS standard applies to the
signal outside of the human body, whereas the signal transmitted from the implant should
be much higher in order to compensate for losses in the antenna, the matching networks
and the body layers. The human body is a partially conductive medium composed of
many layers that have different characteristics (dielectric value and conductivity), which
is why the human body is not an ideal medium for transmitting RF signals [13]. Other
than the fact that the body layers themselves are lossy and these losses increase with
frequency, which limits the data rate of the system [11], the different characteristics of
each layer cause reflections of the RF signals at the interfaces between the layers [13].
Losses due to the body layers and antenna matching can be more than 40 dB [12], which
pose a major challenge for designers.

Biomedical implantable electronic systems can either be powered internally by a
battery, or externally using inductive coupling. In both cases there is a scarcity in
available power. Also, the impedance of implantable batteries is typically 500 Q for a
new battery and goes up to 20 kQ as the battery is discharged [14]. This sets a limit on
the peak current that can be drawn from the battery, which should typically be lower than
10 mA. To reduce the average power in an implanted system, low duty-cycling is used
[12], which allows for sending out the data in short bursts keeping the transceiver off for
most of the time. Even if the system has a low data rate, the data can be buffered and sent
out in groups following a specific duty-cycle. A transceiver should consume less than a
few micro-watts in off mode, which should be just enough to “sniff-out” a wakeup signal.

The sniffing operation should be immune to noise that could wakeup the system
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erroneously. An on-off keyed modulation scheme is a good choice for the wakeup signal
since it does not require a local oscillator or receiver synthesizer [12]. Using low duty-
cycling could also help reduce the interference with external systems since it reduces the
transmission window [15]. Using direct-conversion, which requires less building blocks
in the transceiver design, can also help to reduce power consumption in implantable
systems. Choosing a constant envelope modulation scheme also reduces power [15] since
it allows for the use of non-linear power amplifiers. Constant envelope schemes are also
more power efficient since they do not require a high receiver signal-to-noise ratio [14].
A recommended modulation scheme is frequency-shift-keying (FSK) since it provides a
good compromise between efficiency, complexity and data rate [12].

In order to reduce the cost of implantable electronic systems, it is recommended
to have all components fully-integrated, which also has the benefit of increasing system
reliability [12]. Implantable components are more expensive, since they need to pass
more tests and qualifications to ensure reliable operation when implanted in the human
body. Also, the competition in developing and marketing such components is very low,
since most companies fear legal actions in case of device failure [14]. Another challenge
faced in designing implantable systems is the placement of the device, since surgeons
place the device where it is clinically feasible and convenient for the patient. Therefore,
the implanted system should be able to adjust its operation depending on the depth and
transmission angles. The antenna should also be capable of automatic tuning to
compensate for impedance changes with movement and random placement [12-15].

Figure 1.6 shows how state-of-the-art transceivers can be used to capture images
from areas that are not accessible using endoscopes inside the human body [15]. The
captured images are wirelessly transmitted to an external receiver to be analyzed by
physicians. These devices should be small enough to swallow and flow easily into the
small intestine. The power consumption in these devices should be very low in order to
last long enough to go through the digestive system, which is typically 6-10 hours.

There are currently two camera pills available in the market, the Norika from RF
Systems Labs and the M2A from Given Imaging. Table 1.1 shows a comparison
summary between the important aspects of each pill and Figure 1.7 shows a screen

capture of the user interface of the Norika pill [16]. Since the Norika pill is not battery
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powered, there is enough free space to store tissue samples from inside the body and
carry medicine that can be sprayed onto infected areas. Temperature measurements and

laser therapy are also options that can be added to the Norika pill [16].

i

Camera pill with
ultra-low power
RF transmitter

Video images
over RF link

_ Receiver belt

Receiver &
recording devices

Figure 1.6: Swallowable camera system [15]

Table 1.1: Performance comparison between the M2A and the Norika pills [ 16]

M2A Norika
Dimension 11 mm x 26 mm 9 mm x 23 mm
Frame rate 2 images / second | 30 images / second
Power source Internal battery External coupling
Price USS$ 450 / each US$ 100 / each

1.3 RF CMOS Transceivers

The main blocks of a typical RF transceiver are low-noise amplifiers (LNA), mixers,
voltage-controlled-oscillators (VCO), filters, power amplifiers (PA) and power
management circuits (PM), which are usually off-chip, transmit/receive switches, and
distributed amplifiers. Figure 1.8 shows a simplified block diagram of the basic building
blocks in a typical RF wireless transceiver [17]. The total area of an RF transceiver is

mainly determined by the number of embedded passive elements [4].
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Figure 1.7: Screen shot of the Norika user interface [16]
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Figure 1.8: Block diagram of a typical RF transceiver, reproduced from [17]

Since the power amplifier is the most power consuming block of an RF
transceiver, the efficiency of the power amplifier governs the overall efficiency of the
whole transceiver. Figure 1.9 shows an example of an RF CMOS transmitter circuit; and
the corresponding power consumption of each part is shown in Table 1.2 [18]. This

example shows the importance of improving the efficiency in RF power amplifier designs
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to minimize losses as much as possible and to enhance the overall efficiency of the

transceivers.
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Figure 1.9: An example of an RF transmitter circuit [18]

Table 1.2: Power consumption of the building blocks in Figure 1.9 [18]

Power Consumption | Proportion in %
PA output power 9.5 mW 38
PA losses 15 mW 60
Other blocks 0.5 mW 2
Total 25 mW 100

To reduce the building blocks of an RF transceiver and minimize the amount of
lossy passive elements; RF transceivers are migrating from heterodyne to homodyne or

direct conversion architectures [5].

1.4 Motivation

One of the major challenges faced in biotelemetry applications is designing circuits with
low-power consumption that operate from very low-supply voltages [65, 66]. However,
having a low-supply voltage reduces the linearity of an amplifier and makes the output
impedance transformation network more complex due to the need for a smaller load. In
biotelemetry applications, a small load value is not required since the power amplifier is
not expected to handle high output power levels. The reduction in linearity can also be
tolerated in biomedical applications since the utmost concern is efficiency; and the
available power from a saturated device is almost double the available power from a

linear device [5].
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Also, in order to integrate the whole transceiver in a single chip, RF and analog
designs should be able to operate from low supply voltages since the supply voltage in
digital circuits is continuously decreasing with device down-scaling [66]. This is one of
the main reasons why mixed signal development takes longer than digital and memory
circuits [4]. Figure 1.10 shows the projected supply voltage reduction for both analog and
digital circuits based on the 2003 ITRS roadmap (including 2004 updates) [6]. The
continuously decreasing breakdown voltage and maximum voltage limits of CMOS
transistors is another motivation for designing power amplifiers that operate from very

low-supply voltages.
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Figure 1.10: ITRS projected supply voltage reduction [6]

Since low-power power amplifiers (PAs) require larger output loads than high-
power PAs, larger DC-feed inductors are required, which have very low quality factors
when implemented on-chip. As a result, PAs designed for low-power applications have
considerably lower efficiencies than high-power PAs when on-chip components are used.
The motivations for improving efficiency in previous work were all driven by high-power
applications in order to minimize temperature effects, which are the major concern in
base stations, or to extend the operating battery life-time in portable hand held devices.
The main drivers for improving efficiency for low-power applications are biomedical

implantable electronic systems and wireless sensor networks.

11
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The objective of this thesis is to improve the efficiencies of power amplifiers
targeted for low-power operation and thus, improve the overall efficiency of the
transceiver. Such amplifiers can be suitable for biomedical applications that operate from
very low-supply voltages or short-range applications that do not require large output
power levels such as wireless sensor networks. Previous research [2, 18] focused on
using linear classes for low-power applications since they require a lower input drive,
they allow for the use of variable envelope modulation schemes and they have a lower
harmonic content in the output signal, which eliminates the need for output filtering.

To obtain maximum efficiency, this work was limited to constant envelope
modulation schemes to allow for the use of non-linear, switch-mode power amplifiers.
Using a non-linear amplifier has an added advantage of operating from very low-supply
voltages since maintaining high linearity is no longer a design goal. A non-linear class-E
topology was adopted in this work, which to the authors knowledge, represents the first
use of this topology in low-power applications. The major drawback of using such an
amplifier is the need for an output filter, that will degrade the efficiency when
implemented on-chip. The results of this work show that the degraded efficiency after
using an on-chip filter is still higher than the efficiency of a linear class power amplifier.
Also, since the circuit is to transmit a signal from inside the human body, the higher order
harmonics will be greatly attenuated by the body tissues [11], which would eliminate the
need for an on-chip filter.

A novel mode-locking power amplifier is proposed in this work that uses a
superharmonic injection-locked VCO as a non-linear power amplifier. This topology can
be used as a good alternative for low-power or low-frequency applications, since it
minimizes the number of large size, low-Q inductors required in the design, reducing the
total area of the circuit, which makes it suitable for minuscule transmitter designs.

Some ideas on improving transmitter efficiency and minimizing the number of
building blocks of a transmitter are presented using a high-efficiency cross-coupled
differential negative-g, VCO as a direct baseband modulation transmitter. Some ideas to
further improve the efficiency of this transmitter are proposed as part of the future work
by using a class-E power VCO instead of the negative-g,, VCO. The main disadvantage

of using a VCO as a direct-FM transmitter is the inaccuracy in the oscillation frequency,

12
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which may vary with temperature or locking to external interference. Using a high-
efficiency phase-locked-loop (PLL) with an external crystal reference can solve this
problem. As part of the proposed future work, a PLL transmitter is also presented as an
efficient transmitter for low-power applications. Finally, a basic conventional transmitter
design is proposed as part of the future work, to be compared to the direct baseband
modulation transmitter presented in this work.

Figure 1.11 shows the projected figure-of-merit (FoM) of power amplifiers and
voltage-controlled oscillators for future technologies [6]. The major improvements in the
FoM of power amplifiers are mainly due to the improvements in the cut-off frequency of

CMOS transistors and the improvement in the quality factor of on-chip inductors.
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Figure 1.11: ITRS projected FoM for PAs and VCOs for future technology nodes [6]

1.5 Thesis Organization

A brief introduction to CMOS RF power amplifiers is presented in chapter 2. This
chapter starts by explaining a simple power amplifier, and then some of the important
characteristics of power amplifiers are presented, followed by the main practical design
considerations related to power amplifiers. Some practical challenges faced when dealing
with low-power designs, are also presented.

Chapter 3 explains the different existing power amplifier topologies, which are

divided into three main groups, current-mode classes, switch-mode classes and lock-
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mode classes. A FoM suitable to compare power amplifiers is also proposed in this
chapter.

Chapter 4 explains the concept of using a power oscillator as a transmitter. It
starts by explaining the basic differential cross-coupled negative-gn voltage-controlled
oscillator. After that, the concept of superharmonic injection-locking is presented. The
chapter ends by presenting a FoM that is proposed to compare power oscillators.

Chapter 5 shows the design, simulations and measurement results of the
implemented switch-mode power amplifier circuits. A 900 MHz class-E design is
presented here, followed by three 2.4 GHz class-E designs.

In Chapter 6, two novel mode-locking power amplifier designs operating at 400
MHz and 2.4 GHz are presented. The chapter starts with the circuit design, then the
simulation results are shown, followed by the layout and finally, the measurement results
are shown at the end of the chapter.

Chapter 7 shows the implemented direct-modulation transmitter circuits. Two
CMOS cross-coupled negative-gn voltage controlled oscillators operating at 400 MHz
and 2.4 GHz used as single-block direct-modulation transmitters, are presented in this
chapter.

Finally, chapter 8 will conclude with a summary of this work and a comparison to
previous published works. Future work and areas for improvement will also be given in

this chapter.
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Chapter 2

INTRODUCTION TO CMOS RF POWER

AMPLIFIERS

The main goal of a power amplifier is to provide adequate power gain to an input signal,
to be able to drive a transmission antenna with minimum loss in the amplifier itself. This
chapter explains some of the basic information related to power amplifier designs.
Section 2.1 shows a simple power amplifier, explaining how it functions. Section 2.2
presents the important characteristics and definitions of power amplifiers. Some of the
most important practical design considerations related to power amplifiers are discussed

in Section 2.3. Finally, the chapter’s summary is presented in Section 2.4,

2.1 Simple Power Amplifier

A simple power amplifier is illustrated in Figure 2.1. It consists of an input impedance
matching network that matches the input impedance of the power amplifier to the source
impedance, an amplifying stage that boosts the signal and an output impedance matching
network that matches or transforms the output load to the desired output impedance
value. The DC biasing is applied at the input and output ports of the amplifying stage.
Inductor RFC is a large inductor that is usually referred to as the RF-choke. It emulates a
DC current source that could sustain negative and positive voltages acting like an AC
block to prevent feedback or oscillation through the DC supply.

What makes a power amplifier different from any other amplifier, such as a
voltage amplifier (operational amplifier) or current amplifier (operational trans-
conductance amplifier), is the way the input and output impedances are matched. A

typical voltage amplifier provides a very high (ideally infinite) input impedance and a
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very low (ideally zero) output impedance to allow for maximum voltage transfer. On the
other hand, a typical current amplifier provides a very low input impedance and a very
high output impedance. The input of a power amplifier is matched to satisfy the
maximum power transfer theorem, having at best cases a 50 % power transfer from the
source to the amplifier’s input. The output matching network of a power amplifier is

matched differently, as will be shown in Chapter 3.

DC Supply
RFC §
Input Output |
matching matching
00— + _|E
Biasing

~

Figure 2.1 Simple power amplifier

Power amplifiers can be divided into narrowband designs and broadband designs.
In most communication systems, narrowband power amplifiers are used since they are
usually more efficient [19]. However, some intended narrowband designs may become

wideband due to the low quality factors of the passive components used.

2.2 Important Characteristics of Power Amplifiers

Since the signal transmitted through an antenna is characterized in terms of its power
level, most of the definitions and characteristics that are related to power amplifiers deal
in terms of power. Figure 2.2 shows the basic parameters of a simple power amplifier and
this figure will be used to clarify the basic definitions explained in the following

subsections.

2.2.1 Power Gain

The power gain of a power amplifier can be defined as the output power delivered to the
output load divided by the input power available from the input source or previous stage.

Based on Figure 2.2, the power gain can be expressed as:
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G = Pu
E ?

n

where G is the power gain, P,y is the output power and P;, is the input power.
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Figure 2.2 The basic parameters of a simple power amplifier

(2.1

To increase the overall power gain of a power amplifier, which in turn decreases

the required input drive, a multistage configuration can be used. Figure 2.3 shows a

simple two stage power amplifier. The inter-stage matching network is used to guarantee

maximum power transfer between the two stages. In a multistage configuration, care

should be taken to avoid stability problems that could arise due to feedback from one

stage to the other.
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Figure 2.3 Simple two-stage power amplifier
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Another important parameter is the power utilization factor (PUF), which is a

measure of the output power capability of a power amplifier. It also gives an indication
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for the electrical stress that the active device is being exposed to since it is defined as the
output power per active device normalized for a 1 V peak drain voltage and a 1 A peak

drain current [20].

2.2.2 Efficiency

Power amplifier efficiency can be expressed as drain efficiency () or power-added
efficiency (PAE). Based on Figure 2.2, the drain efficiency can be expressed as:

P
n=-*, 2.2
P, (2.2)

where 7 is the drain efficiency, Poy is the output power and Ppc is the DC power. The
PAE however, includes the power gain, since it is defined as the ratio between the output
power minus the input power to the DC power. This is a more practical measure of the
power amplifier’s efficiency since it measures how much power the amplifier adds to the
input signal efficiently. Based on Figure 2.2, the PAE can be expressed as:
PAE=———R’";)_ B =—§’L'x(1—é)=nx(l—é). 2.3)
DC DC

It is important to note that the maximum efficiency of the power amplifier is

achieved when it is delivering its maximum output power, which is ideally equal to the

DC power.

2.2.3 Linearity

This is an important characteristic of power amplifiers since there is a tradeoff between
linearity and efficiency. Non-linearities in power amplifiers are due to the non-linearities
of the active components used. Spectrally efficient modulation techniques usually
produce non-constant envelope signals. When applying these signals to a non-linear
power amplifier, the signals will suffer amplitude-modulation (AM) to phase-modulation
(PM) conversion and spectral growth, which will lead to adjacent channel interference.
Spectral growth is measured by the adjacent channel power ratio (ACPR), which is the

ratio of the power in the channel to the power in the adjacent channel [1].
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2.2.3.1 Gain Compression (AM-AM Conversion)

Gain compression occurs when the output and input power levels no longer share a linear
power relationship. A common measure used to quantify this effect is the 1 dB gain
compression point, which defines the point at which the power gain drops by 1 dB below
what is expected. This effect is shown in Figure 2.4.

) oy

Output Power (dBm)

Input Power {(dBm)

Figure 2.4 The effect of gain compression on the output power
2.2.3.2 AM-PM Conversion

The AM-PM conversion is a result of a phase shift in the power amplifier caused by the

amplitude of the signal. This is also a result of the active element's non-linearities such as

the drain-source capacitance [19].

2.2.3.3 Inter-Modulation Distortion (IMD)

Harmonic distortion results in higher frequency components appearing at integer
multiples of the output signal’s frequency. Inter-modulation distortion is generated by
multiple inputs and is also caused by non-linearities of the amplifier and active elements.
The IMD products of (n+m)™ order can be give by:
nw1Emws. (2.4)
An example of the third order IMD components is shown in Figure 2.5. An often
used measure for the linearity of a system uses the IIP and OIPs, which are the 3™ order

input and output intercept points respectively. This is a measure of how fast the power of
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the 3™ order component reaches the power of the fundamental signal, as shown in Figure

2.6.
o o m’ 'Ib P oo o )c,

Figure 2.5 Third order IMD components

A - 3" order
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Figure 2.6 Third order intercept points

2.3 Design Considerations

2.3.1 Conjugate Match and Load Line Match

Conjugate matching is done by setting the value of the load impedance equal to the value
of the generators impedance in magnitude and opposite in phase. This is done to deliver
maximum output power to the load, which is required since the amplifier achieves
maximum efficiency when operating at its maximum power. In practice the maximum
output power an amplifier can deliver is limited to the maximum power rating of the
transistor and the value of the supply voltage or DC headroom available to the transistor.

To account for this limitation, a lower output loading resistance (Ry) is used, which is
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referred to as the load-line match optimal resistance (Rop). This represents a compromise
in extracting maximum power and operating within the specified limits. An output
matching network can be used to transform the actual output load value to the desired
optimal load value. If Ry, drops below Ry, then current clipping of the output will occur,
whereas if Ry, is too high, voltage clipping will occur, as shown in Figure 2.7 [3]. The

value of Ry can be expressed as:
R, ==, (2.5)

where V. is the maximum drain voltage and I, is the maximum drain current, as
shown in Figure 2.7. This improves the output power, however it could cause reflections
in the rest of the system that are a fraction of the matching degree between the output
load or the antenna and the system. An isolator or balanced amplifier could be used to

solve the reverse termination mismatch caused by the power amplifier [3].
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Figure 2.7 Optimal load line

2.3.2 Effect of the Transistor Knee-Voltage

The knee-voltage (Vinee), Which is also known as the pinch-off voltage, is the voltage
point that divides the saturation and linear regions of a transistor. It is defined as the point
at which the drain current reaches 95 % of I,.x. The optimum load resistance in this case

is [3]:
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R, = . (2.6)

This effect is very obvious in deep submicron CMOS transistors where the knee-

voltage could reach up to 50 % of the supply voltage. Both saturation and linear regions

should be considered in the matching stage, especially for deep submicron transistors [3].

2.3.3 Substrate Doping and Leakage

Highly doped substrates, which have a low-resistivity, could cause integration problems
with other parts of the transceiver affecting their stability since it is easier for feedback or
substrate leakage to occur. Also losses in CMOS substrates could reduce the quality
factors of the passive elements used in impedance matching. To avoid this problem, the
passive elements could be integrated off-chip, usually with the antenna. However, having
a fully-integrated design has many benefits, some of which were previously mentioned in
Chapter 1, such as lower cost and higher reliability. Some attempts to remove the
substrate beneath the on-chip inductors were done to avoid affecting their quality factors

[3].
2.3.4 Breakdown Voltage

The breakdown voltage is an important effect that should be taken into account when
designing power amplifiers. The drain voltage amplitude levels of some amplifiers are
normally twice as high as the supply voltage, whereas the drain voltage amplitude levels
of some other types of power amplifiers can reach up to triple the supply voltage. For this
reason, transistors used in power amplifier designs are sometimes operated at a supply
voltage that is less than the nominal supply voltage specified by the manufacturer.

There are several types of breakdown voltage that must be considered in power
amplifiers. The breakdown mechanism may be immediately destructive, as in the case of
oxide breakdown, or may lead to destruction of the device due to overheating, as in the
case of the other types of breakdown [23, 24]. Oxide breakdown is a destructive
breakdown mechanism that occurs if the gate voltage exceeds a certain value, the gate
oxide insulation will break down, resulting in a permanent short circuit through the oxide.

The voltage at which this breakdown occurs depends on the thickness of the oxide layer

22



Chapter 2: Introduction to CMOS RF Power Amplifiers

and how defective the insulator is. This sideeffect is important in high power amplifiers
and in ultra-thin oxide devices. Oxide breakdown could also occur due to static charges
from handling the device with bare hands. For this reason, electrostatic discharge (ESD)
pads are added to the device’s input terminals [23-25].

Another form of breakdown is known as channel breakdown, which is a result of
a breakdown in the reverse biased PN diodes that are between the substrate and the
source or the substrate and the drain. In long-channel devices, a high electric field,
normally in the pinch-off region, could give the carriers moving in the channel enough
energy to impact a silicon atom and ionize it, which could free an electron and produce
an electron-hole pair. This is known as impact-ionization. The released electron could
impact-ionize other silicon atoms producing more electron-hole pairs, leading to a
phenomenon known as the avalanche effect, which results in an unexpected increase in
current flow, thus resulting in channel breakdown. Carriers that are energized by the
electric field in this manner are also referred to as hot-carriers. These carriers increase the
drain to source current and also the drain to substrate currents. However, a small amount
of carriers could obtain sufficient energy to penetrate through the gate oxide and may end
up trapped in it. This will slowly degrade the quality of the oxide with time, which is
known as device aging [23, 24].

In short-channel devices, the drain to substrate depletion region could extend to
the source to substrate depletion region and the barrier between the source and drain will
be lowered, resulting in electrons punching through the barrier. This is known as punch-
through or Zener breakdown. Channel breakdown is not immediately destructive;
however, it may lead to over heating due to the unexpected increase in current flow,

which may lead to permanently damaging the device [23].

2.3.5 Temperature Considerations

Dissipated power, or losses in power amplifiers are converted into heat causing an
increase in the internal temperature of the active and passive devices in the circuit, in
addition to layout interconnections and wirings. The increase in junction temperature can

be obtained by multiplying the dissipated power by the thermal resistance (°C/W). Thus,
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the maximum junction temperature sets a limit on the maximum dissipated power in the
device to ensure safe operation.

The characteristics of the MOSFET device are strongly affected by temperature
variations. The most temperature dependent parameters are the effective mobility and the
threshold voltage, both of which result in variations in the drain-source current. The

following equations show the temperature dependence of these parameters [25]:

—ks
J(T) =ﬂ(T,)[%J , @7

r

Vo (T) =V, (T.)-k,(T-T), (2.8)

where p is the mobility, Vr is the threshold voltage, T is the absolute temperature, T; is
the room temperature, k3 is a constant with values ranging from 1.2 to 2.0 and k; is in the
range of 0.5 mV/K to 3 mV/K. By substituting Equations 2.7 and 2.8 in the I-V equation
of a MOSFET device, the current-temperature dependence could be obtained [23].

2.3.6 On-chip Integration

As previously discussed, one of the main advantages of using CMOS technology is the
ability to integrate a full transceiver on the same chip. It is desirable to minimize off-chip
components as much as possible to produce smaller and more compact transceivers and
increase the reliability of the system. However, this introduces complications in standard
CMOS fabrication processes. Some of these complications were previously mentioned.
Other reasons are the limitations in the sizes of on-chip passive components. Large
inductors require large area and introduce coupling effects and losses. Small capacitors
may be dominated by stray capacitance leading to unstable operation. An on-chip RFC
will have a practical value of less than 10 nH, which does not represent a good RFC
except for very high operating frequencies. Using a non-ideal RFC requires modifications
to the power amplifier’s circuit design equations, to account for the RFC as part of the
output load.
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2.3.7 Amplifier Stability

There are two main categories of instability in power amplifiers, which are bias circuit
low-frequency instability and RF instability. Bias oscillations can be prevented by low-
pass filtering the bias signals. RF oscillations are mainly due to mismatches in the design
or component values of the matching networks and usually occur at frequencies close to
or within the band of interest [3].

The power amplifier should be unconditionally stable over the widest range of
frequencies and biasing conditions. However, verifying the stability of a power amplifier
is very difficult. A number of simulation techniques can be used to test the stability of a
power amplifier. Small signal scattering parameter methods (S-parameters) can be used
to test the stability of a power amplifier, however, they assume linear circuit operation. If
S-parameters are to be used in testing the stability of a non-linear power amplifier, the
circuit can be linearized by changing the biasing conditions.

Another more effective method to test the stability of a power amplifier is through
transient simulations by applying a sharp pulse to each critical RF node and bias point of
the circuit under various biasing conditions, without applying an RF input. The response
of the circuit to the pulse will give an indication of the stability of the amplifier. If the
stability cannot be improved by changing the values of the matching network
components, resistors might need to be added to various locations of the circuit to
introduce losses on potential feedback paths. Improving the amplifier stability in this way

will usually sacrifice the performance of the power amplifier in the band of interest.

2.3.8 Ground Inductance

The effects of finite ground or source inductance through the bond wires that connect the
on-chip pads to the package pins, also known as ground bounce, are usually not included
in the ideal analysis of power amplifier designs. However, ground bounce was found to
have strong effects on the gain, efficiency and harmonic contents of a power amplifier.
Ground inductance can be reduced by using multiple ground pads in parallel; however,
this will greatly increase the chip die area [3]. An example of how ground inductance can
affect the performance of a power amplifier is shown in Figure 2.8 [3]. Nine ground pads

were used in paralle] to improve the performance of the power amplifier.
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Figure 2.8 The effects of ground inductance on the performance of a power amplifier, reproduced from [3]

2.3.9 Low Output Power Design

The output power of a power amplifier is mainly a function of the supply voltage (Vpc)

and the output load (Ry.). The ideal output power can be expressed as:
V2
P, «RLLC. (2.9)

Based on the previous equation; when designing a power amplifier with a low output
power, mainly for short-range applications such as wireless sensor networks, biomedical
applications or class-1 Bluetooth, the required output load value is very large. Figure 2.9
shows a schematic of a simple power amplifier, with the reactance of the RFC and how
the RFC can be considered parallel to the output load from the AC point of view. For this
reason, if a finite (on-chip) RFC inductor is to be used, there is a minimum value of the
inductor to avoid sharing any output power with the output load. Since the RFC and the
output load are parallel from the AC point of view, the reactance of the RFC should be
roughly more than 10 times greater than the output load value. This is possible to achieve
when: a) the operating frequency of the power amplifier is high or; b) the output load
value is small. For low output power (large Ry) or for moderate frequency (few hundred
megahertz range), a large inductor will be needed. Such an inductor is not only inefficient

in terms of silicon die area, but it will also have a very low quality factor when fabricated

on-chip.
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Figure 2.9 The effect of using a finite RFC on low output power amplifiers

Another challenge in low output power amplifier design, arises with the need for
an on-chip filter. As shown in Figure 2.10, having an output filter also places an inductor
(Ly) in the path of the output load, which will result in sharing the output power with the
load. To increase the efficiency, the reactance of the output filter’s inductor should be
very small compared to the output load (since the inductor is in series with the load).
However, having a good band-pass filter, with a narrow bandwidth, requires a high-Q
filter. The filter’s loaded quality factor (1) reduces as the reactance of the inductor drops
compared to the series parasitic resistance, which in this case; is added to the output load
resistance. For this reason, there is a trade-off between having a good filter and having
high efficiency. This trade-off is more apparent when the output load value is large and
the filter is fabricated on-chip, since the inductor used as part of the filter should be even

larger, which will again have a low-Q when fabricated on-chip.

DC Supply
Xl Output filter
> RFC |~ & 1
< | Cr L1
Input l |l AAAAS -
matching o= o I
= + IL: P& R
Biasing o OO
-

Figure 2.10 The effect of the output filter on low output power amplifiers
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For these two mentioned reasons, efficiency of low-power amplifiers is generally lower
than high-power amplifiers, especially when all components are fabricated on-chip.
These claims were neither clearly investigated nor published in previous works and will

be verified further in the results presented in this work.

2.4 Summary

In this chapter, a basic introduction to CMOS RF power amplifiers was given starting
from a simple power amplifier, where the most important definitions and characteristics
of power amplifiers, were presented.

The chapter also explained some of the most important practical design
considerations related to power amplifiers. These design considerations will give a
practical insight to the challenges faced in RF power amplifier design. The design
considerations discussed, were based on the challenges faced throughout completing this

work, in addition to the challenges collected from the literature.
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Chapter 3

POWER AMPLIFIER CLASSES OF

OPERATION

Power amplifiers are categorized based on their historical appearance, hence the
alphabetical classification. The main classes of operation can be divided into two parts,
which are the current-mode and the switch-mode, also known as linear-mode and non-
linear-mode respectively. In this work, a third category of power amplifiers is added,
which is referred to as lock-mode. Classes A, B, AB and C are considered current-mode
power amplifiers, whereas classes D, E, F and S are mainly considered switch-mode
amplifiers.

The current-mode power amplifiers are explained in Section 3.1 of this chapter,
followed by the switch-mode power amplifiers in Section 3.2 and the mode-locking
power amplifiers in Section 3.3. Section 3.4 presents a new proposed figure-of-merit
(FoM) that can be used to compare power amplifier designs. Finally, the chapter’s

summary is presented in Section 3.5.

3.1 Current-Mode Power Amplifiers

In current-mode power amplifiers, the active device operates as a current-source. These
classes usually provide higher linearity than switch-mode power amplifiers since there is
a direct amplitude relationship between the input and output signals, hence they are also
referred to as linear power amplifiers. Current-mode power amplifiers are distinguished
by the fraction of the RF-cycle for which the transistor conducts, which is known as the
conduction angle. The difference between the various existing current-mode classes is

basically in the biasing and impedance matching network.
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Figure 3.1 shows the basic configuration of a single-stage current-mode power
amplifier. The simple schematic shown in Figure 3.1 does not show the input and output
impedance matching networks. Resistor R; represents the source impedance and is not an
actual component of the power amplifier circuit. DC-blocking capacitors (Cy), block any
DC voltage from or to the input source (Py) and output load (Rr). The input and output
biasing of transistor M; are provided through inductors L, and RFC, which are large
inductors that block any AC signals from flowing into the bias points since the bias
points are considered AC grounds. A large resistor can be used in place of inductor L
since the biasing current flowing to the gate of transistor M, is negligible, so there will be
no voltage drop on the blocking resistor. A large resistor cannot be used in place of the
RFC to bias the output stage for a number of reasons. One reason is that the DC current
flowing into the RFC is large, so there will be a large voltage drop on the resistor, which
will reduce the DC headroom available to the active device; this is especially a problem
in deep submicron technologies that operate from low supply voltages. Another reason is
that a large resistor with a large current flowing through it will have a substantial amount
of power dissipated in it, which will reduce the overall efficiency of the power amplifier.
This is one of the reasons that make narrowband power amplifier designs more efficient
than broadband designs since they can rely more on inductors that ideally have zero
power dissipation, instead of resistors. Resistor Ry, controls the load line and does not
necessarily represent the output load (the antenna). An output matching network can be
used to match the actual output load value to the required Ry, value to be seen by the
power amplifier, which was previously defined as Rqy. The tank (inductor L: and
capacitor Cy) is used to filter out higher order harmonics generated by the non-linearities
of the active device and ensure a sinusoidal output across the load.

The actual class of operation will change depending on the input biasing and can
be determined by the level and shape of the drain current. When analyzing the circuit
shown in Figure 3.1, some basic assumptions are made. The tank circuit (inductor L¢ and
capacitor Cr) is assumed to be an ideal filter, having infinite impedance at the
fundamental frequency and zero impedance at all other frequencies. Also, inductors L
and RFC are assumed to be ideal DC current source. Finally, transistor M, is assumed not

to draw any current below its threshold voltage [19].
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Figure 3.1 Basic single-stage current-mode power amplifier

To obtain the current drawn from the DC supply (Ig) in terms of the conduction
angle (a), a relationship between the biasing point and the conduction angle needs to be
considered. Figure 3.2 (a) shows the effect of the conduction angle for two different cases
and the resulting drain current is shown in Figure 3.2 (b). The figure shows the gate
voltage value that exceeds the required threshold voltage to turn on the transistor. The
corresponding current waveform for the class-A power amplifier is a full cycle sinusoidal
waveform, whereas the class-B drain current waveform is a half sinusoidal signal.

Looking at the conduction angle of a class-A amplifier, which conducts for the
entire 360° of the cycle; and comparing it to a class-B amplifier that conducts for only

half the cycle, as shown in Figure 3.2, the following relations could be obtained [26]:

I +1, cos(0) “Z<9<2

iA
l

iy(6) = ; 3.1

6<rx

A
A DN

2
0 —r<e<=2Z ;—0—{
2 2
where I is the peak drain current, I is the quiescent bias current and:

o I
cos(;) =—=,1,=1,-1,. (3.2)

max q
I,
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Figure 3.2 (a) The effect of the gate biasing point on the conduction angle (a). (b) The equivalent drain
current
Equation 3.1 represents a positive portion of a cosine wave with peak Inmax
superimposed upon a DC bias current I that could be negative and less than I, positive
and greater than I« or zero. From Equation 3.2, I, could be expressed as:

I, cos(a/2)
l,= cos(a/2)-1 (3.3)

By substituting (3.3) into (3.1) the RF drain current waveform can be expressed

. _ | _
W) == [cos(8) — cos(e/2)]. (3.4)

Using Fourier analysis, the DC current can be obtained from Equation (3.4) as:

iy, (0)=i4+). i, cos(nb),

o2 I, _
" et OO

I, 2sin(@/2) — acos(a/2)
2w 1-cos(a/2)

=1, = (3.5)

the harmonic frequency components can be expressed as:

1 @2 I
L=— |, 7 ~—ricos(f) —cos(e/2 6.d6,
" T 2] — COS(&/Z) [COS( ) COS( / )]COS n
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I oa-sin(a)

= [ = tmamx , for n=1 and,
"7 27 1-cos(@)/2) GO
I,= P ] golame, 1 g d-me 2 %2 , for
1+n 2 1-n 2 no 2

27 (1—cos %) (3.7

n>1.

Figure 3.3 shows a plot of the DC and first five harmonic components as a
function of the conduction angle based on Equations 3.5, 3.6 and 3.7. This figure is
important for designing a power amplifier in such a way that from it, the required biasing
for specific classes of operation can be defined, as will be explained in more detail in the
remainder of this chapter. Figure 3.3 also shows how the conduction angle can affect the
linearity of the power amplifier, where the linearity decreases as the conduction angle
decreases towards class-C since the amplitude of the higher order harmonics becomes

comparable to the fundamental harmonic.

-
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Figure 3.3 Harmonic components as a function of the conduction angle (a)

To obtain the output power from Equation 3.6, the effective voltages and currents
will be considered rather than the maximum, since clipping may occur when Ry is
different from the optimal value, as previously mentioned. The output power, ignoring

the knee-voltage, can be expressed as:

(3.8)

n

Sfa”
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I,.. a-sin(@)

27 1-cos(er/2) (3.9

1
Pour =E(Veﬁ')

Only I, was considered as the effective current assuming that the load tuning
network will pass only the fundamental frequency and block out other harmonics. The

drain efficiency could be obtained from Equations 2.2, 3.5 and 3.9 as:

n _ Veﬁr a-sina (3 10)
a2V, 2sin (ar/2) —acos (/2) '
where the DC power is expressed as:
Py =Vpplpe. (3.1

Figure 3.4 shows the effect of the conduction angle on the output power, drain
efficiency and linearity expressed as the difference between the fundamental current and
the third order harmonic normalized to the maximum value. The output power and drain
efficiency are calculated using unity values for Veg, Vpp and Imax. The figure only gives a
theoretical upper limit to the drain efficiency; however, the practical values will be lower.
Figure 3.4 shows a clear trade-off between the output power and efficiency as a function
of the conduction angle and also between the linearity and efficiency. The higher the
conduction angle, the higher the output power and the better the linearity of the power

amplifier since clipping of the input signal is reduced, however, the efficiency is lower.
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Figure 3.4 The effect of the conduction angle (Q) on the normalized output power, drain efficiency and
difference between the fundamental current and the third order harmonic component
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The trade-off between the efficiency and output power is not so clear from the
definition of efficiency itself, expressed in Equation 3.10. This is due to the fact that both
the denominator and the numerator, in the definition of the drain efficiency, are
dependent on the conduction angle. However, it is clear from evaluating /; and /g, hence,
Py and Ppc, that the denominator is a stronger function of the conduction angle, which is

why the efficiency is a decreasing function of the conduction angle, as shown in Figure

3.5.
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0.0¥ 0
0

Conduction Angle (rad)
Figure 3.5 The effect of the conduction angle () on the DC power, output power and drain efficiency

A way to maximize the drain efficiency is to try to reduce the value of Ppc
without changing the conduction angle, hence keeping P, constant. This could be done
by using the output harmonic tuning circuit that was shown in Figure 3.1. By shorting out
the even harmonics and peaking the odd ones, for large input signals, the output
waveform will tend to look more like a square wave. This is known as harmonic peaking
and is shown in Figure 3.6. If the drain current and the drain voltage do not overlap, then
the DC power dissipation will be equal to zero, resulting in a maximum efficiency. This

is the basic idea of class-F amplifiers. The concept is shown in Figure 3.7.
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Figure 3.6 Third order harmonic peaking
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Figure 3.7 A method to increase efficiency
3.1.1 Class-A Power Amplifiers

This class has a conduction angle of 360°, as shown in Figure 3.8. From Equation 3.10,
and assuming that the Vg is equal to the full supply voltage, the drain efficiency of a
class-A power amplifier is 50 %. This is the maximum theoretical efficiency, ignoring the
transistor knee-voltage, the losses in on-chip components, and assuming that the

transistor is delivering its maximum power, which is usually not the case.
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Figure 3.8 Drain current of a class-A power amplifier
3.1.2. Class-B Power Amplifiers

This class has a conduction angle of 180°, as shown in Figure 3.9. An output filter is
important in this class to filter out the harmonics. From Equation 3.10, the maximum
drain efficiency of class-B is found to be 78.5 %.
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Figure 3.9 Drain current of a class-B power amplifier
3.1.3. Class-AB Power Amplifiers

This class has a conduction angle that is between 180° and 360°, which leads to a
maximum drain efficiency that lies between 50 % and 78.5 %. Most practical class-B
amplifiers tend to become class-AB amplifiers due to non-linearities in the active devices

that make it difficult to ensure that the conduction angle is exactly 180°.
3.1.4. Class-C Power Amplifiers

This class has a conduction angle that is less than 180°, which makes the drain efficiency
very high and ideally could reach 100 %. This class is highly non-linear and has an ideal
output power of zero since the output power is inversely proportional to the efficiency in
linear classes. The exact efficiency could be obtained from Equation 3.10 by using the

exact conduction angle.
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3.2 Switch-Mode Power Amplifiers

The active device in switch-mode power amplifiers operates as a low-resistance (ideally
zero resistance) active switch. These classes usually provide higher efficiency than
current-mode power amplifiers; however the linearity is usually sacrificed since there is
no direct amplitude relationship between the input and output signals, hence they are also
referred to as non-linear power amplifiers. The concept of not having an amplitude
relationship between the input and output signals may be confusing to designers who are
not familiar with non-linear power amplifiers, since this defies the idea of
“amplification”. The concept is to generate an output signal that can follow the input
signal in phase and frequency, while having a higher power level. However, such
amplifiers are only suitable for constant envelope modulation schemes, such as frequency
modulation (FM) and FSK. Non-linear power amplifiers, due to their high efficiencies,
were found attractive even for variable envelope modulation schemes, such as amplitude
modulation (AM); however, in order to maintain the envelope information certain
linearization techniques must be used. An example of a linearization technique used with
non-linear power amplifiers is envelope elimination and restoration (EER), which
extracts the envelope information from the input signal and restores it to the output signal
after it has been efficiently amplified.

The following subsections explain the most common switch-mode power

amplifiers with emphasis on class-E power amplifiers.

3.2.1 Class-D Power Amplifiers

This class of power amplifiers uses two transistors operating as switches, as shown in
Figure 3.10. It is basically a CMOS inverter that generates an output square waveform,
which follows the input signal’s phase and frequency. Since the output waveform is
square shaped, the output is associated with a filter that passes only the fundamental
sinusoidal waveform. The efficiency is affected by the switching time and the on-
resistance of the transistor. This class suffers high non-linearity and has no direct power
control since the input signal provides only timing information. This class has an

advantage of very low, ideally zero, power dissipation and high power capabilities [19].
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Figure 3.10 Basic schematic of a class-D power amplifier

3.2.2 Class-E Power Amplifiers

Class-E power amplifiers were first presented by N. O. Sokal and A. D. Sokal in 1975
[29] and have recently gained more attraction with the expiry of their patent. This class
has an ideal efficiency of 100 %. It has a similar configuration as class-D but uses only
one transistor that is also operating as a switch, as shown in Figure 3.11. The pull-up
network, which was a PMOS device in class-D power amplifiers, is removed in class-E
power amplifiers to improve the efficiency by avoiding the power loss in the PMOS
device. To provide the high signal, in place of the PMOS device, an RFC inductor (L) is
used together with a parallel capacitor, C;. The basic criteria to operate a class-E power
amplifier are as follows [27):
1) The voltage across the switch (active device, M;) at off-mode should not rise until
after the transistor turns off.
2) The voltage across the switch should go back to zero immediately before turn-on.
3) The slope of the switch voltage should be zero at turn on (soft-switching).
4) An amplifier with these three criteria is called an “optimum class-E” amplifier,
whereas if one of them is missing, it is called a “suboptimum class-E” amplifier
[27].
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Figure 3.11 Basic schematic of a class-E power amplifier

Figure 3.12 shows the equivalent circuit of a class-E amplifier. The input signal
toggles the switch with an approximate duty-cycle of 50 % (chosen arbitrarily) causing a
current build up in the RFC inductor. The choice of duty cycle represents a trade-off
between the peak voltage across the switch and the peak current flowing through it. As
the switch turns off, the energy stored in the RFC inductor is transferred to capacitor C;
causing a voltage to rise across the switch. The voltage across the switch does not rise
until the switch is open, since the closed switch has an ideal resistance of zero ohms. The
output network, which is composed of all the components parallel to the switch, is tuned
such that the voltage across the switch returns to zero immediately before the switch turns
on; to avoid draining the energy stored in capacitor C;.

The output filter (C,, L,) passes only the fundamental component resulting in a
sinusoidal output waveform that is synchronized in phase and frequency with the input.
The output waveform of a class-E power amplifier is shown in Figure 3.13, before
filtering.

This class is highly non-linear, since there is no amplitude relationship between
the input drive and the output signal; however, it is very efficient. The output voltage

swing of this class could reach up to more than three times the supply voltage, which can
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cause a problem in deep submicron technologies that suffer low-breakdown voltages [3,
19].
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Figure 3.12 The equivalent circuit of a class-E amplifier
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Figure 3.13 The drain voltage waveform of an ideal class-E amplifier

The equations used in tuning the output network to achieve optimum class-E
operation will be derived based on the following assumptions [27-29]:

1) A duty cycle of 50 %.

2) A drain efficiency of 100 %, meaning no losses in the circuit components.

3) Anideal, lossless RFC inductor with no series resistance.
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4) An ideal output filter, with an infinite Q, that passes only the fundamental
harmonic, generating a pure sinusoidal waveform at the output load.

5) An ideal active device operating as a switch, with no output capacitance, zero
on-resistance and infinite off-resistance.

Based on these assumptions, the output voltage and current waveforms, which are

pure sinusoidal, can be expressed as:

vaut = Vout Sin(0+ ¢) 2 (3-12)

i, =1, sin(@+¢)= %"Lsin(é’ +9), (3.13)

L

where @ is defined in Figure 3.14.

Switch
off Switchon

Figure 3.14 The output waveform of a class-E power amplifier
Based on Figure 3.12, when the switch is off (open):

Ine =i +iy,,

) V. .
ey =1Ipc— I;"‘ sin(@ + @), (3.14)

L

icy =a)C1—‘Z);1 , =27 and v, =v,,,

wC,y,, = f icy.dO = f [IDC - ‘;w sin(@+ (o)].de
L

aCy,, =1,.0+ 2"' [cos(@ + @) —cos @],

L
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L6 V.
=-DC7 4 e loos(6+ @) — ,
Yo = 0C T aCR, [cos(8 + ) — cos ] (3.15)

however, when the switch is on (closed), for (7<6<2x), vsw=0, based on the assumptions.

At optimum operation, vs,(7)=0, which gives:

MDCRL
cos@p=—L2<*L
Q W (3.16)
also, ﬁll"i =0, which gives:
8=z
: —1 DCRL
sin @ = —2<%& | .
@ v (3.17)
by dividing 3.17 by 3.16,
-2
tangp=—, (3.18)
z
which gives:
z
08 @ = —=——and (3.19)
nt+4
sing = —— 2 (3.20)
7 +4 '
When assuming an efficiency of 100 %, (Pou= Poc= IncVpc):
V2
IV =22, (3.21)
DCT DC 2RL

so by substituting Equations 3.16 and 3.19 in 3.21, the DC current can be expressed as:
(3.22)

and the output power is obtained as:
8V,
=, 3.23
out RL ( ﬂ'2 + 4) ( )

Since the RFC has no voltage drop on it (no series resistance), the DC average value of

Vew i equal to Vpc, which gives:

_ 1 p= _ 1 % 1,6 Vour
VDC = —2; f 1% 6).do= E !{E + ER—L'[COS(G'F ¢) - COS(@)]}da s
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1,.0
oCr’

Ve =

(3.24)

by substituting Equation 3.22 in Equation 3.24, the parallel capacitor C; can be expressed

as:
G =-7mf‘:%- (3.25)
The filter components (capacitor C and inductor L,) can be expressed as:
C,= é > (3.26)
L= Q_;R_L , 3.27)

where Oy, is the loaded quality factor of the filter, which was previously explained in
Section 2.3.9 and is a design parameter that is chosen as a trade-off between the
bandwidth of the output filter and the drain efficiency. Higher values of Q; deliver lower
output harmonics and a more sinusoidal output signal; however the efficiency will be

reduced. Table 3.1 shows a summary of the ideal class-E design equations.

Table 3.1: Summary of the class-E ideal design equations

V2
Output load R, =0577-2< (3.28)
, 0.1837
Parallel capacitance C = (3.29)
@R,
Fil i C,= ! 3.30
ilter capacitance 2= 3 L (3.30)
Filter inductance L= QL; ! (3.31)

When considering the on-resistance of the active device, the drain efficiency can

be obtained based on the following analysis, where when the switch is on (closed):

Ipe =isg+ip,, (3.32)
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where is is the current that flows through the switch due to its non-zero on-resistance.
From Equation 3.28:

ig=Ipc— 2” sin(@+ @),
L

2%

Pr on =§]; J‘(RonXig)da’

4

R P
Pow =5 (BII%C +Rﬂ), (3.33)
L
RO’I POII
PDC=Pout+Pr_on=Paut+ 2 (SIZZ)C-'-E‘LJ’
!E:l.}ﬁo_ﬂ_ _3IIZ)C +L
5% 2(P, R)

2
using IDC =__Vout 2 and [’out - Vout ,
R \Jn*+4 2R,

2
ianm( 24R,, +_1_J=1+Ron[28+7z )

P, 2 \R,(m*+4) R, R, 2Ax* +4)
n, . = 1
drain g
14145 (3.34)

L

In order to reduce the effect of the transistor’s on-resistance, a large device must
be used. However, as the size of the active device increases, the input and output
capacitances also increase. Three points must be considered in this case: a) the active
device must be able to operate properly as a switch at the desired frequency, b) the output
capacitance of the active device must not exceed the required value of the parallel
capacitance (C;) and finally, c) the input power required to drive the active device should
remain low enough to achieve the desired gain. The last point indicates that the size of
the active device should be optimized to achieve peak power-added efficiency, rather
than peak drain efficiency.

Finally, when considering all the non-idealities that exist in the circuit, such as the

non-linear output capacitance of the active device, the finite RFC, the non-zero on-
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resistance of the active device and the finite Q of the output filter, the output waveforms
of the circuit can be fine tuned through simulations to ensure optimum class-E operation

as previously shown in Figure 3.13. Figure 3.15 shows how the component values affect

the shape of the output waveform [30].
1 Gy Lo 1 G

—p
Time
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Figure 3.15 The effects of adjusting the output network components of a class-E amplifier [30]
3.2.3 Class-F Power Amplifiers

The theory of class-F power amplifiers was previously explained at the end of section
3.1. Figure 3.16 shows the basic schematic of a class-F power amplifier. Shown in Figure
3.16, there are three tuning networks, where one peaks the 1% harmonic, the second peaks
the 3™-order harmonic and the third shorts out the 2*%-order harmonic, in order to achieve
3"_harmonic peaking. In this case, a linear-amplifier with an exact class-B conduction
angle can not be used, since its 3 -order harmonic component is zero, as previously
shown in Figure 3.3. To overcome this problem, either the conduction angle must be
slightly changed, or clipping should be introduced, which is why the transistor is operated
as a switch and class-F is considered a switch-mode power amplifier.

A practical problem in designing class-F power amplifiers is the difficulty in
guaranteeing that the on-chip harmonic peaking networks are accurately tuned. This also
makes the design prone to layout parasitics. Also, the number of inductors required

makes the design very inefficient in terms of silicon die area.
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Figure 3.16 Basic schematic of a class-F power amplifier
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3.2.4 Class-S Power Amplifiers

This class is similar to class-D, or any non-linear class, except for the pulse-width
modulator (PWM) at the input, as shown in Figure 3.17. Using a PWM at the input is a
method to maintain linearity by conserving the amplitude information. It requires fast
transistors since the modulator could cause very short pulses to be generated. The
disadvantages of this class are due to difficulties in generating the PWM at high

frequencies.
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| Pulse-Width _| i !
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Figure 3.17 An example of a class-S power amplifier
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3.3 Lock-Mode Power Amplifiers

Since the output signal of a non-linear power amplifier has a fixed power that is in theory
not a function of the input signal, a non-linear power amplifier can be considered an
oscillator whose phase and frequency follow a reference signal (the input). The input
power required to drive a non-linear amplifier to “create” an output signal; is much larger
than the input power required to “influence” an existing signal. If the power amplifier
was biased on the verge of oscillation, or somehow an oscillator was used at the output;
the required input drive will actually be lowered, since the output signal will in a sense
already exist and it will take less effort to lock it than to create it. This concept is known
as mode-locking and has recently gained importance in switch-mode power amplifiers
[31-34]. Lock-mode power amplifiers usually have a very high power gain when
compared to both current-mode and switch-mode power amplifiers.

The previous mode-locking works [31-34] use harmonic injection-locking, where
the input and output frequencies are equal. Mode-locking can also be subharmonic, when
the output frequency is higher than the input frequency or superharmonic, when the
output frequency is lower than the input frequency. In [34], a cross-coupled differential
negative-gy, voltage-controlled-oscillator (VCO) was used as an oscillator to provide the
output signal to a differential class-E power amplifier. Figure 3.18 shows the basic idea
proposed in [34].
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Figure 3.18 Differential class-E power amplifier with mode-locking, reproduced from [34]

In this work, a novel lock-mode power amplifier, using superharmonic injection-

locking is presented in Chapter 6.

48



Chapter 3: Power Amplifier Classes of Operation

3.4 Power Amplifier Figure-of-Merit (FoM)

Having a FoM is common in circuit design in order to be able to compare the true
advancements and improvements from one design to another. No standard FoM is
decided on for comparing power amplifiers; however, one has been suggested in the 2003
ITRS [6]. Although the power-added efficiency is widely used as a FoM for comparing
power amplifiers, it is insufficient since it lacks important measures, such as the
frequency of operation.

The FoM proposed in the 2003 ITRS [6] does not take a measure of linearity into
account, since linearity is not a common goal of the three power amplifier categories that

were previously explained. The ITRS FoM can be expressed as follows [6]:

_P, 17
FoM s = wlmeGx 1HZxPAE, (3.31)
this FoM can be expressed in logarithmic form as:
P
FoM ;s =10log " o \mw +10log G +20log %HZ +20log PAE . (3.32)

The problem with the FoM proposed in Equation 3.32 is that the output power and the
gain are repeated in the PAE. In this work, the following FoM is proposed, which shows

a more reasonable comparison between the designs existing in the literature [60]:

P P,
FoM ... =10l0g™ 1mW+1OlogG+2010ngHz—1010g D%nW' (3.33)

Equation 3.33 takes into account the drain efficiency, the power-added efficiency and the
operating frequency. Figure 3.19 shows the evaluation of both Equations 3.32 and 3.33
for a number of power amplifier designs available in the literature [60]. Figure 3.19 also
shows that both FoM’s increase as the output power increases, which proves the claim
maid in Chapter 2 that high power amplifiers have higher efficiencies than low power

amplifiers.

3.5 Summary

In this chapter, the most common power amplifier circuits were explained, with emphasis

on class-E power amplifiers.
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The discussed power amplifier classes were categorized into three groups, which
are current-mode power amplifiers, switch-mode power amplifiers and lock-mode power
amplifiers. Table 3.2 shows a summary of the basic power amplifier classes comparing
them in terms of maximum efficiency, linearity and gain. A new FoM was also proposed
in this chapter to be used for comparing power amplifier circuits. This chapter gives some

theoretical background that will be needed to understand and analyze the results that are

presented in this work.
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Figure 3.19 Comparison between the proposed FoM and the ITRS FoM for published works [60]

Table 3.2: Comparison between different power amplifier classes

Category Maximum Efficiency Linearity Gain
A <50 % Good
AB <50%-78.5% Fair
Current-Mode Moderate
B 78.5 % Fair
C 78.5 % - 100 % Poor
D 100 % Poor
E 100 % Poor
Switch-Mode F 100 % Fair Low
(infinite harmonic peaking)
S 100 % Good
100 % Poor !
Lock-Mode (depends on class used) (depends on class used) High
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Chapter 4: Direct-Modulation Transmitters

Chapter 4

DIRECT-MODULATION TRANSMITTERS

With the emerging low-power wireless applications such as, wireless body area networks
(WBAN), smart dusts and biomedical implantable electronic systems, short-range
transceivers are increasingly gaining interest. Since these applications have very strict
size, weight and power consumption requirements, having a simple design with minimal
building blocks becomes an attractive approach [51].

Figure 4.1 (a) shows the basic block diagram of a direct-modulation transmitter
[51]. The digital-to-analog (DAC) converter converts the digital information to an analog
signal, after which, it is up-converted by the mixer to the carrier by multiplying the
analog signal by the RF signal that is generated by the local-oscillator. The signal then
goes through a band-pass filter that removes any images or harmonics generated by the
mixer, after which, its power is boosted by the power amplifier. Figure 4.1 (b) shows a
first step to reducing the number of building blocks in the transmitter by using a VCO to
perform direct-FM modulation applied to the varactors. By further simplifying and
removing the DAC, direct-FSK/GFSK can be applied. Figure 4.1 (c) shows how a single
block can be used to perform direct-FSK/GFSK by using a voltage-controlled power
oscillator (VCPO).

The basic differential cross-coupled negative-g, VCO architecture is explained in
Section 4.1 of this chapter, and Section 4.2 explains how this topology can be used for
super-harmonic injection-locking. Section 4.3 presents a new proposed FoM that can be

used to compare VCPO’s. Finally, the chapter’s summary is presented in Section 4.4.
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Figure 4.1 (a) Basic block diagram of a direct-modulation transmitter, (b) simplified transmitter, (c) single

block transmitter [51]

4.1 Differential Cross-Coupled Negative-g,, Voltage-Controlled
Oscillator

In order to have a circuit oscillate, there must be some sort of feedback system that
provides gain to compensate for any signal loss. Also, to ensure that the oscillation occurs
at a specific frequency, a frequency selective network should be available in the feedback
path. Figure 4.2 shows an example of such a frequency selective network, where the
resonance frequency is equal to1/ (2;:@ ) The figure shows the parallel resistance of the
tank, which is a fictitious component that resembles the losses of the tank. In order to
have a frequency of oscillation that can be voltage controlled, the capacitor in the tank

can be replaced with a voltage-controlled varactor.
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C e L Rp

Figure 4.2 A frequency selective LC-tank showing the parallel output resistance

A negative resistance can be added in parallel to R, in Figure 4.2 to cancel it out
and ensure continuous oscillation. This is the concept of the negative-gn, VCO, where two
cross-coupled transistors can be used to provide a negative resistance, as shown in Figure
4.3. When assuming that the transconductance (gn) is equal for both transistors M, and

M, 1y, is found to be equal to -2/gy,.

Figure 4.3 Negative resistance of a cross coupled NMOS pair

A pair of PMOS devices can also be used to provide the negative resistance
shown in Figure 4.3. When both the NMOS pair and PMOS pair are used at the same
time, as shown in Figure 4.4 (a), they can provide double the gain from the same current.
In this case, the negative resistance provided will be equal to -2/(gm NmMOs+&m _PMOS)-
Figure 4.4 (b) shows how the LC-tank is added and where the outputs are taken
differentially.

The value of the negative resistance is usually 2-3 times the value of R, for the
LC-tank shown in Figure 4.2 to guarantee that the circuit will oscillate. However, in case
of power oscillators, the circuit is to deliver a certain amount of power to the output,
which is why the circuit is designed to have a higher gain so that the excess power can be
delivered to the load. In order to use the topology shown in Figure 4.4 (b) as a direct-
modulation transmitter, the capacitors in the tank must be replaced by varactors and the

active devices must be designed for high power operation. Figure 4.5 shows the
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schematic of the direct-modulation transmitter. The figure does not show any necessary
output matching networks or DC-blocking capacitors. Capacitors C, are voltage
controlled varactors that can be MOS varactors or junction varactors. Transistor Ms acts

as a tail current source that controls the current in flow the circuit to allow for output

power control.
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Figure 4.5 Schematic of a direct-modulation transmitter
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4.2 Superharmonic Injection-Locking

Injection-locking is common in oscillator design as an undesirable effect that occurs as a
result of fabricating the power amplifier on the same chip with the local oscillator. The
oscillator’s frequency tracks the high power signals of the power amplifier that are
coupled through the substrate or fed-back through the supply. This is also known as LO-
pull, or local-oscillator pull. Chapter 3 explained how mode-locking can be used to
increase the gain of power amplifier designs and a cross-coupled negative-gn, oscillator
was used as an example for harmonic mode-locking.

The topology shown in Figure 4.5 can be used as a frequency divider, since the
frequency of oscillation at the drain of the tail current source is double the frequency of
the output signal. This is due to the fact that each transistor of the NMOS pair conducts
for half the output cycle. This sort of frequency division can be considered
superharmonic injection-locking, since the input frequency is double that of the output
frequency.

When injecting a signal using transistor Ms, the frequency at the drain of the tail
current source will follow the injected signal, as long as it is within the tuning range of
the LC-tank. In this case, the signal at the output will be a result of multiplying the odd
harmonics from the switching operation of the cross-coupled pair by the 2™ harmonic
injected signal. This will result in enbancing the fundamental signal by all the odd
harmonics that down-convert to the fundamental. When the circuit is to be used as a
frequency divider, transistor Ms will no longer be operating as a current source, so it
should not be designed with a long channel; rather, it should be designed for RF

operation with a small input drive.

4.3 Transmitter Figure-of-Merit (FoM)

The well established FoM used in VCO design is not suitable for comparing voltage-
controlled power oscillators. An important measure in VCPO’s is the output power,
which as it increases, causes the DC power to increase. In this work, a modified FoM is

proposed in Equation 4.1 that takes the output power into account [51]:
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FoM =1010gPaut1 _IO]ogPDC +2010g—A%——L(Aw)—20108Qa 4.1)
(/)]

mwW 1mWw

where P, is the RF output power and Py is the DC power consumption of the oscillator
normalized to 1 mW. Parameter w, is the angular frequency of oscillation of the
oscillator, Aw is the offset frequency at which the phase noise L(Aw) is measured and Q
is the quality-factor of the inductor used in the tank circuit. The phase noise of an
oscillator is defined as short-term fluctuations that occur randomly in the phase of the
signal.

Since Equation 4.1 has both the output power and the DC power, the drain
efficiency is taken into account. There is no meaning for power-added efficiency in the
design explained in Section 4.1 since there is no RF power gain. The amount of power
required to drive the varactors by the modulation source is negligible, hence, the power
gain can be considered infinite. In such a case, the power-added efficiency will be exactly

equal to the drain efficiency.

4.4 Summary

This chapter showed how a single block transmitter can be designed using a power
voltage-controlled oscillator to achieve direct-modulation. The circuit uses a differential
CMOS cross-coupled negative-gn architecture, which was briefly explained, followed by
a simple introduction to how injection-locking occurs in this topology.

A new FoM was also proposed in this chapter, to be used for comparing power

voltage-controlled oscillator circuits.
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Chapter 5

SWITCH-MODE POWER AMPLIFIERS -

MEASUREMENT RESULTS

This chapter describes the design, simulation and measurement results of the four
implemented switch-mode power amplifier circuits. All designs were fabricated and fully
integrated in a standard mixed-signal CMOS 0.18 pm technology with 6 metal layers
provided by Taiwan Semiconductor Manufacturing Company (TSMC) through the
Canadian Microelectronics Corporation (CMC). Initially, two designs are presented, one
operating at 900 MHz and the other at 2.4 GHz. After that, the 2.4 GHz design is
presented two more times based on improvements in the layout and the fabrication
process. All four circuits share a very similar architecture, which uses a class-E power
amplifier as the output stage.

Section 5.1 presents the designed 900 MHz switch-mode power amplifier circuit,
where the schematic simulation results are shown, then some layout considerations and
techniques are discussed and finally, the measurement results are presented. Section 5.2
presents the designed 2.4 GHz switch-mode power amplifier circuit, in less design detail
since the architecture is very similar to the 900 MHz design. This section shows the
measurement results of three fabricated circuits. Finally, Section 5.3 presents the
chapter’s summary and compares the four designs presented in this chapter based on the
FoM proposed in Chapter 3.

This work focuses on designing power amplifiers suitable for applications that
require low supply voltage operation. Having a low supply voltage reduces the linearity
of the amplifier and makes the output impedance transformation network more complex

due to the need for a smaller load. In biotelemetry applications, a small load value is not
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required since the power amplifier is not expected to bandle high power levels. The
reduction in linearity could also be tolerated if a constant envelope modulation scheme
was used, since the amplitude of the signal does not carry any information [56]. Also,
using a non-linear power amplifier has the advantage of higher efficiency than a linear
power amplifier. However, in this case a good output filter is required, which is why non-
linear amplifiers were usually avoided in traditional designs for low-power applications
[2, 37, 38, 52]. Non-linear classes were also avoided in low-power applications since they
require a large input drive [2, 52]. In this work, using a class-E amplifier was feasible
since the circuit is to transmit a signal from inside the human body, where the body tissue
will greatly attenuate higher order harmonics [11, 53-56]. To the author’s knowledge, this
work [53-56] represents the first use of a class-E power amplifier in low-voltage, low-
power applications.

Since the active device in a class-E power amplifier operates as a switch, class-E
power amplifiers are more efficient when driven by a square wave. For this reason, class-
F was used as a driver stage in this work. Figure 5.1 shows the basic schematic of the
designed two-stage switch-mode power amplifier. The figure shows that the circuit can
be divided into four parts, the class-E output stage, the class-F driver stage, the output
filter and the inter-stage biasing network. The class-F driver stage is not exactly the same
as the one explained in Chapter 3. Shown in Figure 5.1, the class-F driver stage has two
harmonic peaking networks, where the first peaks the fundamental harmonic and the
second peaks the third order harmonic. The circuit has two RF outputs to test the effects
of using an on-chip filter. During measurements, only one of the RF outputs was loaded

at a time. The circuit will be explained in further detail in the following sections.
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Figure 5.1 Schematic of the complete two-stage power amplifier

5.1 First Power Amplifier Design

The design procedure starts first with designing the output stage, which is a class-E
power amplifier and will be described in the following.

Even though the nominal supply voltage of the technology used is 1.8 V, a full
supply voltage should not be used since the junction breakdown of this technology is 4 V,
and the drain voltage of a class-E power amplifier can reach more than 3 times the supply
voltage. In practice, the drain-source voltage of the transistor is the actual supply voltage
that should be considered. Assuming a supply voltage of 1.2 V, from Equation 3.28, the
output power is found to be equal to 0.83/Rr, which indicates that an 83 Q load is
required to deliver 10 mW of output power, assuming 100 % efficiency. Since the output
power levels targeted required output load values that were close to 50 Q, the output load
value was chosen to be fixed at 50 Q to avoid the need for an output impedance
transformation network. The output transformation network can greatly reduce the
efficiency of the power amplifier, as in [58], where the power dissipated in the impedance

transformation network was 1.5 times the power dissipated in the active devices [55].
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Figure 5.2 (a) shows the effect of changing the supply voltage on the output power for a
fixed output load value of 50 Q and Figure 5.2 (b) shows the effect of changing the
output load for a fixed supply voltage of 1.2 V, based on equation 3.28. Although a 50 Q
load may result in output power levels that are too high for the desired application, it
should be noted that this output power is assuming 100 % efficiency, which is practically
impossible. It is more efficient to design for a 50 Q output load and use a lower supply
voltage to deliver the desired output power, rather than using a larger load and an output
impedance transformation network. Using a lower supply voltage has other benefits as
well, that contradict with the common perspective of designers that are experienced with
linear amplification techniques. This will be discussed further, as the results are
presented. Also, when a real (non-ideal) output filter is used, it increases the output load
value seen by the supply voltage source, which results in reducing the output power. So it
is expected that the output power delivered with a filter would be lower than the output
power delivered without a filter, in addition to the power losses associated with the
output filter, which again cause the filtered output signal to be lower than the non-filtered

output signal.
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Figure 5.2 Output power as a function of (a) the supply voltage for a fixed output load of 50 Q, (b) the
output load for a fixed supply voltage of 1.2 V
After selecting the supply voltage and output load value, the remaining
components, shown in Figure 5.3, can be designed using Equations 3.29-3.31 at the
desired frequency of operation, which is 900 MHz in this case. The design equations do
not consider any circuit non-idealities; hence, the design procedure starts with ideal

components, where SW; can be represented by an ideal switch that is synchronized with
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the frequency of the input signal. Capacitor C; is calculated to be 650 fF. In order to
calculate the value of inductor L,, the loaded quality-factor Q1 must be chosen. As
previously explained, Q) represents a design trade-off between having high efficiency
and good filtering. Since the main focus of this work was to achieve high efficiency, Q..
was selected to be as low as possible, which leads to inductor L, having a value of 17.7

nH. Capacitor C; can then be calculated from Equation 3.30 to have the value of 1.77 pF.
DC Supply

Ly

SW1)¢:‘ —C RLg

- -~

Figure 5.3 Schematic of a basic class-E power amplifier [ 56]

The next step in designing the output stage will be to replace the RFC inductor
(L) with a practical value that can be fabricated on-chip. As mentioned in Chapter 3,
having a finite drain inductor will cause the efficiency to drop, even if the inductor was
ideal, since it will share the output power with R;.. This does not mean that the larger the
value of inductor L; the better, since large inductors have very low quality factors when
fabricated on-chip in a CMOS process and they also take up a large portion of the silicon
die area. The low quality factor of the drain inductor directly affects the efficiency of the
power amplifier. Therefore, a trade-off arises between having a small on-chip inductor
with a reasonable quality-factor at the desired frequency of operation, which also saves
silicon die area; and having a large enough inductor compared to the output load value
used. This is another reason why choosing an R;, value of 50 Q and reducing the supply

voltage to achieve the desired output power is more efficient than using a large output
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load with a high supply. As the value of inductor L; begins to decrease, the efficiency
also drops due to another reason as well, which is the fact that the class-E equation no
longer hold and the circuit is no longer tuned to achieve optimum class-E operation.
Hence, during the optimization process of the drain inductor, the class-E components
should continuously be retuned to achieve optimum class-E operation based on the
technique previously described in Figure 3.15. Finally, after finding the suitable value for
inductor Ly, it should then be replaced with a non-ideal inductor, using the available RF
spiral inductor models, which will cause a high drop in efficiency due to the inductor’s
low quality factor. The other circuit components must be tuned one more time, also the
exact inductor value might not be available within the existing models, which will require
using the closest one. The value used for inductor L; in this circuit was 17.7 nH, which
has a peak quality factor of 6 at 1 GHz. By this point, the drain efficiency has already
gone down far below its theoretical 100 %. The output filter’s components are next
replaced by their equivalent RF models, where capacitor C; is represented by an RF
metal-insulator-metal (MIM) capacitor model provided by the foundry.

The remaining components of the output stage, shown in Figure 5.3, are the
parallel capacitor (C;) and the switch (SW;). As the switch is replaced by an actual
device, which is the RF transistor, three points must be considered: a) a RF transistor has
a finite on-reéistance, which has a direct effect on the efficiency (Equation 3.34), b) a RF
transistor has a parallel output capacitance that will set a limit on its maximum frequency
of operation and may in fact be greater than the desired value of capacitor Cj; and c) a RF
transistor requires a certain amount of input power to drive it in proper switch-mode
operation. There are two ways to reduce the on-resistance of a transistor, one is by
increasing Vg (the input drive or biasing), and the other is by using a larger device
(higher W/L ratio), where the latter is more effective. On the other hand, to reduce the
output capacitance of the transistor (below C;) and reduce the input drive requirement; a
small ratio of W/L is needed. In higher power amplifiers, the value of capacitor C; is
usually large, so the output capacitance of the transistor can be absorbed in capacitor C;
and the value of C; can be reduced, leaving only the input drive to consider. In low-
power designs, the small value of capacitor C; sets a limit on how large the transistor can

be, hence, setting a limit on how low the on-resistance can be. As a result, the efficiency
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goes down. When designing the size of the transistor that represents SW;, the PAE is
what should be maximized, taking the gain into account. After replacing SW; with the
designed transistor, the remaining circuit parameters must be retuned again to ensure
optimum class-E operation. The active device should be biased close to threshold to
achieve a 50 % duty-cycle. The designed NMOS device has a total width of 650 um
using 130 fingers and a length of 0.18 um. A multi-finger configuration was used to
reduce the input gate resistance, which reduces the minimum input drive required to
achieve proper switching. A multi-finger configuration can also help spread the high
currents flowing into the device to prevent over-heating. The output capacitance of the
transistor had the required value of 650 fF for capacitor C;, so an actual MIM-capacitor
was not used.

One stage alone cannot provide adequate gain to achieve the required PAE;
especially since class-E requires a large input drive to achieve proper switching, so the
PAE will drop. For this reason, a driver stage is required to increase the gain, which
therefore increases the PAE. Since the driver stage itself will consume DC power to
provide gain, there will be a trade-off between increasing the gain and reducing the
overall efficiency of the two-stage power amplifier, which is why the PAE should be
maximized when designing the driver stage. The output load seen by the driver stage is
the input impedance of the class-E active transistor, which is large (capacitive) compared
to the 50 Q output load seen by the output stage. For this reason, the first stage does not
consume as much power as the second stage, which relaxes its efficiency constraints. The
DC power consumed by the first stage was 15 % of the total power drawn from the DC
supply. Figure 5.4 shows the designed two-stage 900 MHz switch-mode power amplifier
[53]. Using a 2.3 nH inductor for both inductors L, and L,, capacitor C;, which is tuned to
peak the fundamental harmonic, and capacitor C,, which is tuned to peak the third-order
harmonic, are determined to be 11.5 pF and 2.8 pF respectively. The values of capacitors
Ci and G, are then fine tuned in simulations to achieve harmonic peaking at the exact

frequency of operation.

63



M.A.Sc. Thesis —~ M. M. El-Desouki McMaster — Electrical and Computer Engineering

Vioc
Class-F Class.E
L1 { o :C1 Ls RF
/ 4 H 4 Output 1
Lo
i Lg ==C | _l |_mm._|:|
H H L M S “RF
y Ly _I__ T Output 2
H 1 I T_ ',-
{ ; Ay - [
E]—‘«,-I i Output
RF Input-. Filter
+Bias -7
- -+

Figure 5.4 Schematic of designed 900 MHz switch-mode power amplifier [53]

Transistor M; was designed to achieve maximum global PAE (over both stages)
since it will control the gain of the first stage, hence the total circuit gain, and the amount
of power delivered to the second stage, which will control the efficiency of the output
stage. Transistor M, is an NMOS device that has a total width of 42.5 pum using 17
fingers and a length of 0.18 um. As mentioned in Chapter 3, the active device in a class-F
power amplifier can operate in current-mode or switch-mode. If the active device is to
operate in switch-mode, it should be overdriven with a high input that will generate
enough harmonics at the output that can allow for harmonic peaking. Since the topology
used does not have a filter that attenuates the second order harmonics, this approach is
not desirable. Rather, the active device was operated in current-mode, where it was
biased in such a way as to ensure that the third-order harmonics exist with low second-
order harmonics, which is the class-AB region, as previously shown in Figure 3.3.

Figure 5.1 previously showed an inter-stage biasing network, composed of a DC-
blocking capacitor and a large biasing resistor that provide gate biasing for transistor M.
The biasing network was removed from this design to simplify it, since a large DC-
blocking capacitor was needed at this frequency of operation. The biasing was obtained
from the DC voltage available at the drain of transistor M;, which is the supply voltage
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after the drop on inductors L; and L,. This was possible in such a design because it was
targeted for a very low supply voltage operation. However, this sets a limit on the
measurements that can be done based on sweeping the supply voltage level.

Finally, two RF outputs were used of which, only one would be loaded at a time,
to be able to test the effects of using an on-chip filter. The simulation and measurement

results are presented in the following subsections.

5.1.1 Schematic Simulation Results

The schematic simulations for this section were carried out using the Cadence 2002
package, where the Virtuoso Schematic Editing tool was used for schematic entry and the
Cadence SpectreRF tool was used as the circuit simulator.

Figure 5.5 shows the simulation setup of the 900 MHz design with the final
component values obtained after fine tuning the circuit. The blocking capacitors C, and

the blocking inductor L;, are ideal components that are not part of the circuit.
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Figure 5.5 Schematic of 900 MHz switch-mode power amplifier simulation setup

Figure 5.6 shows the simulated drain voltage of the class-E output stage, with a

supply voltage of 0.7 V. The figure shows that soft-switching was obtained, which was
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due to accurately tuning the circuit at optimum class-E operation. When loading the
filtered output (RF output 2 on Figure 5.5), the power amplifier delivers an output power
of 5.7 dBm, while consuming a DC power of 10 mW from a supply voltage of 0.7 V.
This results in a drain efficiency of 37 %. The peak simulated power gain is 20 dB;
however the peak PAE occurs at an input drive of -8 dBm, which corresponds to a power

gain of 13 dB. The peak PAE achieved is 34.8 %.
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Figure 5.6 Simulated drain voltage of the class-E power amplifier

Figure 5.7 shows the simulated output power, PAE and drain efficiency as a
function of the input power at a supply voltage of 0.7 V. The point at which the PAE
efficiency peaks is the 1 dB gain compression point of the amplifier, since it is when the

amplifier is delivering its maximum output power.
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Figure 5.7 Simulated output power, PAE and drain efficiency as a function of the input power
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When loading the non-filtered output (RF output 1 on Figure 5.5), the power
amplifier delivers an output power of 7.7 dBm, while consuming a DC power of 13.8
mW from a supply voltage of 0.7 V. This results in a drain efficiency of 43 %, which is a
5 % increase compared to the filtered output. As mentioned earlier in this chapter, the
filter causes the output load to increase from the DC supply point of view; this explains
why both the RF output power and the DC supply power consumption are higher for the
non-filtered output. The peak simulated power gain is 23 dB; however the peak PAE
occurs at a power gain of 13 dB, with a peak PAE value of 41 %.

5.1.2 Layout

The layout design was done using the Virtuoso Layout Editor tool available in the
Cadence 2002 package. Figure 5.8 shows a screen capture of the 900 MHz design layout
highlighting the output filter. The core two-stage amplifier occupies an area of 1 mm® and

the output filter occupies an area of 0.36 mm?>.

Figure 5.8 Screen capture of the 900 MHz power amplifier layout

The inductors were laid using the top metal layer since it has the least sheet-
resistance and is the farthest away from the substrate, hence; has the least parasitic

capacitance. The tool provides a parasitic extraction function, which can be used for post-
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layout simulations. However, only the layout parasitic capacitances can be accounted for,
so the layout was optimized to reduce only the effects of the parasitic capacitances on the
performance of the power amplifier. The resulting interconnections appear very long and

are mostly 5-10 um wide using various metal layers.

5.1.3 Refined Circuit Simulation Results

Due to only accounting for the layout parasitic capacitances, a large discrepancy was
observed between the measured and simulated results. Also, when the chip was submitted
for fabrication, it went through a different fabrication process that has a top-metal layer
with half the thickness of the intended process (1 um instead of 2 pm). This resulted in a
large drop in efficiency since the quality factor of all the inductors decreased by a factor
of two. The simulated drain efficiency and output power of the non-filtered output
decreased from 43 % and 7.7 dBm to 29 % and 5.8 dBm respectively, whereas the
simulated drain efficiency and output power of the filtered output dropped from 37 % and
5.7 dBm to 22 % and 3.5 dBm respectively. The filtered output suffered a larger drop
since the output signal goes through one more inductor before it reaches the load.

There is a direct trade-off between parasitic capacitance, inductance and
resistance of the interconnections. The parasitics of the interconnections were
characterized based on the approach in [59], which models every interconnection with a
lumped element circuit model. The interconnection models are then added to the circuit
schematic in the simulator and the effects of the layout parasitics can be carefully
accounted for. Generally, minimizing the resistive losses is the major concern in power
amplifier designs. However, in the case of tuned amplifiers such as class-E and class-F,
the parasitic inductance and capacitance can significantly effect the tuning, if not
carefully taken into account [54]. Figure 5.9 shows a screen capture of the InterConnect
application interface that was designed to calculate the interconnection equivalent circuit
component values. The figure also shows the equivalent circuit model used to represent
the interconnections. The InterConnect program takes layout information regarding the
interconnections’ width, length and metal layer used, and produces the value of the

capacitance, resistance and inductance of the interconnection parasitics.
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Figure 5.9 Screen capture of the InterConnect application interface

Using the equivalent circuit shown in Figure 5.9 is sufficient for low-frequency
applications (below 10 GHz), after which, the lumped element model no longer holds
[59]. Also, since every interconnection is characterized separately, issues such as
interconnection overlap capacitance, cross-talk and antenna effects are not accounted for;
however they can be avoided by carefully placing the components on the layout. In this
design, the probing pads used were laid out using all metal layers (1-6) connected in
parallel. The extracted pad capacitance was equal to 350 fF, which had a great effect on
the gain of the circuit. Using all six metal layers is a requirement from the foundry only if
the design is to be bounded and packaged. Using less metal layers can help reduce the
parasitic capacitance of the pads.

After characterizing the effects of the layout interconnections on the 900 MHz
design, the simulated drain efficiency and output power of the non-filtered output
dropped from 29 % and 5.8 dBm to 11.7 % and -0.24 dBm respectively, whereas the
simulated drain efficiency and output power of the filtered output dropped from 22 % and
3.5 dBm to 4.8 % and -4.8 dBm respectively. The frequency tuning also shifted due to the

parasitic effects of the layout interconnections and pads.
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5.1.4 Measurement Results

Figure 5.10 shows a photomicrograph of the fabricated circuit that occupies an area of 1
mm’ including the pads. The on-chip filter adds another 0.36 mm’ to the area of the

circuit [53].

Figure 5.10 Photomicrograph of the fabricated 900 MHz power amplifier [53]

The chip was probed on-wafer using a ground-signal-ground configuration for the
RF signals and a single pad for DC connections. An Agilent-4422B signal generator was
used to provide the RF input and an Agilent-E4440A spectrum analyzer was used to
measure the output power delivered to a 50 Q output load. An HP-4145B semiconductor
parameter analyzer was used to provide the biasing and to measure the DC power. Figure
5.11 shows a sketch of the measurement setup. An 11-tip probe set, which is a
combination of two RF and five DC probes, was used to provide the RF and DC input
and output signals.

Figure 5.12 shows a comparison between the measured and simulated output
power and drain efficiency of the filtered output, as a function of the operating (input)
frequency at a supply voltage of 0.7 V. The figure shows a very good match between the
measurement and simulation results due to accurately taking the parasitics into account.
The mismatch increases at higher frequencies since in this design, the transistors were not
laid out to follow the accurate RF model used in simulation, which was not available at
that time. The RF model was characterized only for transistors with a channel width of

2.5 pm, however, a transistor with a width of 5 pm was used in this design.
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Figure 5.11 Setup used in measuring the 900 MHz power amplifier
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Figure 5.12 Comparison between the measured and simulated output power and drain efficiency of the

filtered output, as a function of the operating frequency, at a supply voltage of 0.7 V

Figure 5.13 shows the measured output power, PAE and drain efficiency of the
non-filtered output at an input frequency of 650 MHz, as a function of the supply voltage
[53]. The PAE was calculated at a constant input drive of -7 dBm. The circuit has a
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power gain ranging from 8 to 11 dB for the non-filtered output. Usually, the drain
efficiency should continue to increase with increasing the supply voltage until the
amplifier is delivering its maximum output power, after which, it remains constant.
However, Figure 5.13 shows that the efficiency decreases beyond a supply of 0.8 V due
to providing the biasing of the second stage on-chip, from the DC content of the first
stage, as previously explained.
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Figure 5.13 Measured output power, PAE and drain efficiency (1) of the non-filtered output, at an input

Jfrequency of 650 MHz, as a function of the supply voltage [53]
Figure 5.14 shows the measured output power as a function of the input power at
an input frequency of 650 MHz for various supply voltages [53]. The | dB gain
compression point increases as the supply voltage increases due to the increase in the

available DC headroom.
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Figure 5.14 Measured output power of the non-filtered output at an input frequency of 650 MHz, as a
function of the input power for various supply voltages [53]
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Figure 5.15 shows the measured power gain as a function of the input power at an
input frequency of 650 MHz for various supply voltages [53]. The figure shows how
using a lower supply voltage, which reduces the 1 dB gain compression point, can help
reduce the input power required to drive the transistor in switch-mode. This is clarified in
Figure 5.16, which shows the measured drain efficiency as a function of the input power
at an input frequency of 650 MHz for various supply voltages [53]. When using a supply
voltage of 0.7 V, a larger input drive is required than that for a supply voltage of 0.65 V
to achieve peak efficiency. Having a high gain compression point is therefore not desired
in this work, in addition to the fact that the amplifier is designed for constant envelope
modulation schemes, which do not require a high gain compression point. Since both the
drain efficiency and the power gain peak for a supply voltage of 0.65 V, it is expected
that the power-added efficiency will also peak at a supply voltage of 0.65, as shown in
Figure 5.17, which shows the measured power-added efficiency of the non-filtered output
at an input frequency of 650 MHz as a function of the input power, for various supply
voltages [53].
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Figure 5.15 Measured power gain of the non-filtered output at an input frequency of 650 MHz, as a
Sunction of the input power for various supply voltages [53]
Figures 5.18 and 5.19 show a comparison between the measured drain efficiency
and output power of the filtered and the non-filtered outputs of the power amplifier as a
function of the input frequency, at a supply voltage of 0.7 V [53]. Due to the losses in the

on-chip filter, the output power drops by 7 dB, which results in a 9 % drop in efficiency.
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In order to improve the efficiency, such an on-chip filter, with a very low quality factor

should be avoided.
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Figure 5.16 Measured drain efficiency of the non-filtered output at an input frequency of 650 MHz, as a
Sfunction of the input power for various supply voltages [53]
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Figure 5.17 Measured PAE of the non-filtered output at an input frequency of 650 MHz, as a function of
the input power for various supply voltages [53]

Figure 5.20 shows the output frequency spectrum corresponding to the two
signals in figure 5.19. The figure shows that the filter is not very effective due to the large
on-chip inductors used that have very low quality factors. Since this power amplifier is
for applications such as biomedical implantable electronic systems, it will be transmitting
from deep inside the human body. In this case, the output filter can be removed to

improve the efficiency of the amplifier and the high attenuation of the human body layers
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can act as a low-pass filter, since the body tissue attenuation increases with frequency

[11].
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Figure 5.20 Comparison between the harmonic content of the filtered and the non-filtered outputs, at a

supply voltage of 0.7 V. The filtered output drops below the non-filtered output at the fundamental, second
and third harmonics by 7, 6 and 12 dB respectively [53]
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5.2 Second Power Amplifier Design

This design follows the same design procedure of the 900 MHz design, where the same
topology was used, with minor modifications. Figure 5.21 shows the schematic of the 2.4
GHz switch-mode power amplifier designed [54, 55]. Capacitor C; can be calculated as
explained in the previous section to be equal to 212 fF, which is too low to be accurately
represented by a MIM-capacitor. Instead, the layout parasitics can be used to provide
such a low capacitance. Since the frequency of operation in this design is higher than the
previous one, using a smaller DC-feed inductor (L3) was possible. Both inductors L3 and
L4 were represented by 6 nH inductors. Unlike the 900 MHz design, a biasing network
was added to provide the gate biasing of the second stage allowing for unrestricted DC
sweeps in measurements. A large biasing resistor was used instead of a blocking inductor

since the resistor is smaller and will be more area efficient when fabricated on-chip.
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Figure 5.21 Schematic of designed 2.4 GHz switch-mode power amplifier [ 54, 55]
5.2.1 Schematic Simulation Results

The schematic simulations followed the same procedure explained in the previous
section; however, the Cadence 2003 package was used from here on. Figure 5.22 shows

the schematic circuit of the 2.4 GHz design illustrating the simulation setup and showing
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the component values. When loading the filtered output (RF output 2 on Figure 5.22), the
power amplifier delivers an output power of 6.3 dBm, while consuming a DC power of
10.4 mW from a supply voltage of 0.8 V. This results in a drain efficiency of 41 %. When
loading the non-filtered output (RF output 1 on Figure 5.22), the power amplifier delivers
an output power of 8 dBm, while consuming a DC power of 12.4 mW from a supply
voltage of 0.8 V. This results in a drain efficiency of 51 %, which is a 10 % increase

compared to the filtered output.
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Figure 5.22 Schematic of designed 2.4 GHz switch-mode power amplifier simulation setup

Figure 5.23 shows the simulated output power, PAE and drain efficiency of the

non-filtered output as a function of the input drive at a supply voltage of 0.8 V and an

input frequency of 2.4 GHz.
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Figure 5.23 Simulated output power, PAE and drain efficiency as a function of the input power
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5.2.2 Layout

The layout follows the same procedure of the 900 MHz design; however the 2.4 GHz
design was fabricated three times. The first fabrication suffered the same problems of the
previous design, where only the layout parasitic capacitances were taken into account
during layout optimization and the design was fabricated in a process with a top metal

layer with half the thickness intended. Figure 5.24 shows a screen capture of the first

fabricated 2.4 GHz layout. The core two-stage amplifier o'ccupies an area of 1.1 mm”.

CEERTET

Figure 5.24 Screen capture of the first 2.4 GHz power amplifier layout

The layout was improved based on the approach explained in the previous
section, by characterizing the layout parasitics. When comparing the improved layout,
shown in Figure 5.25 (a), to that first design, shown in Figure 5.24, the improvements in
metal widths is obvious. All major interconnections and inductors were laid out using the
top metal layer to minimize the parasitic capacitive and resistive effects. The three top
metal layers were connected in parallel to provide ground and DC-supply with minimum
resistive losses and only the top metal layer was used for RF pads to minimize
capacitance [54]. The improved layout occupies the same area as the first design. Figure
5.24 (b) shows a screen capture of the third layout, which uses the intended process that

has a 2 pm thick top metal layer. The filter was not implemented in this design to save
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space and since the human body layers will be depended on to provide high frequency
filtering to improve efficiency, as previously mentioned. The third layout occupies an

area of 0.7 mm>.
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Figure 5.25 Screen capture of the (a) improved layout design and (b) thick-top metal design
5.2.3 Refined Circuit Simulation Results

Due to the drop in the quality factor of the inductors used, the re-simulated drain
efficiency and output power of the non-filtered output dropped from 51 % and 8 dBm to
46 % and 7.2 dBm respectively, whereas the simulated drain efficiency and output power
of the filtered output dropped from 41 % and 6.3 dBm to 29 % and 5 dBm respectively.

After characterizing the effects of the layout interconnections on the first 2.4 GHz
design, the simulated drain efficiency and output power of the non-filtered output
dropped from 46 % and 7.2 dBm to 10 % and -1.5 dBm respectively, whereas the
simulated drain efficiency and output power of the filtered output dropped from 29 % and
5 dBm to 10 % and -1.7 dBm respectively. The efficiency of both the filtered and non-
filtered outputs drops to the same level since the non-filtered output was routed through a
very long connection that went through a number of vias to move between layers. The
refined simulations of the third design, which uses the thick top metal inductors and that
takes advantage of the layout improvements, achieve the original simulation results that

were initially targeted, this will be further verified in the following subsection.
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5.2.4 Measurement Results

Figure 5.26 shows a photomicrograph of (a) the first fabricated 2.4 GHz power amplifier,
(b) the improved layout and (c) the thick-metal design [54-56]. The third layout is smaller
since the output filter was removed; hence, only three inductors and less RF pads for the

output, were needed.

Figure 5.26 Photomicrograph of (a) the first fabricated 2.4 GHz design, (b) the improved layout and (c) the
thick-metal design [54-56]

The same measurement setup previously explained, shown in Figure 5.11, was
used to measure the three 2.4 GHz designs. Figures 5.27 and 5.28 show a comparison
between the measured output power and the measured drain efficiency, respectively, of
the non-filtered output in the three designs at a very low supply voltage of 0.8 V, as a
function of the input frequency [56]. The input drive was fixed at -1.7 dBm during this

sweep.
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Figure 5.27 Comparison between the measured output power of the non-filtered output of the first design,
the improved design and the design that uses a thick top metal layer at a supply voltage of 0.8 V, as a
Junction of the input frequency [56]

Improving the layout, following the method described in the previous section,
resulted in an 8 dB increase in output power from the first design to the improved design.
This corresponded to a 27 % increase in drain efficiency. Shown in Figures 5.27 and
5.28, the frequency tuning was improved to deliver peak output power and drain
efficiency at exactly 2.4 GHz. Increasing the thickness of the top-metal layer resulted in
an increase of 2.5 dB in output power, which corresponded to an increase of 20 % in
drain efficiency. This was not only due to having inductors with double the quality factor,
but it was also due to having interconnections with half the resistivity (when the top
metal layer was used) without increasing parasitic capacitance.
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Figure 5.28 Comparison between the measured drain efficiency of the nonfiltered output of the first

design, the improved design and the design that uses a thick top metal layer at a supply voltage of 0.8 V, as
a function of the input frequency [56]
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Figure 5.29 shows a comparison between the simulated and measured output
power and drain efficiency for the filtered output in the first design as a function of the

input frequency, at a supply voltage of 0.8 V [54].
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Figure 5.29 Comparison between the measured and simulated output power and drain efficiency of the
filtered output in the first design, as a function of the operating frequency, at a supply voltage of 0.8 V [54]
Figure 5.30 shows a comparison between the simulated and measured output
power and drain efficiency for the non-filtered output in the second design as a function
of the input frequency at a supply voltage of 0.8 V [54]. The good match obtained is due

to carefully modeling all the components of the layout, including the on-chip

interconnections.
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Figure 5.30 Comparison between the measured and simulated owtput power and drain efficiency of the
non-filtered output in the improved design, as a function of the operating frequency, at a supply voltage of
0.8V [54]
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Figure 5.31 shows a comparison between the measured and simulated output
power and drain efficiency of the third design, with the thick top metal layer, as a
function of the operating frequency, at a supply voltage of 0.8 V. The input power used
for this sweep, and the previous two, was fixed at -1.7 dBm. Figures 5.32 and 5.33 show
the measured output power, PAE and drain efficiency of the non-filtered and the filtered
outputs respectively in the second design at 2.4 GHz, as a function of the supply voltages.
The PAE was calculated at a constant input signal of -1.7 dBm. The circuit has a small
signal power gain ranging from 14 to 17 dB for the non-filtered output, and 9 to 10 dB
for the filtered output. Due to the losses in the on-chip filter, the output power drops by 3
dB, which results in a 13 % drop in efficiency [55]. The output power is shown to be a
strong function of the supply voltage, as anticipated by Equation 3.28.

-
(o o]

® 7 measured X Pox measured
12 4= simulated ——P,ut simulated ]

L—w—!et—mﬂ-x—‘%

1

N O

d® o o
-
(=] o o o
(%) Aoueloyg uelq

Output Power (dBm)
N

-12 ——p— ——————
1.8 22 26 3.0 34
Frequency (GHz)
Figure 5.31 Comparison between the measured and simulated owtput power and drain efficiency of the

third design, as a function of the operating frequency, at a supply voltage of 0.8 V [56]
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In Figures 5.32 and 5.33, the supply voltage was varied between 0.6 and 1.4 V in
the measurements; however, this circuit is not designed to operate with a supply above

1.3 V or the active devices will suffer from breakdown due to the high drain voltage in

class-E power amplifiers [55].
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Figure 5.33 Measured output power, PAE and drain efficiency (n) of the filtered output in the second
design at a frequency of 2.4 GHz, as a function of the supply voltage [55]
Figure 5.34 shows a comparison between the filtered and non-filtered output
power levels of the second design, as a function of the operating frequency for a supply

voltage of 1.2 V [55]. The drop in output power at 2.4 GHz, results in an 8 % drop in

efficiency.
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Figure 5.34 Comparison between the measured output power of the filtered and the non-filtered outputs in
the second design, at a supply voltage of 1.2 V as a function of the operating frequency [55]

Figure 5.35 compares the output spectrum corresponding to the signals shown in

Figure 5.34 [55]. The filtered output drops below the non-filtered output at the
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fundamental, second and third harmonics by 2, 9 and 14 dB respectively. It can be seen
that the filter is not very effective due to the low-Q inductors used. Howeyver, the high
frequency harmonics will be greatly attenuated when transmitted from inside the human
body, so the filter can be removed in order to improve the efficiency, which is the utmost
concern in biomedical implantable electronic systems. Since the expected non-filtered
output signal of a class-E power amplifier is a half sinusoidal waveform, the odd
harmonics are expected to have a higher value than the even harmonics, and this can be

seen in Figure 5.35 [55].
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Figure 5.35 Comparison between the harmonic content of the filtered and the non-filtered outputs in the
second design, at a supply voltage of 1.2 V and an input frequency of 2.4 GHz [55]

Figure 5.36 shows the measured output power of the non-filtered output in the
second design, at an input frequency of at 2.4 GHz as a function of the input power for
various supply voltages [55]. The 1 dB gain compression point increases as the supply
voltage increases. Having a high compression point is not desirable in non-linear power
amplifiers since an amplifier is most efficient when it is delivering its maximum output
power, which occurs at the compression point. This effect is more apparent in Figure
5.37, which shows the measured PAE of the non-filtered output in the second design, at
an input frequency of 2.4 GHz, as a function of the input power for various supply
voltages. A larger input drive is required to achieve peak PAE for a higher supply voltage
due to the shift in the compression point. Increasing the supply voltage also results in
having a higher drain voltage across the active device, which requires a larger gate

voltage to keep the device operating in the linear region as a switch. This explains the
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jump in output power, which can be seen in Figure 5.36 for the case of a supply voltage
of 1.4 V as the input power exceeds -24 dBm. Before that point, the device is not
operating in the linear region and is not switching properly; hence, the circuit is not

operating as a class-E power amplifier.
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Figure 5.36 Measured output power of the non-filtered output in the second design, at a supply voltage of
0.6, 0.9 and 1.4 V at a frequency of 2.4 GHz, as a function of the input power [55]
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Figure 5.37 Measured PAE of the non-filtered output in the second design, at a supply voltage of 0.6, 0.9

and 1.4 V at a frequency of 2.4 GHz, as a function of the input power [55]

Figure 5.38 shows the measured output power, PAE and drain efficiency of the
third design, with the thick top metal layer, for an input frequency of 2.4 GHz and an
input drive of -1.7 dBm, as a function of the supply voltage [56]. The efficiency slightly
increases with the supply voltage to the point at which the power amplifier is delivering
its maximum output power; after that it does not increase since both the DC power and

output power are increasing together. As the output power increases, the gain also
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increases since the input power is fixed; as a result, the PAE approaches the drain
efficiency as the supply voltage increases. Even at very low gain, the PAE of the circuit is

still high (43%) at a very low supply voltage of 0.6 V [56].
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Figure 5.38 Measured ousput power, PAE and drain efficiency (1) of the third design at an input frequency
of 2.4 GHz, as a function of the supply voltage [56]

Figure 5.39 shows the measured output power, PAE and drain efficiency of the
third design, as a function of the operating frequency at a supply voltage of 0.8 V and an
input drivé of -1.7 dBm [56]. The figure shows that the efficiency and output power are
both accurately tuned to peak at 2.4 GHz. The output signal has a wide 3-dB bandwidth
of 2 GHz since no band limiting output filter was used in this design.

A comparison between the measured and simulated power gain, is shown in
Figure 5.40, for a supply voltage of 0.8 V and an operating frequency of 2.4 GHz as a
function of the input power [56]. As the input power approaches the point at which the
amplifier delivers its maximum output power, where it is most efficient, the gain
increases as a result of having proper switching operation, after that it decreases as the
input exceeds the 1 dB gain compression point [56]. This is an expected behavior in non-
linear large signal circuits, since the circuit will not properly operate unless the input
drive is high enough.

The measured output power of the third design is shown in Figure 5.41 as a
function of the input power for various supply voltages at an operating frequency of 2.4
GHz [56]. The maximum gain is 20, 21.3 and 22.5 for supply voltages 0.6, 0.9 and 1.4 V
respectively. Although the circuit has a small-signal gain ranging from 20 to 22 dB; this

type of amplifier is usually driven at the saturation point to achieve maximum drain
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efficiency. The input drive required to saturate the amplifier increases as the supply
voltage increases since the compression point increases. A low supply voltage cannot be
used in high power non-linear designs since they require maximum supply voltage to
deliver a high output power with a reasonable output load. This figure shows that an
added advantage of operating the amplifier at a low supply voltage is that the required

input drive to achieve peak efficiency is lower for a lower supply voltage [56].
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Figure 5.39 Measured output power, PAE and drain efficiency (n) of the third design at a supply voltage of

0.8 'V, as a function of the input frequency [56]
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Figure 5.40 Comparison between the simulated and measured power gain of the third design, at a supply
voltage of 0.8 V and operating frequency 2.4 GHz as a function of the input power [56]
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Figure 5.41 Measured output power of the third design, as a function of the input power at an operating
frequency of 2.4 GHz for various supply voltages [56]

To have the active device in a class-E circuit operating as a switch, it should be
operating in the linear region with a very low on-resistance. Increasing the supply voltage
causes Vps to increase, which will require a larger Vs to operate in the linear region.
Below a certain input power, the active device will not be properly switching and the
circuit will not operate as a class-E power amplifier, causing a drop in the output power.
At very low supply voltages, the input drive starting from -32 dBm is large enough to
properly switch the device. However, the minimum required input power to keep the
device in switch mode increases as the supply voltage increases, as can be seen from
Figure 5.41. This causes a sudden jump in the output power as the input power increases
beyond the minimum required drive. This effect is more apparent in Figure 5.42, where

for input drive levels below ~15 dBm, the amplifier has its highest PAE for the lowest

supply voltage [56].
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Figure 5.42 Measured PAE of the third design, as a function of the input power at an operating frequency
of 2.4 GHz for various supply voltages [56]
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Figure 5.43 shows the measured spectrum of the output waveform in the third
design, for an input drive with an operating frequency of 2.4 GHz and a power level of -
1.7 dBm at a supply voltage of 0.8 V [56]. Although there is significant power in the
higher order harmonics, the human body layers will greatly attenuate them, as previously
mentioned. This figure also shows that the third order harmonic is higher than the second,
proving that the desired half sinusoidal output waveform of a class-E power amplifier;

was achieved.
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Figure 5.43 Measured harmonic content of the output signal in the third design, at a supply voltage of 0.8
V and an input frequency of 2.4 GHz [56]

5.3 Comparison and Summary

This chapter presented the simulation and measurement results of the designed switch-
mode power amplifiers. Four circuits, sharing a common topology that uses a class-E
output stage and a class-F driver stage, were discussed.

The work presented in this chapter proves the feasibility of using class-E power
amplifiers for low-power applications, where they were previously not considered
suitable for such applications. This work [53-56] represents the first use of class-E power
amplifiers for low-power applications. Although all the designs are fully-integrated, the
obtained results greatly outperform all previously published works targeting low-power
applications, as will be shown in Chapter 8. The thick top metal layer circuit presented in
this chapter can operate with supply voltages ranging from 0.6 V to 1.4 V while
maintaining high efficiency values above 50 %. The low supply voltage helped in
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reducing the input drive requirement by reducing the compression point. Removing the
output filter and relying on the human body layers to act as a filter for higher order
harmonics, resulted in reducing the losses and improving the efficiency. And finally,
matching the output directly to a 50 Q load and avoiding the use of an output matching
network, greatly improved the efficiency.

Table 5.1 shows a summary of the key results presented in this chapter, where the

designs are compared based on the FoM previously expressed by Equation 3.33.

Table 5.1: Performance comparison between the presented power amplifier designs

Small | Gain
Vbe f Pox | signal| @ n PAE | FoM
v) (GHz) | (dBm) | gain CP (%) (%) (dB)
(dB) (dB)
'f;{fff’ﬁf 065 | 065 | 84 | 36 | -14 | 26 1 159
First p
Design Non-
Filtered | 0.65 0.65 -1.2 10.6 5.8 14 9.7 173
output
Filtered
0.8 2.4 -4 7 4.7 5 3.5 180
Second output
Design Non-
Filtered 0.8 2.4 -6.5 2.3 2.2 2.6 1 174
output
0.6 2.4 0.4 9 7 20 16 188
Filtered
output
1.2 2.4 6.8 12 8.6 24 21 190
Third
Design
Non- 0.6 2.4 2.5 14 9.2 28 25 191
Filtered
ouput 145 | 24 | 95 16 | 112 | 38 33 | 194
0.6 2.4 5.2 20 12 46 43 196
Fourth Design
1.2 2.4 13 22 15 53 51 200

* The non-filtered output should have a higher FoM than the filtered output, however, in this case the non-
filtered output has a lower FoM due to the layout parasitics. A long interconnection was used for the non-

filtered output that was routed through a number of high resistance vias.
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Chapter 6

LOCK-MODE POWER AMPLIFIERS -

MEASUREMENT RESULTS

This chapter describes the design, simulation and measurement results of the two
implemented lock-mode power amplifier circuits. All designs were fabricated and fully
integrated in a standard mixed-signal CMOS 0.18 um technology with 6 metal layers,
with a 2 um thick top-metal layer, provided by Taiwan Semiconductor Manufacturing
Company (TSMC) through the Canadian Microelectronics Corporation (CMC). The two
designs share a very similar architecture; however, each design was optimized to operate
at a different frequency, to be able to test the effectiveness of the novel approach
proposed. The first design was optimized to operate at frequencies ranging between 400-
440 MHz, aiming for the 405 MHz MICS band, and the 433 MHz ISM band and the
second design was optimized to operate at 2.4 GHz targeting the 2.4 GHz ISM band.

Section 6.1 presents the designed 400 MHz lock-mode power amplifier circuit,
where the schematic simulation results are shown, then some layout considerations and
techniques are discussed and finally, the measurement results are presented. Section 6.2
presents the designed 2.4 GHz lock-mode power amplifier circuit. Finally, Section 6.3
presents the chapter’s summary and compares the two designs presented in this chapter
based on the FoM proposed in Chapter 3.

Chapter 3 explained why power amplifiers targeting low output power
applications have reasonably lower efficiencies than higher output power designs when
fully-integrated, due to the need for larger inductors that have very low quality factors.
The efficiency drops even further for low frequency operation, again due to the need for

larger inductors. The large inductors required for such low-power designs not only
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impact efficiency due to high losses, but also impact the total chip area. Differential
designs require more of these large lossy on-chip inductors and suffer more both in
efficiency and total area [57].

Traditional power amplifier designs for low-power applications use current-mode
amplifiers [2, 52], such as class-A or class-AB to avoid output filters that degrade the
efficiency, as previously mentioned. Current-mode power amplifiers are also favored for
their higher linearity. Using switch-mode power amplifiers can achieve higher efficiency
values, but on-chip filtering again requires the use of very high-Q inductors, which are
not available in standard CMOS technology, especially at the relatively low frequencies
of a few hundreds of megahertz [53-56]. In this chapter, a fully-integrated differential
superharmonic injection-locked frequency divider (ILFD) is proposed to operate as a
lock-mode power amplifier for low-power, short-range applications. ILFDs are based on
injection-locked oscillators (ILOs), which are free running oscillators that can lock to the
phase and frequency of an injected signal [61]. To the author’s knowledge, this work [56]
represents the first use of a superharmonic injection-locked oscillator as a power
amplifier circuit. The main advantage of the proposed approach is that it can achieve a
very high power gain from a single stage that is very efficient in terms of silicon die area.

Figure 6.1 shows the basic schematic of the proposed lock-mode power amplifier
[57]. The architecture itself has been previously explained in chapter 4, where it was
presented as a direct-modulation transmitter. In Figure 6.1, this topology is used as a
normal differential power amplifier stage, meaning that the transmitter system will still
require all the stages that are prior to a power amplifier.

In this design the incident frequency is divided by two. It could be argued that this
presents an obstacle to practical application since it requires doubling the operating
frequency of the previous RF stages. However, since the input power required to achieve
mode-locking is very small, as will be shown in the following sections, the input drive is
greatly reduced compared to a traditional power amplifier. This allows a doubling of the
operating frequency of the previous stage without increasing the power consumption in
that stage. Increasing the operating frequency from 433 MHz to 866 MHz, or from 2.4
GHz to 4.8 GHz, also leads to smaller chip area and higher inductor quality factors for
the previous RF stages [57].
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Figure 6.1 Basic schematic of the lock-mode power amplifier [57]

6.1 First Power Amplifier Design

The tuning network, shown in Figure 6.1, consists of an LC-tank using inductor L; and a
number of NMOS accumulation-mode varactors (Cy) that have a variable capacitance of
1-3 pF. Inductor L, has a value of 18 nH with a low quality-factor of 2, which has a major
effect on the efficiency of the circuit and its phase-noise performance. Since the operating
frequency of this design is relatively low (433 MHz), the number of varactors used was
increased to be able to use a smaller inductor. This also allowed for having a wider tuning
range since 16 varactors were used in parallel. Although this circuit will not operate as a
VCO, having a wide tuning range is useful since it allows for a wider locking range,
which is the range of input frequencies that the circuit can lock to. The locking range is
not directly affected by the tuning range, however, by varying the tuning and moving the

free running oscillation closer to the locked frequency, the input drive required to achieve
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locking is reduced, which will increase the gain. In order to reduce the input power
required to achieve mode-locking, the circuit should be tuned as close as possible to half
the frequency of the incident signal, since it will require a larger drive to lock or pull the
output frequency when it is further away.

Capacitors C, act as DC-blocking capacitors with a value of 12 pF each and
resistors R, each of 50 kQ, provide a DC ground for biasing of the varactors. Each of the
RF outputs goes to the 50 Q load of the measurement equipment directly without a
buffer, which will be replaced by the differential transmission antenna in the final system.
Transistors M;-M; form the cross-coupled negative-g,, differential pair. The NMOS
devices have a total width of 200 um using 80 fingers and a length of 0.18 pum, while the
PMOS devices have double the number of fingers to compensate for their lower mobility.
The sizes of these transistors are chosen based on a trade-off between the required output
power, operating frequency and achievable efficiency. This design was optimized for an
operating frequency of 433 MHz and a differential output load of 100 Q. Transistor Ms
has a total width of 250 um using 100 fingers and a length of 0.18 pm. It is used as a
transconductance amplifier, with the output current following the input voltage signal. It
acts as the input stage where the locking signal is applied. The biasing of transistor M5 is
chosen to optimize the PAE since it has an affect on both the power gain and the drain
efficiency. Transistor Mg acts as a current source that can be controlled in order to vary
the transmitted power. This is a long channel device that has a total width of 1.25 mm
using 500 fingers and a length of 1 pm.

6.1.1 Schematic Simulation Results

The schematic simulations for this section were carried out using the Cadence 2003
package, where the Virtuoso Schematic Editing tool was used for schematic entry and the
Cadence SpectreRF tool was used as the circuit simulator.

Figure 6.2 shows the simulation setup of the 400 MHz design. The blocking
capacitors C, and the blocking inductor Ly are ideal components that are not part of the
circuit. Figure 6.3 shows the simulated output frequency of the 400 MHz design as a
function of the input frequency for various input drives at a supply voltage of 1.5 V. The

output power was not shown on the figure since it is roughly constant at 8 dBm. The
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circuit is defined to be locked when the output frequency is exactly half the input
frequency. At an input power of 0 dBm, the figure shows that the power amplifier is
locked to the input signal for a range from 690 MHz to 940 MHz, which corresponds to a
locking range of 125 MHz or 31 %. The high locking range is due to using a large input
drive of 0 dBm, where the figure shows that the locking range decreases linearly with the
input power. The points below 670 MHz and higher than 980 MHz are when the
amplifier is not locked, which shows that their equivalent output frequency is not related
to the input frequency. The drain efficiency is also shown in Figure 6.3. The drain
efficiency peaks when the input frequency is close to double the free-running frequency.
In this case; the circuit was tuned to be as close as possible to 433 MHz, which explains

the increase in efficiency at that point.
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Figure 6.2 Schematic of designed 400 MHz lock-mode power amplifier simulation setup
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Figure 6.3 Simulated output frequency of the 400 MHz design as a function of the input frequency, at a
supply of 1.5 V and input drives of -10 dBm, -5 dBm, 0 dBm and + 10 dBm. The locking range is shown to
increase linearly with the input power up to 0 dBm, after which, it begins to saturate. The figure also shows
the drain efficiency for an input drive of 0 dBm

Figure 6.4 shows the simulated output power, drain efficiency and PAE of the 400
MHz design as a function of the input power for an input frequency of 800 MHz, an
output frequency of 400 MHz and a supply voltage of 1.5 V. The PAE overlaps with the
drain efficiency at small input power levels since the gain is very high, after which, the
PAE beings to drop as the gain decreases. As the input power increases to the large signal
operation region, the input stage moves from being a transconductance stage to operating

as a switch, which slightly increases the efficiency with less output power capabilities.
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Figure 6.4 Simulated output power, drain efficiency and PAE of the 400 MHz design as a function of the
input power, at a supply voltage of 1.5 V and an input frequency of 800 MHz
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6.1.2 Layout

The layout design was done using the Virtuoso Layout Editor tool available in the
Cadence 2003 package. Figure 6.5 shows a screen capture of the 400 MHz power
amplifier layout. The amplifier occupies an area of 0.9 mm’, which is very small for a
fully-integrated design at this frequency. In comparison, the design in [36] occupies an

area of 0.9 mm” but requires three off-chip capacitors and one 26 nH off-chip inductor.

Figure 6.5 Screen capture of the 400 MHz power amplifier layout

Figure 6.6 shows a screen capture of the varactor layout. Since the varactor used
is an NMOS accumulation-mode varactor, it is laid out in an N-well with the source and
drain shorted acting as one terminal, and the gate being the second terminal. The NMOS
varactor uses 150 parallel transistors, each with a length and width of 0.5 um and 2 pm
respectively. The stacked transistors in this design, which have a source that is not
connected to ground, were laid out in a deep-n-well layer to isolate the substrate of the
transistor. In this way, the body can be shorted to the source of the transistor, following

the RF model provided by the foundry.

Source/

Drain Gate

Figure 6.6 Screen capture of NMOS accumulation-mode varactor layout
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6.1.3 Measurement Results

Figure 6.7 shows a photomicrograph of the fabricated circuit that occupies an area of 0.9
mm’ including the pads [51, 57]. Obviously the inductor is the most area consuming
component on the layout, which makes this design attractive since it depends on only one

inductor.

Figure 6.7 Photomicrograph of the fabricated 400 MHz power amplifier [51, 57]

The chip was probed on-wafer using a ground-signal-ground configuration for the
RF signals and a single pad for DC connections. The layout considerations mentioned in
the previous chapter were adopted in this design. Measurements were performed by
connecting one side of the differential output to the instrument and dummy-loading the
other side with a 50 Q load. An HP-4145B semiconductor parameter analyzer was used
to provide the biasing and to measure the DC power. The output signal was measured
using an Agilent-E4440A spectrum analyzer and the input was provided by an Anritsu-
MG394A signal generator. Figure 6.8 shows a sketch of the measurement setup.

Figure 6.9 shows the measured output power, drain efficiency and PAE of the 400
MHz design as a function of the input power [57]. The sweep was done over the range
where the power amplifier is locked and the output frequency is exactly half the incident
frequency. The circuit has a very high small signal-gain of 30 dB from only one stage.
However, the circuit reaches its gain compression point very fast due to the stacked
nature of the topology used. Such a topology is considered a non-linear power amplifier
design and should only be used with constant envelope modulation schemes, unless a
linearity improvement technique is used. The figure shows a similar behavior to the
simulation results shown in Figure 6.4; however the efficiency dropped considerably,

although the output power is relatively similar. This can be explained due to the over
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estimation in the quality factor of the inductor and MOS varactors in the equivalent
circuit model provided by the foundry used in the simuiations. When simulating the S-
parameters of the inductor, the obtained quality factor was in some cases 14 instead of 8.
To verify the actual quality factor of the MOS varactors used, a number of test structure

have been laid out to be characterized as part future work.
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Figure 6.8 Setup used in measuring the 400 MHz power amplifier
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Figure 6.9 The measured output power, drain efficiency and PAE as a function of the input power at a

supply voltage of 1.5 V, an incident frequency of 866 MHz and an output frequency of 433 MHz [57]
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Figure 6.10 shows the measured output power and drain efficiency as a function
of the supply voltage. The sweep was done for an input power of -2 dBm however; the
trend is the same for lower input power levels that satisfy locking. The drain efficiency is
a weak function of the supply voltage since the amplifier is delivering its maximum
output power. However, the output power is a strong function of the supply voltage since
transistor Mg was biased with a gate voltage of 1.5 V, which drives the circuit into the
voltage limited regime, as shown in Figure 6.11. In the current limited region, for gate
bias voltages below 1 V, the output power is limited by the tail current source. This can
help stabilize the output power against fluctuations in the supply voltage in the case of
battery operated devices, for example. The efficiency is lower in the current limited

region since the amplifier is not delivering its maximum output power.
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Figure 6.10 The measured output power and drain efficiency as a function of the supply voltage at an input

power of -2 dBm, an incident frequency of 866 MHz and an output frequency of 433 MHz [57]
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Figure 6.11 The measured output power and drain efficiency as a function of the tail current source bias
(transistor Mg in Figure 6.1) at a supply voltage of 1.5 V, an input power of -2 dBm, an incident frequency

of 866 MHz and an output frequency of 433 MHz [57]
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Figure 6.12 shows the measured drain efficiency and output frequency of the 400
MHz design as a function of the incident frequency [57]. The figure shows a locking-
range of 200 MHz for the output signal and a peak drain efficiency of 16 %. The points
below an input frequency of 600 MHz and above 1020 MHz are where the power
amplifier loses track and is no longer locked to the input. An input power of -2 dBm was
used in Figure 6.12, even though this is not the point of peak PAE, however, the figure
shows how the tracking range can be extended with a higher input drive. In a practical
system, the circuit should be tuned as close as possible to the expected frequency of
operation to allow for high gain, as previously shown in Figure 6.9. In this case, a high
tuning range is not needed since the only change in the input frequency will be due to the

modulation scheme used, which is a very small change [57].
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Figure 6.12 The measured output power and drain efficiency as a function of the input frequency at a

supply voltage of 1.5 V and an input power of -2 dBm [57]

Figure 6.13 shows the real tuning range of the circuit in free-running mode, where
during the sweep of one bias voltage, the other two were kept constant at 1.5 V, except
for the tuning voltage, which was kept constant at 0.5 V [57]. No RF input was applied
and transistor Ms was biased in the triode region with a gate voltage of 1.5 V. The
voltages were swept over the ranges for which the circuit oscillates. The output frequency
is a strong function of the tail current source bias in the current limited regime; however,
it is hardly affected by the tail current bias in the voltage limited regime. The supply
voltage was kept constant at 1.5 V as the tail current bias was varied. In the case of the

supply voltage sweep, the tail current bias was kept constant at a value of 1.5 V to keep
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the circuit operating in the voltage limited regime to able to see the effect of varying the
supply voltage, since its effect on the oscillation frequency is negligible in the current
limited regime. The figure shows that the output frequency is mostly affected by the
tuning voltage, which gives a tuning range of 17 % [57].

—e—Supply voltage
=0=—-Tuning voltage
3409 —x—Tall cnigxrrenitasgource blas
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Voltage (V)
Figure 6.13 The measured output frequency of the free running amplifier design as a function of the supply

voltage, tuning voltage and tail current source bias [57]

Figure 6.14 shows the measured output spectrum of the 400 MHz design, taken
from a single-ended output, for the free-running mode and the locked mode with an input
signal of -10 dBm and 866 MHz [57]. Even though the harmonics are lower for the
locked operation mode, an output filter may be needed to filter out the third order
harmonic. Howeyver, no filter was implemented in this design since the filtering will be
done by the high frequency attenuation of the human body layers, as mentioned in the

previous chapter.
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Figure 6.14 The measured output spectrum taken from a single-ended output after loss compensation, at a

supply voltage of 1.5 V for both the free running mode and the locked mode with an input power of -10
dBm [57]
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The phase noise measurements of the 400 MHz design are shown in Figure 6.15
for the free running-mode with no RF input applied and a 0.9 V bias applied to the gate
of transistor Ms, the locked-mode with a -20 dBm input RF signal with an in input
frequency of 866 MHz and the noise injected from the signal generator at the same power
level and frequency [57]. The improvement in phase noise between the free running-
mode and the lock-mode is obvious in the figure. The curve flattens out taking the shape
of the phase noise characteristics of the input The 1/f * phase noise is higher in the
locked-mode than the free running-mode since the 1/f* phase noise injected by the source
is actually higher than the 1/f> phase noise of the free-running circuit. This results in the
1/f 3 phase noise of the locked operation mode ending up somewhere in between. In
Figure 6.15, the free running operation mode shows a smooth phase noise up to an offset
of 20 kHz after which some ripples appear. A possible explanation for these fluctuations
may be due to a squegging effect. Squegging is a self-modulated behavior that is a result
of an interaction between the high frequency tuning network and the biasing circuitry. It
can be due to large coupling capacitors, a low-Q tuning network, or applying a large
drive to the active device [62]. All three causes exist in this design and the design is
currently being re-fabricating under different conditions to verify the actual cause of

these fluctuations.
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Figure 6.15 The measured phase noise in free running mode, with a 0.9 V gate bias applied to transistor
M5, and in locking mode, with an input power of -20 dBm, at a supply voltage of 1.5 V [57]

Figure 6.16 shows how the phase noise can be improved and the ripples can be

eliminated by increasing the input drive to achieve better locking. Another method to
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improve the phase noise of the circuit is by properly choosing the gate biasing of
transistor Ms not only to achieve peak PAE, but also to meet the specific phase noise
requirements. Figure 6.17 shows the effect of the gate biasing of transistor M5 on the
phase noise performance of the circuit in the free-running mode [57]. These effects are
discussed in more detail in Chapter 7 [51], where it will be shown that the phase noise is
low when the circuit is well defined to be operating in the current limited mode or in the
voltage limited mode. At some point in between, the circuit is going through a transition
from one mode to the other at which both modes can be competing, causing an increase
in phase noise. An important point to note from this figure is that such bias points should
be avoided to improve the phase noise performance of the circuit and it is not enough to
aim for peak PAE when choosing the gate bias of the input stage. This effect is also
observed on the tail current source, which should either be biased in weak inversion or
biased with a high gate voltage, such that the device enters the triode mode to avoid

transitional bias points [57].
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Figure 6.16 The measured phase noise in the locking-mode, with an input power of -20 dBm and an input
power of -40 dBm, at a supply voltage of 1.5V [57]
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Figure 6.17 The measured phase noise in free-running mode with no RF input applied, for various gate
bias voltages applied to transistor Ms, at a supply voltage of 1.5V [57]

6.2 Second Power Amplifier Design

The 2.4 GHz design has the same architecture of Figure 6.1; however only two varactors
were used. Inductor L, in this design has a value of 2.3 nH with a quality-factor of 8. In
transistors M1-My, the NMOS devices have a total width of 175 pm using 70 fingers and a
length of 0.18 pm, while the PMOS devices have double the number of fingers.
Transistors Ms and Mg have the same aspect ratios of the 400 MHz design.

6.2.1 Schematic Simulation Results

This design uses the same simulation setup previously shown in Figure 6.2. Figure 6.18
shows the simulated drain efficiency and output frequency of the 2.4 GHz design as a
function of the incident frequency. The output power was not shown on the figure since it
is roughly constant in the range of 6.5 dBm to 7.5 dBm. The figure shows that the power
amplifier is locked to the input signal for a range from 4.1 GHz to 4.9 GHz, which
corresponds to an output locking range of 400 MHz or 16 %. The circuit was tuned to be

as close as possible to 2.4 GHz, which explains the increase in efficiency at that point.
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Figure 6.18 Simulated drain efficiency and output frequency of the 2.4 GHz design as a function of the
incident frequency, at a supply voltage of 1.5 V and an input drive of 0 dBm

6.2.2 Layout

Figure 6.19 shows a screen capture of the 2.4 GHz power amplifier layout. The amplifier

occupies an area of 0.6 mm’.

Figure 6.19 Screen capture of the 2.4 GHz power amplifier layout

6.2.3 Measurement Results

Figure 6.20 shows a photomicrograph of the fabricated circuit that occupies an area of 0.6

mm” including the pads [51, 57].
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Figure 6.20 Photomicrograph of the fabricated 2.4 GHz power amplifier [51, 57]

Figure 6.21 shows the measured output power, drain efficiency and PAE of the
2.4 GHz design as a function of the input power [57]. The sweep was done over the range
where the power amplifier is locked and the output frequency is exactly half the incident
frequency. The circuit has a very high small-signal gain of 31.3 dB from only stage and it
reaches its gain compression point immediately, unlike the 400 MHz design. Again, this
circuit is considered a non-linear PA design and should only be used with constant
envelope modulation schemes. However, unlike other non-linear power amplifiers such
as class-E, the required input drive is very low, which allows the circuit to achieve very

high gain from a very small die area.
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Figure 6.21 The measured output power, drain efficiency and PAE as a function of the input power at a
supply voltage of 1.5 V, an incident frequency of 4.8 GHz and an output frequency of 2.4 GHz [57]
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Figure 6.22 shows the measured output power and drain efficiency as a function
of the supply voltage. The sweep was done for an input power of -2 dBm however; the
trend is the same for lower input power levels that satisfy locking. The drain efficiency
increases to the point which the amplifier is delivering its maximum output power, after
which it is constant since it is a weak function of the supply voltage. Transistor Mg was

biased with a gate voltage of 1.5 V to keep the circuit in the voltage-limited regime, as

shown in Figure 6.23 [57].
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Figure 6.22 The measured output power and drain efficiency as a function of the supply voltage at an input
power of -2 dBm, an incident frequency of 4.8 GHz and an output frequency of 2.4 GHz [57]
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Figure 6.23 The measured output power and drain efficiency as a function of the tail current source bias
(transistor M in Figure 6.1) at a supply voltage of 1.5 V, an input power of -2 dBm, an incident frequency
of 4.8 GHz and an output frequency of 2.4 GHz [57]
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Figure 6.24 shows the measured drain efficiency and output frequency of the 2.4
GHz design as a function of the incident frequency [57]. The figure shows a locking-
range of 178 MHz for the output signal and a peak drain efficiency of 27 %. The
efficiency is higher due to the increase in the Q-factor of the LC tank. The free-running
tuning range of the circuit is shown in Figure 6.25 [51, 57], where during the sweep of
one bias voltage; the other two were kept constant at 1.5 V, except for the tuning voltage,
which was kept constant at 0.5 V. No RF input was applied and transistor M5 was biased
with 1.5 V. Figure 6.25 shows that the output frequency is mostly affected by the tuning

voltage, which gives a tuning range of 9 %.
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Figure 6.24 The measured output power and drain efficiency as a function of the input frequency at a
supply voltage of 1.5 V and an input power of -2 dBm [57]

2.55
& 2,50 4
2 2.45 !
5 ) L
G 2.404 \
= | »
S 2.354
LL L
5 2.304
% y —0—_Sruplply vo:tt:ge

254 —o—Tuning voltage

o 225. —%—Tall gugrrent source bias

2.20 A\ J L] ¥ L ] L J LJ L J L] \J

0.0 0.5 1.0 15 2.0

Voltage (V)
Figure 6.25 The measured output frequency of the free-running amplifier as a function of the supply

voltage, tuning voltage and tail current source bias [51, 57]
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Figure 6.26 shows the measured output spectrum of the 2.4 GHz design for the
free-running mode and the locked-mode with an input signal of -10 dBm and 4.8 GHz
[57]. Even though the output was not measured differentially and no output filter was

used, the higher order harmonics are more than 27 dB below the fundamental.

20

—»— Locked (P»,=-10 dBm)
" —=— Free running

Output Power (dBm)
R
o

MR IR TR

2 4 6 8 10 12 14
Frequency (GHz)

Figure 6.26 The measured output spectrum taken from a single-ended output after loss compensation, at a
supply voltage of 1.5 V for both the free-running mode and the locked-mode with an input power of -10
dBm [57]

The phase noise measurements of the 2.4 GHz design are shown in Figure 6.27
[57]. The figure shows the phase noise of the free-running mode with no RF input applied
and a 0.9 V bias applied to the gate of transistor Ms compared to the locked-mode with a
-10 dBm input RF signal with an in input frequency of 4.8 GHz. The figure also shows
the noise injected from the signal generator at the same power level and frequency. The
injection-locking improves the phase noise performance of the circuit making it suitable
to be used as an output stage. The same gate biasing effects of transistor Ms, previously

shown in Figure 6.17, were also observed in this design and will be further explained in
Chapter 7 [51].
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Figure 6.27 The measured phase noise in free-running mode, with a 0.9 V gate bias applied to transistor
M, and in locking mode with an input power of -10 dBm, at a supply voltage of 1.5 V [57]

6.3 Comparison and Summary

This chapter presented the simulation and measurement results of a novel lock-mode
power amplifier design. Two circuits, sharing a common topology that uses a cross-
coupled negative-gn voltage-controlled oscillator, were discussed.

The work presented in this chapter tested the feasibility of using a superharmonic
injection-locked oscillator as a power amplifier [57]. This topology allows for on-chip
integration in a very small area while maintaining good performance and providing very
high power gain (30 dB) from a single stage. The two designed circuits were tested in a
standard CMOS 0.18 um process targeting the 2.4 GHz ISM band, the 433 MHz ISM
band and the 405 MHz MICS band. The phase noise characteristics of the two designs
were also presented and some recommendations were given to reduce the phase noise.

This work contributes considerably to the reduction of transmitter die area
targeting more compact, miniscule designs that are suitable for emerging low-power
applications such as wireless body area networks and biomedical implantable electronic
circuits. Table 6.1 shows a summary of the key results presented in this chapter, where

the designs are compared based on the FoM previously expressed by Equation 3.33.

112



Chapter 6: Lock-Mode Power Amplifiers — Measurement Results

Table 6.1: Performance comparison between the presented lock-mode power amplifier designs

Ve f Post | Power gain n PAE | Diearea | FoM
v) (GHz) | (dBm) (dB) (%) (%) (mm®) (dB)
First | 45 | 0433 | 63 30 145 | 145 0.9 194
Design . . . . . .
Second
Design 1.5 2.4 7.6 31 25 25 0.6 213
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Chapter 7

DIRECT-MODULATION TRANSMITTERS -

MEASUREMENT RESULTS

This chapter describes the design, simulation and measurement results of the two direct-
modulation transmitter circuits implemented. All designs were fabricated and fully
integrated in a standard mixed-signal CMOS 0.18 um technology with 6 metal layers,
with a 2 pm thick top-metal layer, provided by Taiwan Semiconductor Manufacturing
Company (TSMC) through the Canadian Microelectronics Corporation (CMC). The two
designs share a very similar architecture; however, each design was optimized to operate
at a different frequency, to be able to test the transmitter proposed at multiple bands such
as the 405 MHz MICS band, the 433 MHz ISM band and the 2.4 GHz ISM band.

Section 7.1 presents the designed 400 MHz direct-modulation transmitter circuit,
where the schematic simulation setup is shown, followed by the measurement setup and
the measurement results. Section 7.2 presents the designed 2.4 GHz direct-modulation
transmitter circuit. Finally, Section 7.3 presents the chapter’s summary and compares the
two designs presented in this chapter based on the FoM proposed in Chapter 4.

The two transmitters described in this chapter show the feasibility of using a
CMOS voltage-controlled power oscillator (VCPO) for fully-integrated single-block
direct-modulation with comparable performance to other technologies. The concept of
how a VCPO can be used as a single block transmitter was previously explained in
Chapter 4. The main drawback of the architectures shown in Figure 4.1 is the frequency
drift since the VCO or VCPO are used in open-loop. The architecture can be improved by
implementing a phase-locked loop (PLL), which will stabilize the frequency against any
drift that might occur with temperature variations, for example. This will be further
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explained in Chapter 8 as future work. In implantable biomedical electronic systems,
using an open-loop architecture is feasible since the receiver is external and sufficiently
powered, so the complexity can be increased on the receiver side to track any change in
the transmitted signal [51].

Figure 7.1 shows the basic schematic of the proposed single stage direct-
modulation transmitter, which was previously explained in chapter 4. There are two sets
of MOS varactors shown in Figure 7.1, where each can be controlled separately. The first
control-voltage is used to tune the frequency of oscillation, which represents the carrier
frequency in this topology, while the second input is used for modulation by inputting the
digital baseband information directly to the MOS varactors. Having two separate inputs
can only be done if the frequency is low enough to allow for the number of MOS
varactors required, which is not always the case.

Since the main architecture of this topology is very similar to the topology
presented in Chapter 6, which was used as a mode-locking power amplifier; both ideas
can be tested on the same design by changing the simulation and measurement setup.
Overlapping two circuit ideas together usually involves some sort of compromise in their
performance to meet the requirements of both designs. This slightly degraded the
performance of the transmitter; however, the concept was proven. This chapter will focus
more on the measurement results, since the layout and schematic design were previously

shown in Chapter 6.
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Figure 7.1 Basic schematic of the direct-modulation transmitter

7.1 First Transmitter Design

The same component values used in the 400 MHz mode-locking power amplifier design,
previously discussed in Section 6.1, were used in this design since the component values
were optimized to be able to test both circuit ideas on the same layout. Rather than
having an RF input as in the lock-mode power amplifier, the circuit was used as a free-
running power oscillator. For this reason, the transconductance stage, used for amplifying

the RF input, was biased in the triode region with a high gate voltage.

7.1.1 Schematic Simulation Setup

The schematic simulation setup used for this design is shown in Figure 7.2.
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Figure 7.2 Basic schematic of the direct-modulation transmitter simulation setup

7.1.2 Measurement Results

The chip was probed on-wafer using a ground-signal-ground configuration for the
RF signals and a single pad for DC connections. Measurements were performed by
connecting one side of the differential output to the instrument and dummy-loading the

other side with a 50 Q load. An HP-4145B semiconductor parameter analyzer was used
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to provide the biasing and to measure the DC power. The output signal was measured
using an Agilent-E4440A spectrum analyzer and the baseband modulation was provided
using a Wavetek-178 waveform synthesizer. Figure 7.3 shows a sketch of the

measurement setup.

Waveform Synthesizer Spectrum analyzer
Wavetek-178 Agilent-E4440A

Modulation input
DC

PVCO

DG, \f\
-4.. DC

DC ¥

.
' RF output
D 500
Semiconductor dummy |Bias-T
Parameter Analyzer load ?

HP4145B romas

Figure 7.3 Setup used in measuring the 400 MHz direct-modulation transmitter

Figure 7.4 shows the measured output power and drain efficiency of the 400 MHz
design as a function of the supply voltage [S1]. The sweep was done over the voltage
range for which the circuit oscillates. Since the output voltage swing increases with a
higher supply voltage, the output power also increases. The PAE in such a design is equal
to the drain efficiency since the power gain can be considered infinite because the input
power, which is the power required to drive the varactors by the digital baseband signal,
is negligible. Figure 7.4 also shows the spectrum of the output signal. The second and

third-order harmonics are approximately 30 dB below the fundamental.
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Figure 7.4 The measured output power and drain efficiency of the 400 MHz design as a function of the
supply voltage. The figure also shows the spectrum of the ousput signal [51]

Figure 7.5 shows the measured output power and drain efficiency of the 400 MHz
design as a function of the tail current source biasing, at a supply voltage of 1.5 V [51].
The gate biasing of the tail current source can be used to control the output power. As the
tail current bias increases, the oscillator moves from the current limited regime to the
voltage limited regime at a transition gate bias of 0.7 V. Increasing the gate bias of the
tail current source no longer has an effect on the output power in the voltage limited
regime; however, the efficiency slightly increases since the resistance of transistor Ms is

reducing as V,; increases; causing less power loss in the active device.
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Figure 7.5 The measured output power and drain efficiency of the 400 MHz design as a function of the tail

current source bias (transistor Ms in Figure 7.1), at a supply voltage of 1.5 V [51]
Figure 7.6 shows the output frequency of oscillation of the 400 MHz design as a
function of the supply voltage, the tuning voltage, the modulation voltage and the tail
current source bias [51]. During the sweep of one bias voltage, the other biases were kept

constant at 1.5 V, except for the tuning and modulation voltages, which were kept
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constant at 0.5 V. Based on the modulation voltage signal only, the circuit has a tuning
range of 16 %, due to the large number of varactors used. The circuit can be tuned to
operate in both the 433 MHz ISM band and the European 405 MHz MICS band.
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Figure 7.6 The measured output frequency of oscillation of the 400 MHz design as a function of the supply

voltage, tuning voltage, modulation voltage and tail current source bias [51]

7.2 Second Transmitter Design

This design was previously explained; however, having a separate tuning input was not
possible since only two MOS varactors were used. This section will go directly into the
measurement results since the design; simulations and layout were previously covered.

Figure 7.7 shows the measured output power and drain efficiency as a function of
the supply voltage [51]. The figure also shows the output spectrum where the harmonics
are shown to be 30 dB below the fundamental.
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Figure 7.7 The measured output power and drain efficiency of the 2.4 GHz design as a function of the

supply voltage. The figure also shows the spectrum of the output signal [51]
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Figure 7.8 shows the measured output power and drain efficiency of the 2.4 GHz
design as a function of the tail current source biasing and the tuning voltage applied to the
varactors at a supply voltage of 1.5 V [51]. The output power slightly drops as the
varactor tuning voltage increases since the quality-factor of the varactors goes down,

which results in a drop in efficiency.
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Figure 7.8 The measured output power and drain efficiency of the 2.4 GHz design as a function of the tail
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current source bias (transistor Ms in Figure 7.1) and the tuning voltage applied to the varactors, at a
supply voltage of 1.5 V [51]

The phase noise measurements of the 2.4 GHz design are shown in Figures 7.9
and 7.10 [51]. The phase noise is shown in Figure 7.9 for various control voltages applied
to the gate of the tail current source (transistor Ms in Figure 7.1). The phase noise
generally decreases as the circuit goes more into the voltage limited regime. Since the
frequency of oscillation of the circuit in the current limited mode is very sensitive to the
value of the biasing current, as previously shown in Fig 6.25, the slow random
fluctuations in the tail current cause the frequency to drift, resulting in phase noise. Low-
frequency noise and flicker noise generated by the tail current source both up-convert
into 1/f* phase noise causing modulation of the biasing current and the amplitude of the
output signal. The 1/f 2 phase noise also reduces in the voltage limited mode since the
current source is the main contributor of 1/f 2 due to the down-conversion of white
channel noise at the current source where the frequency is double the output frequency
[63]. The phase noise is not shown in Figures 7.9 and 7.10 for higher voltage levels since

they have the same trend.
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Figure 7.9 The Measured phase noise of the 2.4 GHz design for various tail current source control voltages
applied to transistor Ms, at a supply voltage of 1.5V [51]

In Figure 7.9, the curve of 0.6 V control voltage stands out with an increase in the
13 phase noise. When looking carefully at the curves, the phase noise is low for both
biasing points before and after the 0.6 V curve. At low biases such as 0.55 V, the circuit
is well defined to be operating in the current limited mode, while at high voltages of
above 0.7 V, the current source looses its effect and the circuit is operating in the voltage
limited regime. At some point in between, the circuit is going through a transition from
one mode to the other at which, both modes can be competing; causing an increase in
phase noise. This effect was also tested on the transconductance transistor, although it
was not used as part of this design, the phase noise result is shown in Figure 7.10, where
the same behavior is observed. An important point to note from both Figures 7.9 and 7.10
is that such bias points should be avoided to improve the phase noise performance of the
circuit and the tail current source should either be biased in weak inversion or biased with
a high gate voltage, such that the device enters the triode mode. The 2.4 GHz design has a
phase noise of -90 dBc/Hz at a 50 kHz offset and a phase noise of -122 dBc/Hz at a 1
MHz offset with a gate biasing voltage of 1.5 V applied to both the transconductance

transistor and the tail current source transistor [51].

122



Chapter 7: Direct-Modulation Transmitters - Measurement Results

<40q

o “‘%H ..

60+

L]
-_—

&
8 &

L(A) (dBc/Hz)

«++ Gate bias=0.6 V

— Gate bias = 0.7V
-=o Gate bias=0.9V
-1409 ---. Gate bias = 1.2V

oy P PTTIR———y Ty

ik A0k 100k M 10M
Af(Hz)

Figure 7.10 The Measured phase noise of the 2.4 GHz design for various gate bias voltages applied to the
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transconductance transistor, which was not used in this design, at a supply voltage of 1.5 V [51]

Figure 7.11 shows the measured output power spectrum of the 2.4 GHz design in
FSK mode; taken from a single-ended output at a supply voltage of 1.5 V [51]. The two
peaks are 380 kHz apart, modulated by a 1 MHz, 5 mV square wave applied to the MOS
varactors. Figure 7.12 shows the transmitter output spectrum of the single-ended output
with the Bluetooth spectrum emission mask at a supply voltage of 1.5 V [51]. The
Bluetooth spectrum emission mask was applied by the spectrum analyzer as a pass or fail
test that indicates if the out-of-band emissions exceed the specifications of the Bluetooth
standard. Although Bluetooth uses Gaussian-FSK (GFSK) modulation, which was not

used here, the Bluetooth spectrum emission was applied as a proof of concept only.
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Figure 7.11 The Measured output spectrum of the 2.4 GHz design, FSK modulated at 1 Mbit/s and + 190
kHz frequency deviation, at a supply voltage of 1.5V [51]
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Figure 7.12 Bluetooth data spectrum emission mask [51]

7.3 Comparison and Summary

This chapter presented the measurement results of a direct-modulation transmitter design.
Two circuits, sharing a common topology that uses a cross-coupled negative-gm voltage-
controlled oscillator, were discussed.

The work presented in this chapter demonstrates the feasibility of performing
direct-modulation using a voltage controlled power oscillator as a single-block short-
range transmitter in standard CMOS technology. Two circuits were designed and tested
targeting the 2.4 GHz ISM band, the 433 MHz ISM band and the 405 MHz MICS band.

This work contributes considerably to the reduction of transmitter die area and
power consumption, leading to simpler and more efficient designs that are suitable for
emerging low-power applications such as wireless body area networks. Table 7.1 shows a
summary of the key results presented in this chapter, where the designs are compared

based on the FoM previously expressed by Equation 4.1 [51].
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Table 7.1: Performance comparison between the presented VCPO designs [51]

400 MHz Design | 2.4 GHz Design
Output Power 6.5 dBm 8 dBm
Power Dissipation 31 mwW 23 mw
Supply Voitage 15V 1.5V
FSK Fdev + 15 kHz + 190 kHz
Data Rate 500 kbit/s 1 Mbit/s
Phase Noise @ 1 MHz -120 dBc/Hz -122 dBc/Hz
Sidebands -48 dBc -34 dBc
Technology 0.18 yum CMOS 0.18 ym CMOS
Die Area 1.5 mm x 0.6 mm 1 mm x 0.6 mm
FoM 158 dB 166 dB
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Chapter 8

CONCLUSIONS AND FUTURE WORK

This thesis studied the design of integrated power amplifier circuits for biotelemetry
applications in CMOS technology. The objective of this work is to improve the efficiency
of RF low-power transceivers that are suitable for biomedical applications and operate
from very low-supply voltages; or short-range applications that do not require large
output power levels, such as wireless sensor networks. Since the power amplifier is the
most power consuming block of an RF transceiver, this work focused on improving the
efficiency of power amplifiers with low output power levels; and thus improving the
global efficiency of the transceiver. After designing efficient power amplifiers suitable
for low output power applications, the next step was to try some non-conventional
techniques to simplify the RF transceiver and improve its efficiency. This was presented
by testing the feasibility of using a voltage controlled power oscillator as a single-block

direct-modulation transmitter.

8.1 Contributions and Summary

This work started by examining the challenges met in designing power amplifiers with
low output power levels and clearly explaining these challenges, since low-power
amplifiers were not thoroughly researched in previous publications.

The first use of a class-E (switch-mode) power amplifier for low-power
applications was presented in this work, where traditionally, current-mode power
amplifiers were used. The four class-E layouts presented in this work showed the
feasibility of using class-E power amplifiers for low-power applications. The effects of

the on-chip layout parasitics on low-power amplifier designs were also discussed, and a
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program that was designed to calculate the component values used in the equivalent
circuit of the parasitic layout interconnections, was also presented. The effects of using
an on-chip filter were also presented, showing how the efficiency of the power amplifier
can be improved by avoiding the on-chip filter and depending on the human body layers
for filtering higher order harmonics. The effects of the resistive losses on the
interconnections were also presented, showing how the results can be improved by
increasing the metal thickness and inductor quality factor. The measurement results of the
thick top-metal layer class-E power amplifier presented show a maximum drain
efficiency of 53 % and a maximum gain of 22 dB, at a frequency of 2.4 GHz. When
operating from a 1.2 V supply, the PA delivers an output power of 14.5 mW with a PAE
of 51 %. The supply voltage can go down to 0.6 V with an output power of 3.5 mW and a
PAE of 43 %.

Furthermore, this work presented a novel power amplifier design, using
superharmonic injection-locking that allows for very high gain from a single stage. The
two mode-locking circuits targeted the 2.4 GHz ISM band, the 433 MHz ISM band and
the 405 MHz MICS band. The phase noise characteristics of the two designs were also
presented and some recommendations were given to reduce the phase noise. The mode-
locking designs contribute considerably to the reduction of transmitter die area. The
measurement results of the 2.4 GHz design show that the fabricated ILPA has a
maximum gain of 31 dB from only one stage, an output power of 7.6 dBm froma 1.5 V
supply voltage and a DC current of 15 mA. The chip area is only 0.6 mm® with all
components fully integrated.

Finally, this work also demonstrated the feasibility of performing direct-
modulation using a voltage-controlled power oscillator as a single-block short-range
transmitter in standard CMOS technology. Two circuits were designed and tested
targeting the 2.4 GHz ISM band, the 433 MHz ISM band and the 405 MHz MICS band.
Some important recommendations were also given on the phase noise performance of
these designs, where the effect of the tail current source gate biasing was discussed. This
work contributes considerably to the reduction of transmitter die area and power
consumption. The measurement results of the 2.4 GHz transmitter show a drain

efficiency of 27 %. When operating from a 1.5 V supply, the transmitter delivers an
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output power of 8 dBm with a low phase noise of -122 dBc/Hz at a 1 MHz offset. The
chip areas of the two fabricated transmitters are only 0.6 mm? and 0.9 mm’ for the 2.4
GHz design and the 433 MHz design respectively, with all components fully integrated.

Table 8.1 shows a performance comparison between state-of-the-art CMOS
power amplifier designs based on the FoM proposed in Chapter 3. Only the non-filtered
outputs are shown in the table. The thick top-metal layer class-E power amplifier design
(design number 4) outperforms all previous published power amplifiers targeting low
output power applications in terms of PAE. No class-E designs, other than those
presented in this work, are shown in the table, since this work represents the first use of a
class-E power amplifier in low power applications. The 2.4 GHz ILO design (design
number 6) shows a power gain that is significantly higher than all other works, which is
why it has a very high FoM.

Table 8.2 shows a performance comparison between state-of-the-art voltage-
controlled power oscillators based on the FoM proposed in Chapter 4. This work shows
that the CMOS VCPO can achieve comparable performance to other technologies while
providing a high level of integration and low-cost.

The work presented in this thesis has been published in three conferences. Three
journal papers were also submitted based on the work presented in this thesis and two

more journal papers are current work in progress.
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Table 8.1: Performance comparison between state-of-the-art CMOS power amplifier designs

FoM = 101ogP0“’ imw +10logG + ZOlogj%HZ —IOIOgPD%mW

Gain
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Table 8.2: Performance comparison between state-of-the-art voltage-controlled power oscillators
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8.2 Future Work

A number of areas for future research and improvements were identified in this work,
some of which are currently being considered.

As for the presented class-E power amplifier, it will be useful to implement a
method that can dynamically control the output power level. This has a number of uses,
one which can help improve the linearity of the amplifier by dynamically changing the
supply voltage to follow the change in amplitude of the input signal, which is known as
envelope elimination and restoration (EER). However, since linearity is not a major
concern in this work, there are other more important benefits to have dynamic power
control. One benefit is to allow for turning off the power amplifier when the transceiver is
in receive mode. This will require the use of an efficient switch, such as a PMOS
transistor. The challenge comes when needing to operate the power amplifier in burst-
mode, such that it turns on fast enough, transmits a chunk of data, and then turns off.
Burst-mode may be a good technique to use in low-power applications where the devices
spend a majority of their time in standby.

Regarding the injection-locked power amplifier, measuring the MOS varactors
and determining their exact quality factor will help in confirming the source of
discrepancy between the measured and the simulated results, in addition to designing an
LC-tank with a higher quality factor. This is currently being tested using two different
approaches. The first is to test a better layout of the MOS varactor with wider metal
interconnections between the multi-fingers. And the second, is by trying to improve the
quality factor of the inductors used. A novel technique is currently being studied by
placing the laid-out inductor in a deep-n-well, isolating its substrate from the substrate of
the chip. This can help reduce the losses in the substrate network, since the area beneath
the inductor is no longer grounded. It can also help in reducing substrate leakage and
improving the noise performance of the design. Further, laying out an inductor in this
manner can also help in having a placement independent inductor layout, since the
equivalent circuit of the inductor is normally extracted from an S-parameters test
structure that places four grounding pads very close to the inductor, which are usually not
there when the inductor is actually laid out in the circuit. As for the phase noise of the

circuit, the squegging effects that were noticed on the phase noise are areas worthy of
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future research. The circuit has been laid out six times, as shown in Figure 8.1, each time
changing one of the possible factors that might be affecting the phase noise. The tests that
will be carried out investigate the effect of changing the filtering capacitors applied to the
DC supply, using a MOS varactor with a higher quality factor, using smaller DC-

blocking capacitors and finally, using an inductor with a higher quality factor.

s AT s e | ;LJ&HHE ﬁH
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{

Figure 8.1 Photomicrograph of the six circuits that were fabricated to investigate the cause of phase noise
fluctuations

As for the direct-modulation transmitter, in addition to the previous improvements
mentioned on phase noise and the quality factor of the LC-tank, the following future
research is recommended. First, since the main drawback of this design is the instability
of the output frequency, mainly as a function of temperature, the temperature effects on
the oscillation frequency, the output power, the drain efficiency and the phase noise
should be considered. The design will be tested under various temperatures to quantify
the effects of temperature on the circuit’s performance.

As an improvement to the open-loop direct-modulation transmitter, a phase-
locked loop (PLL) power transmitter is currently being researched. By adding the digital
circuitry required to implement the PLL, the output frequency will be stabilized against
any drifts, at a small expense of power consumption. Figure 8.2 shows a block level

schematic of the PLL transmitter, highlighting the the phase-locked loop.
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Figure 8.3 shows a photomicrograph of the PLL transmitter, with a zoomed-in

image on the PLL. The circuit occupies an area of 0.7 mm?, proving that adding the PLL

does not take too much extra die area, and the measurements completed show a drop in

efficiency of

only 3 %.
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Figure 8.3Photomicrograph of the designed PLL transmitter
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Due to the stacking nature of the topology used for the direct-modulation
transmitter, the design does not support very low-voltage operation. The efficiency of the
transmitter itself is not as high as the class-E power amplifier design presented in this
work. An improved power oscillator design is currently being tested using a class-E
power amplifier. Class-E power oscillators have never been reported in CMOS
technology. Figure 8.4 (a) shows a photomicrograph of the class-E power oscillator,
which can operate from supply voltages as low as 0.6 V, with drain efficiencies as high as
55 % [66]. It basically consists of a single stage class-E oscillator with feedback. This
design can be used as an efficient direct-modulation transmitter. The design is also being

tested as a class-E PLL transmitter, shown in Figure 8.4 (b).

Figure 8.4 Photomicrograph of (a) the class-E PVCO transmitter design (b) the class-E PLL transmitter

Finally, in order to be able to assess the true value of all the design techniques
presented, a conventional 2.4 GHz transmitter is currently being tested to compare the
benefits of the different approaches. Figure 8.5 shows the photomicrograph of the
conventional transmitter that occupies an area of 2.9 mm’. The figure also shows the
schematic circuit, which uses two class-E power amplifiers to provide the differential

output, an up-conversion mixer and a VCO.
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Out

Figure 8.5 Conventional 2.4 GHz transmitter, photomicrograph and circuit schematic
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