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Preface

The world, as we know it today, at the end of the second decade of the twenty-first
century, is a world in which everybody and everything is connected. In the past
several years, the amount of Internet traffic has increased momentously and so has
the need for wireless transmission. It is estimated that by 2020, 20 to 50 million
devices will be connected to the Internet, necessitating the emergence of the
Internet of things (IoT) concept. Wireless connectivity technologies, as well as data
sensing and processing technology, now need to adapt fast to cater for the increased
rate of change. The obvious solution is then to concentrate the research efforts on
the part of the spectrum that is not as congested. One of the areas of investigation
since the turn of the century has been transmission in the millimeter-wave regime,
part of the spectrum ranging from 30 to 300 GHz, where there is an abundance of
bandwidth.

Even though millimeter-wave transmission received increased research attention
in at least the past 15 years, the world is still waiting for widespread adoption of
millimeter-wave transceivers. One of the contributors to this situation is the lack of
research into millimeter-wave device packaging. In electronics, the packaging
forms a bridge between the integrated circuit (IC) or a single device (e.g., a resistor)
and the rest of the electronic system, encompassing all technology between the two.
Even the best performing state-of-the-art millimeter-wave transmitter or a receiver
IC can be deemed completely inoperable if packaged in an inadequate package.
Packaging material and shape are not the only considerations; what becomes
important at millimeter-wave frequencies is how the package interacts with
millimeter-wave circuitry inside and outside the package boundary. As such, the
package must be treated on the system level.

A packaged IC system can be referred to as a system-on-chip (SoC). While
system-on-board remains appealing for simple at-home solutions not requiring
portability, SoCs are suitable for mass production and remain the best and least
costly solution for many commercial applications. In certain applications, e.g.,
power electronics or RF transmission, several components still have to be placed on
the board outside of the chip. Examples of such components are high-power
capacitors, in the case of power electronics, or antennas, in the case of transceivers.
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The challenge of millimeter-wave transceiver research thus requires reconsideration
of what is packaged and what remains outside the package. In a simple example, a
power amplifier IC could be packaged into a small package, where the output of the
power amplifier is connected to a bonding pad, which is then connected via a bond
wire to the package lead. This signal line is then connected to an antenna. On the
other hand, the antennas used in the millimeter-wave range are fairly compact, so
another option would be to place this antenna inside the package, removing the
need for the bonding pad, bonding wire, and the package lead altogether. In fact, a
power amplifier could be fabricated in one technology (e.g., a high-power tech-
nology), and it could be connected to the modulation circuitry fabricated in another
low-power technology while making use of high-quality discrete inductors; all of
this could be mounted onto a small board and packaged inside the same enclosure.
This would effectively lead to the system-on-package approach (SoP). SoP is thus a
system concept in which the device, package, and system board are miniaturized
into a single-system package with all the needed system functions.

In a millimeter-wave regime, the decision on the specific packaging strategy is
often a difficult one and depends on the circuit complexity, intended use, choice of
passives and available transistor technologies and their costs. In many instances,
SoC will be the preferred approach because of its simplicity. An inexpensive
technology such as silicon-germanium, for example, allows many different types of
circuitry to be fabricated on the same chip die. A requirement for a complex device
is likely to be best suitable for the SoP strategy. Many approaches that can be
classified as somewhere between SoC and SoP are also possible. This book thus
looks at different packaging strategies and puts them into the context of the
millimeter-wave regime and unique challenges that are associated with this trans-
mission approach. To be able to make a packaging decision, researchers need to
understand the concepts of transmission bands, antennas and propagation, inte-
grated and discrete substrates, materials and technologies, passive and active
components, as well as the advantages and disadvantages of various packages and
packaging approaches, appropriate selection of packages, package-level modeling
and simulation, and thinking about the package from the perspective of testing.
Material research is particularly important, and although typically associated with
substrates and integrated technologies, materials also need to be understood from
the perspective of interconnects.

The book is thus organized as follows: Chapter 1 presents the introduction to the
topic of research of this book. The importance of millimeter-wave systems pack-
aging is underlined, which allows for a research gap to be found and research
questions to be proposed. Chapter 2 presents an overview of the research challenges
that are unique to the millimeter-wave regime. Topics include the millimeter-wave
regime itself, channels, the importance of wavelength, propagation of millimeter
waves, and millimeter-wave antennas. This chapter also includes extensive treat-
ment of millimeter-wave considerations such as losses, uncertainty, component
sizing, coupling, design rules, bonding, and behavior of physical packaging at
millimeter-wave frequencies. In Chap. 3, the behavior of active and passive devices
at millimeter-wave frequencies is looked at. Solid-state active devices are looked at
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first, where the different transistor types are described with the focus on the change
in their behavior as frequencies increase. The remaining sections of this chapter
look at different options of implementation of passives, including transmission
lines, waveguides, resistors, capacitors, inductors, transformers, baluns, couplers,
and transitions. Chapter 4 is dedicated to transistor technologies. Si CMOS and
various BiCMOS and HEMT technologies are all examined. This chapter also
describes how established technologies can be improved to make them more
suitable for millimeter-wave applications, typically by deploying small processing
modifications. Methods to compare different transistor technologies are also dis-
cussed in this chapter. In Chap. 5, discrete substrates are described. Substrates are
the foundation for any package option or packaging strategy. Important substrate
properties are discussed, such as their thermal, electrical, and mechanical properties.
This chapter also presents a classification of substrates and describes the advantages
and disadvantages of different substrate types. Ceramics, polymers, hybrids, or even
laminates can all be made suitable for millimeter-wave packaging, provided that the
materials are selected carefully and the processing is done in a way that is suitable
for the required application. Means of comparing substrates and their selection are
likewise discussed for discrete substrates.

The remaining chapters focus on different packaging strategies and
state-of-the-art examples. Chapter 6 discusses the traditional approach to the least
expensive SoC strategy. Different SoC packages suitable for millimeter-wave
applications are discussed, in conjunction with suitable means for making first-level
interconnects. The economics of the SoC approach is also considered in this
chapter. Modeling, simulation, and testing of packaged SoCs also comprise one
of the topics. Chapter 7 discusses multi-chip packaging, including 3D packaging
and how these packages can be made to perform reliably. This chapter in addition
discusses the materials suitable for multi-chip packaging, making interconnects
inside these packages (horizontal and vertical transitions), as well as, once again,
modeling, simulation, and testing. Many 3D-related challenges, such as 3D wafer
processing, wafer thinning, via insertion, heat buildup, and reliability, are the
central focus of this chapter. Chapter 8 focuses on the state-of-the-art approach—
the SoP strategy. Advantages and challenges of SoP for millimeter-wave are dis-
cussed. Various SoP alternatives of various complexities are listed in this chapter,
and substrates and other materials suitable for SoP integration are discussed.
Methods of integration of different components, such as passives, sensors, and
antennas, are also explored. Modeling, simulation, and testing challenges associated
with SoP are expanded on here. Furthermore, this chapter discusses the key con-
siderations for package selection and successful packaging execution, as well as the
economics of this ultimate packaging strategy. Finally, Chap. 9 summarizes the
book by looking at how research questions have been answered. The chapter
moreover investigates remaining research gaps in packaging research for the
millimeter-wave regime, as well as exploring future directions.

The authors would like to thank Azoteq, (PTY) Ltd., from Pretoria, South
Africa, for providing chip samples used in this book.
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