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Praise forMillimeterWave
Wireless Communications

“This is a great book on mmWave systems that covers many aspects of the technology
targeted for beginners all the way to the advanced users. The authors are some of the most
credible scholars I know of who are well respected by the industry. I highly recommend
studying this book in detail.”

—Ali Sadri, PhD, Sr. Director, Intel Corporation, MCG mmWave Standards and
Advanced Technologies

“The most comprehensive book covering all aspects of 60 GHz/mm-Wave communication,
from digital bits and signal processing all the way to devices, circuits, and electromagnetic
waves. A great reference for engineers and students of mm-Wave communication.”

—Ali Niknejad, Berkeley Wireless Research Center (BWRC)

“Due to the huge availability of spectrum in 30-100 GHz bands, millimeter wave commu-
nication will be the next frontier in wireless technology. This book is the first in-depth
coverage addressing essential aspects of millimeter wave communication including channel
characteristics and measurements at millimeter wave bands, antenna technology, circuits,
and physical layer and medium access control design. It also has an interesting chapter on
60 GHz unlicensed band wireless standards. I found the book extremely useful and rec-
ommend it to researchers and practicing engineers who are keen on shaping the future of
wireless communication. Thank you Rappaport, Heath, Daniels, and Murdock for giving
us Millimeter Wave Wireless Communications.”

—Amitabha (Amitava) Ghosh, Head, North America Radio Systems, Nokia

“I highly recommend Millimeter Wave Wireless Communications to anyone looking
to broaden their knowledge in mmWave communication technology. The authors have
introduced the key technologies relevant to the rapidly evolving world of wireless access
communications while providing an excellent bibliography for anyone seeking to learn
about specific topics in greater depth.”

—Bob Cutler, Principal Solutions Architect, Agilent Technologies Inc.



“This timely, ambitious, and well-written book is the first to cover all aspects of millimeter
wave wireless communications. The authors’ interdisciplinary approach illustrates how
the unique characteristics of millimeter wave hardware and signal propagation affect and
can be mitigated or exploited in the physical, multiple access, and network layers of
the overall system design. The authors are renowned wireless communication experts
uniquely qualified to write a comprehensive book on this emerging field, which strikes
the perfect balance of breadth and depth. This book is likely to become an immediate
classic, as well as required reading for students, researchers, and practitioners.”

—Andrea Goldsmith, Stephen Harris Chair Professor, Department of Electrical Engi-
neering, Stanford University

“Mm-wave communications systems promise to alleviate the spectrum crunch and be a
major part of future WLAN as well as cellular systems. The authors, leading experts
in the field, have admirably succeeded in illuminating all the diverse aspects — ranging
from semiconductor technology to wave propagation to MAC layer and standards — that
impact the design and deployment. The book is a must-read for anybody working on this
important emerging class of systems.”

—Professor Andy Molisch, University of Southern California, FIEEE, FAAAS, FIET,
MAuAcSc

“This is the first book that addresses the technologies of millimeter wave design needed to
implement multi-gigabit communication links. It provides in one place the communication
theory background as well as the unique characteristics of millimeter wave communication
systems.”

—Bob Brodersen, Berkeley Wireless Research Center, Department of Electrical Engi-
neering and Computer Science, University of California, Berkeley

“With the advent of broadly addressing the millimeter wave spectrum from 30 GHz-
300 GHz, new groundbreaking advances in communications are to be expected. This
book provides a fantastic overview as well as in-depth background material for millimeter
wave communications. It is a must-buy to be in the hands of any wireless communications
engineer active in advancing technology beyond its current boundaries.”

—Gerhard P. Fettweis, cfAED Coordinator, HAEC Coordinator, Vodafone Chair Pro-
fessor, Technische Universität, Dresden

“This timely monograph is expected to play an influential role in the definition of future
generations of wireless systems by formulating a future-proof road-map. . . .”

—Professor Lajos Hanzo, FREng, FIEEE, DSc, Head of Communications, Signal
Processing and Control, University of Southampton
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Preface

W hen the cellular telephone revolution began in the 1970s, it was hard to imagine
how wireless communication would become such a fundamental part of today’s

world. Indeed, the Internet had not yet been invented, personal computers did not exist,
and long-distance data communication was carried out over landline phones using analog
audio modems with data rates no greater than 300 bits per second. The launch of the
commercial cellular telephone industry gave birth to unprecedented freedom and func-
tionality, the wireless age was born, and tetherless communications captured the hearts
and minds of a new generation of engineers and technologists, and most importantly, the
public. As the computer and Internet revolutions sprang forward in the 1990s and into
the 21st century, the wireless industry followed. Despite its remarkable growth, however,
wireless has failed to reach its full potential.

Wireless technologies are pervasive, with over 5 billion cellphones on planet Earth.
Today’s fourth-generation (4G) Long Term Evolution (LTE) cellular technology and the
IEEE 802.11n wireless Internet standards provide enormous data rates — transfer rates
of hundreds of megabits per second between users. The wireless industry is estimated
to be a 1 trillion USD global business, approaching the size of the global construction
industry. It is remarkable to consider, however, that in one important dimension, wireless
is still in its infancy with enormous room to expand.

Consider this astonishing fact: Since the first cellphone call was made 40 years ago,
computer clock speeds have increased from less than 1 MHz to today’s clock rates of
5 GHz, more than three orders of magnitude. The memory and storage sizes of com-
puters have exploded from a few kilobytes to today’s terabyte-sized hard drives, an
expansion of seven orders of magnitude. Yet, during their 40-year lifetime, the mobile
communications and personal area network industries have been range-bound in operat-
ing carrier frequency, stuck between approximately 500 MHz (used by the early analog
mobile phone systems and the recently allocated 700 MHz cellular spectrum) and 5.8 GHz
(used by modern WiFi enterprise systems on the IEEE 802.11a standard). Remarkably,
in 40 years, the wireless industry has seen little movement in its operating frequency.
While all other technological evolutions have exploited Moore’s law to gain an increase
in scale of many orders of magnitude, the operating carrier frequencies of practically all
mobile and portable wireless communication systems have barely budged.

Why would wireless be so delinquent in moving up in the frequency bands? Why would
the wireless industry wait until now to exploit the vast frontier of spectrum that, to date,

xvii
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has seen little use, yet offers such vast potential for greater capacity? After all, as we
show in Chapter 1 of this book, England’s Ofcom and the US FCC considered millimeter
wave (mmWave) for mobile communications in the 1980s. And more than 100 years ago,
Jagadis Chandra Bose and Pyotr Lebedev (also spelled “Lebedew”) reportedly conducted
the first 60 GHz wireless transmissions. To address these questions, and to offer the
fundamental technical details needed by the next generation of engineers who will be
fortunate to conquer this new frontier of mmWave wireless, we have written this textbook.

The answers to why consumer wireless networks have not exploited mmWave
frequencies have to do with many factors, such as the slow standards process and even
slower global spectrum regulatory process; myths and lack of fundamental understand-
ing of radio propagation, antennas, circuits, and networks; the amount of entrenched
investments and the competition between traditional (and emerging) business models to
provide broadband wireless coverage and capacity; the competing standards that dilute
capital needed to bring about a new cellular or WiFi technology; the existing and expand-
ing infrastructure needed to carry such large bandwidths; and, most of all, the cost of
designing, fabricating, and deploying widespread consumer technologies that deliver an
unmet need, such that they justify the massive investments needed to bring them to the
marketplace.

Today, semiconductor technologies are able to make reliable radio frequency circuits
with gate lengths at or below 30 nm. The ability to fabricate low-cost radio frequency
circuits and on-chip antennas systems at frequencies much higher than 5 GHz is now
firmly in place. Optical fiber backbones are now being deployed throughout the world,
and mmWave wireless systems will enable a much greater proliferation of backhaul to
support data rates that meet or exceed those of 4G cellular systems. The processing
power of smartphones and tablets, and the insatiable public demand for content offered
through these devices, is also now proven. New wireless local area network (WLAN)
products based on IEEE 802.11ad are offering multi-gigabit per second data rates. Recent
work has shown that outdoor radio propagation is viable at mmWave frequencies when
directional, steerable phased-array antennas are used. Thus, all of the key components
are set for wireless to expand from its current low microwave carrier frequency to a new
frequency regime that promises several orders of magnitude more capacity for future
cellphone and local area network users.

This textbook has evolved from our research programs in many technical areas that
must come together to make mmWave mobile communications a reality. We have sought
to explore the literature and we have used our own personal experiences as researchers,
entrepreneurs, inventors, and consultants to build a textbook that empowers engineers at
all levels to work on the exciting future of mmWave wireless. Fundamental principles in
many important areas of mmWave communications, circuits, antennas, and propagation
are treated in this book. We also provide a wealth of references to assist the reader in
exploring specific areas of interest where specific challenges or advances must still be
made.

The material in this book is designed to provide a solid foundation in mmWave funda-
mentals, including communication theory, channel propagation, circuits, and antennas.
Chapter 1 provides an introduction and illustrates the vast capabilities and new archi-
tectures that will evolve as wireless moves from the UHF and microwave bands to the
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mmWave spectrum. Conventional applications of mmWave, including WLANs, wireless
personal area networks (WPANs), and cellular networks are described, along with new
applications of mmWave for applications in the office of the future, data centers, per-
sonal interconnects, and the automotive and aerospace industries. Chapter 2 provides
an introduction to the fundamentals of digital communication. Important topics includ-
ing baseband signal and channel models, modulation, equalization, and error control
coding are discussed with an emphasis on the techniques that are already found in early
mmWave systems. Multiple input multiple output (MIMO) wireless communication prin-
ciples, which leverage large-antenna arrays, are also reviewed. Background is provided
on hardware architectures for upconversion and downconversion and the fundamentals
of the network stack.

The treatment of the fundamentals of mmWave starts in Chapter 3, where elemen-
tal principles on radio wave propagation for both indoor and outdoor applications of
mmWave communication are taught. Radio propagation characteristics for mmWave are
reviewed in detail, with special attention paid to the fundamental issues that are perti-
nent to building mmWave wireless networks. Chapter 4 delves into antennas and antenna
arrays for mmWave communication systems. Because mmWave antennas will be very
small and integrated, important background is provided on the fundamentals of on-chip
and in-package antennas, describing the challenges associated with fabricating efficient
mmWave antennas as part of the chip fabrication or packaging. Chapter 5 provides
in-depth treatment of analog circuit design and provides fundamental treatment of key
design challenges and operating considerations when building RF circuitry. Background
is provided on several topics, including analog millimeter wave transistors, their fabri-
cation, and important circuit design approaches for the basic building blocks within a
transceiver. The treatment of analog circuits has intentionally included details of comple-
mentary metal oxide semiconductor (CMOS) and metal oxide semiconductor field-effect
transistors (MOSFET) semiconductor theory in sufficient detail to allow communications
engineers to appreciate and understand the fundamentals and challenges of mmWave
analog circuits, and to understand the capabilities and approaches used to create circuits
that will enable the mmWave revolution. Key parameters used to characterize active and
passive analog components as well as key qualities of merit are also reviewed with great
detail. Design approaches for transmission lines, amplifiers (both power amplifiers and
low-noise amplifiers) frequency synthesizers, voltage-controlled oscillators (VCOs), and
frequency dividers are also reviewed. Chapter 6 delves into baseband circuit design. It
presents a wide range of technical design issues and references to help the reader under-
stand the fundamentals of designing multi-gigabit per second high-fidelity digital-to-
analog (DAC) and analog-to-digital (ADC) converters, and the challenges with reaching
such high bandwidths.

The book concludes with a detailed treatment of mmWave design and applications.
Chapter 7 presents physical layer aspects of the design of a mmWave communication
system. The emphasis is on the physical layer algorithmic choices and design considera-
tions for 60 GHz communication systems. Important concepts include practical impair-
ments such as clipping, quantization, nonlinearity, phase noise, and emerging physical
layer design concepts such as spatial multiplexing. The choice of modulation and equal-
ization is discussed in terms of tradeoffs that can be made between complexity and
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throughput. Chapter 8 reviews higher-layer (above the physical layer) design issues for
mmWave systems, with a particular emphasis on techniques relevant to 60 GHz sys-
tems, but also speculates on the impact in mmWave cellular and backhaul systems.
Chapter 8 provides background on the challenge associated with networking mmWave
devices. Select topics are treated, including beam adaptation protocols, relaying, mul-
timedia transmission, and multiband considerations. Finally, Chapter 9 concludes the
technical content with a review of design elements from the standardization efforts for
60 GHz wireless communication systems. Several standards are reviewed, including IEEE
802.15.3c for WPAN, Wireless HD, ECMA-387, IEEE 802.11ad, and the Wireless Gigabit
Alliance (WiGig) standard. The key features of each standard are presented along with
important details about their physical layer and medium access control design choices.

Just as the cellphone has morphed from a voice-only analog communications device
into today’s impressive smartphone, the frontier of mmWave wireless communications is
sure to usher in even more astounding capabilities and is certain to spawn new businesses,
new consumer use cases, and complete transformations of how we live and work. The vast
mmWave spectrum, and the new technologies that will conquer it, will bring wireless into
its renaissance where it pervades all aspects of our lives. Our hope is that this textbook
offers some assistance for the engineering explorers who are called to create this exciting
future.
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Chapter 1

Introduction

1.1 The Frontier: Millimeter Wave Wireless

Emerging millimeter wave (mmWave) wireless communication systems represent more
than a century of evolution in modern communications. Since the early 1900s, when
Guglielmo Marconi developed and commercialized the first wireless telegraph communi-
cation systems, the wireless industry has expanded from point-to-point technologies,
to radio broadcast systems, and finally to wireless networks. As the technology has
advanced, wireless communication has become pervasive in our world. Modern society
finds itself immersed in wireless networking, as most of us routinely use cellular networks,
wireless local area networks, and personal area networks, all which have been developed
extensively over the past twenty years. The remarkable popularity of these technologies
causes device makers, infrastructure developers, and manufacturers to continually seek
greater radio spectrum for more advanced product offerings.

Wireless communication is a transformative medium that allows our work, education,
and entertainment to be transported without any physical connection. The capabili-
ties of wireless communications continue to drive human productivity and innovation
in many areas. Communication at mmWave operating frequencies represents the most
recent game-changing development for wireless systems. Interest in mmWave is in its
infancy and will be driven by consumers who continue to desire higher data rates for
the consumption of media while demanding lower delays and constant connectivity on
wireless devices. At mmWaves, available spectrum is unparalleled compared to cellular
and wireless local area network (WLAN) microwave systems that operate at frequencies
below 10 GHz. In particular, the unlicensed spectrum at 60 GHz offers 10× to 100× more
spectrum than is available for conventional unlicensed wireless local area networks in the
Industrial, Scientific, and Medical (ISM) bands (e.g., at 900 MHz, 2.4 GHz, 5 GHz) or for
users of WiFi and 4G (or older) cellular systems that operate at carrier frequencies below
6 GHz. To reinforce this perspective, Fig. 1.1 shows the magnitude of spectrum resources
at 28 GHz (Local Multipoint Distribution Service [LMDS]) and 60 GHz in comparison to
other modern wireless systems. Over 20 GHz of spectrum is waiting to be used for cellular
or WLAN traffic in the 28, 38, and 72 GHz bands alone, and hundreds of gigahertz more
spectrum could be used at frequencies above 100 GHz. This is a staggering amount of
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Cellular, 50 MHz, 
1983 

PCS, 150 MHz, 
1995 

UNII, 300 MHz, 1997 

LMDS, 1300 MHz, 1998

60 GHz Unlicensed, 5000 MHz, 1998

Figure 1.1 Areas of the squares illustrate the available licensed and unlicensed spectrum bandwidths
in popular UHF, microwave, 28 GHz LMDS, and 60 GHz mmWave bands in the USA. Other countries
around the world have similar spectrum allocations [from [Rap02]].

available new spectrum, especially when one considers that all of the world’s cellphones
currently operate in less than 1 GHz of allocated spectrum. More spectrum makes it
possible to achieve higher data rates for comparable modulation techniques while also
providing more resources to be shared among multiple users.

Research in mmWave has a rich and exciting history. According to [Mil],

In 1895, Jagadish Chandra Bose first demonstrated in Presidency College, Calcutta,
India, transmission and reception of electromagnetic waves at 60 GHz, over 23 meters
distance, through two intervening walls by remotely ringing a bell and detonating
some gunpowder. For his communication system, Bose pioneered the development of
entire millimeter-wave components like: spark transmitter, coherer, dielectric lens,
polarizer, horn antenna and cylindrical diffraction grating. This is the first millimeter
wave communication system in the world, developed more than 100 years ago.

A pioneering Russian physicist, Pyotr N. Lebedew, also studied transmission and prop-
agation of 4 to 6 mm wavelength radio waves in 1895 [Leb95].

Today’s radio spectrum has become congested due to the widespread use of smart-
phones and tablets. Fig. 1.1 shows the relative bandwidth allocations of different spec-
trum bands in the USA, and Fig. 1.2 shows the spectrum allocations from 30 kHz
to 300 GHz according to the Federal Communications Commission (FCC). Note that
although Figs. 1.1 and 1.2 represent a particular country (i.e., the USA), other countries
around the world have remarkably similar spectrum allocations stemming from the global
allocation of spectrum by the World Radiocommunication Conference (WRC) under
the auspices of the International Telecommunication Union (ITU). Today’s cellular and
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Figure 1.2 Wireless spectrum used by commercial systems in the USA. Each row represents a
decade in frequency. For example, today’s 3G and 4G cellular and WiFi carrier frequencies are mostly
in between 300 MHz and 3000 MHz, located on the fifth row. Other countries around the world
have similar spectrum allocations. Note how the bandwidth of all modern wireless systems (through
the first 6 rows) easily fits into the unlicensed 60 GHz band on the bottom row [from [Rap12b] U.S.
Dept. of Commerce, NTIA Office of Spectrum Management]. See page C1 (immediately following
page 8) for a color version of this figure.

personal communication systems (PCS) mostly operate in the UHF ranges from 300 MHz
to 3 GHz, and today’s global unlicensed WLAN and wireless personal area network
(WPAN) products use the Unlicensed National Information Infrastructure (U-NII) bands
of 900 MHz, 2.4 MHz and 5.8 MHz in the low microwave bands. The wireless spectrum
right now is already allocated for many different uses and very congested at frequencies
below 3 GHz (e.g., UHF and below). AM Radio broadcasting, international shortwave
broadcasting, military and ship-to-shore communications, and amateur (ham) radio are
just some of the services that use the lower end of the spectrum, from the hundreds of
kilohertz to the tens of megahertz (e.g., medium-wave and shortwave bands). Television
broadcasting is done from the tens of megahertz to the hundreds of megahertz (e.g., VHF
and UHF bands). Current cellphones and wireless devices such as tablets and laptops
works at carrier frequencies between 700 MHz and 6 GHz, with channel bandwidths of 5
to 100 MHz. The mmWave spectrum, ranging between 30 and 300 GHz, is occupied by
military, radar, and backhaul, but has much lower utilization. In fact, most countries have
not even begun to regulate or allocate the spectrum above 100 GHz, as wireless technol-
ogy at these frequencies has not been commercially viable at reasonable cost points. This
is all about to change. Given the large amount of spectrum available, mmWave presents a
new opportunity for future mobile communications to use channel bandwidths of 1 GHz
or more. Spectrum at 28 GHz, 38 GHz, and 70-80 GHz looks especially promising for
next-generation cellular systems. It is amazing to note from Fig. 1.2 that the unlicensed
band at 60 GHz contains more spectrum than has been used by every satellite, cellular,
WiFi, AM Radio, FM Radio, and television station in the world! This illustrates the
massive bandwidths available at mmWave frequencies.
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MmWave wireless communication is an enabling technology that has myriad applica-
tions to existing and emerging wireless networking deployments. As of the writing of
this book, mmWave based on the 60 GHz unlicensed band is seeing active commercial
deployment in consumer devices through IEEE 802.11ad [IEE12]. The cellular industry
is just beginning to realize the potential of much greater bandwidths for mobile users
in the mmWave bands [Gro13][RSM+13]. Many of the design examples in this book
draw from the experience in 60 GHz systems and the authors’ early works on mmWave
cellular and peer-to-peer studies for the 28 GHz, 38 GHz, 60 GHz, and 72 GHz bands.
But 60 GHz WLAN, WPAN, backhaul, and mmWave cellular are only the beginning —
these are early versions of the next generation of mmWave and terahertz systems that
will support even higher bandwidths and further advances in connectivity.

New 60 GHz wireless products are exciting, not only because of their ability to sat-
isfy consumer demand for high-speed wireless access, but also because 60 GHz products
may be deployed worldwide, thanks to harmonious global spectrum regulations. Harmo-
nized global spectrum allocations allow manufacturers to develop worldwide markets, as
demonstrated through the widespread adoption and commercial success of IEEE 802.11b
WLANs in 1999, and more recent innovations such as IEEE 802.11a, IEEE 802.11g, IEEE
802.11n, and IEEE 802.11ac WLANs that all operate in the same globally allocated
spectrum. WLAN succeeded because there was universal international agreement for the
use of the 2.4 GHz ISM and 5 GHz Unlicensed National Information Infrastructure bands,
which allowed major manufacturers to devote significant resources to create products that
could be sold and used globally. Without international spectral agreements, new wireless
technologies will founder for lack of a global market. This was demonstrated by early
incarnations of Ultra-wide band (UWB) at the turn of the century, whose initial hype
dramatically waned in the face of nonuniform worldwide spectral interference regulations.
Fortunately, the governments of the USA, Europe, Korea, Japan, and Australia have
largely followed the recommendations of the ITU, which designate frequencies between
57 and 66 GHz for unlicensed communications applications [ITU]. In the USA, the FCC
has designated bands from 57 to 64 GHz for unlicensed use [Fed06]. In Europe, the
European CEPT has allocated bands from 59 to 66 GHz for some form of mobile appli-
cation [Tan06]. Korea and Japan have designated bands from 57 to 66 GHz and 59
to 66 GHz, respectively [DMRH10]. Australia has dedicated a smaller band from 59.3
to 62.9 GHz. Consequently, there is roughly 7 GHz of spectrum available worldwide for
60 GHz devices.

At the time of this writing, the cellular industry is just beginning to explore similar
spectrum harmonization for the use of mobile cellular networks in frequency bands that
are in the mmWave spectrum.1 Dubbed “Beyond 4G” or “5G” by the industry, new
cellular network concepts that use orders of magnitude more channel bandwidth, for
simultaneous mobility coverage as well as wireless backhaul, are just now being introduced
to governments and the ITU to create new global spectrum bands at carrier frequencies
that are at least an order of magnitude greater than today’s fourth-generation (4G) Long

1. Although the mmWave band is formally defined as the spectrum between 30 and 300 GHz, the
industry has loosely considered the term mmWave to denote all frequencies between 10 and 100 GHz.
The term “sub-terahertz” has been used loosely to define frequencies above 100 GHz but lower than
300 GHz.
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Term Evolution (LTE) and WiMax mobile networks. Thus, just as the WLAN unlicensed
products have moved from the carrier frequencies of 1 to 5 GHz in their early generations,
now to 60 GHz, the 1 trillion USD cellular industry is about to follow this trend: moving
to mmWave frequency bands where massive data rates and new capabilities will be
supported by an immense increase in spectrum.

Unlicensed spectrum at 60 GHz is readily available throughout the world, although
this was not always the case. The FCC initiated the first major regulation of 60 GHz spec-
trum for commercial consumers through an unlicensed use proposal in 1995 [Mar10a], yet
the same idea was considered a decade earlier by England’s Office of Communications
(OfCom) [RMGJ11]. At that time, the FCC considered the mmWave band to be “desert
property” due to its perceived unfavorable propagation characteristics and lack of low-
cost commercial circuitry. However, the allocation of new spectrum has ignited and will
continue to ignite the inventiveness and creativity of engineers to create new consumer
products at higher frequencies and greater data rates. This perception of poor propaga-
tion due to low distance coverage is heavily influenced by the O2 absorption effect where
a 60 GHz carrier wave interacts strongly with atmospheric oxygen during propagation,
as illustrated in Fig. 1.3 [RMGJ11][Wel09]. This effect is compounded by other perceived
unfavorable qualities of mmWave communication links: increased free space path loss,
decreased signal penetration through obstacles, directional communication due to high-
gain antenna requirements, and substantial intersymbol interference (ISI, i.e., frequency
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Figure 1.3 Expected atmospheric path loss as a function of frequency under normal atmospheric
conditions (101 kPa total air pressure, 22◦ Celsius air temperature, 10% relative humidity, and
0 g/m3 suspended water droplet concentration) [Lie89]. Note that atmospheric oxygen interacts
strongly with electromagnetic waves at 60 GHz. Other carrier frequencies, in dark shading, exhibit
strong attenuation peaks due to atmospheric interactions, making them suitable for future short-
range applications or “whisper radio” applications where transmissions die out quickly with distance.
These bands may service applications similar to 60 GHz with even higher bandwidth, illustrating the
future of short-range wireless technologies. It is worth noting, however, that other frequency bands,
such as the 20-50 GHz, 70-90 GHz, and 120-160 GHz bands, have very little attenuation, well below
1 dB/km, making them suitable for longer-distance mobile or backhaul communications.
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selectivity) due to many reflective paths over massive operating bandwidths. Further-
more, 60 GHz circuitry and devices have traditionally been very expensive to build, and
only in the past few years have circuit solutions become viable in low-cost silicon.

In the early days of 60 GHz wireless communication, many viewed fixed wireless
broadband (e.g., fiber backhaul replacement) as the most suitable 60 GHz application,
due to requirements for highly directional antennas to achieve acceptable link budgets.
Today, however, the propagation characteristics that were once seen as limitations are
now either surmountable or seen as advantages. For example, 60 GHz oxygen absorption
loss of up to 20 dB/km is almost negligible for networks that operate within 100 meters.
The shift away from long-range communications actually benefits close-range commu-
nications because it permits aggressive frequency reuse with simultaneously operating
networks that do not interfere with each other. Further, the highly directional antennas
required for path loss mitigation can actually work to promote security as long as net-
work protocols enable antenna directions to be flexibly steered. Thus, many networks are
now finding a home at 60 GHz for communication at distances less than 100 m. Also,
the 20 dB/km oxygen attenuation at 60 GHz disappears at other mmWave bands, such
as 28, 38, or 72 GHz, making them nearly as good as today’s cellular bands for longer-
range outdoor mobile communications. Recent work has found that urban environments
provide rich multipath, especially reflected and scattered energy at or above 28 GHz —
when smart antennas, beamforming, and spatial processing are used, this rich multipath
can be exploited to increase received signal power in non-line of sight (NLOS) propa-
gation environments. Recent results by Samsung show that over 1 Gbps can be carried
over mmWave cellular at ranges exceeding 2 km, demonstrating that mmWave bands are
useful for cellular networks [Gro13].

Although consumer demand and transformative applications fuel the need for more
bandwidth in wireless networks, rapid advancements and price reductions in integrated
mmWave (>10 GHz) analog circuits, baseband digital memory, and processors have
enabled this progress. Recent developments of integrated mmWave transmitters and
receivers with advanced analog and radio frequency (RF) circuitry (see Fig. 1.4) and new
phased array and beamforming techniques are also paving the way for the mmWave future
(such as the product in Fig. 1.5). Operation at 60 GHz and other mmWave frequencies at
reasonable costs is largely the result of a continuation of advancements in complementary
metal oxide semiconductor (CMOS) and silicon germanium (SiGe technologies). Signal
generation into terahertz frequencies (1 to 430 THz) has been possible since at least the
1960s through photodiodes and other discrete components not amenable to small-scale
integration and/or mass production [BS66]. Packaging the analog components needed to
generate mmWave RF signals along with the digital hardware necessary to process mas-
sive bandwidths, however, has only been possible in the last decade. Moore’s Law, which
has accurately predicted that integrated circuit (IC) transistor populations and compu-
tations per unit energy will double at regular intervals every two years [NH08, Chapter
1], explains the dramatic advancements that now allow 60 GHz and other mmWave
devices to be made inexpensively. Today, transistors made with CMOS and SiGe are fast
enough to operate into the range of hundreds of gigahertz [YCP+09], as shown in Fig. 1.6.
Further, due to the immense number of transistors required for modern digital circuits (on
the order of billions) each transistor is extremely cheap. Inexpensive circuit production
processes will make system-on-chip (SoC) mmWave radios — a complete integration of



1.1 The Frontier: Millimeter Wave Wireless 9
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Figure 1.4 Block diagram (top) and die photo (bottom) of an integrated circuit with four transmit
and receive channels, including the voltage-controlled oscillator, phase-locked loop, and local oscillator
distribution network. Beamforming is performed in analog at baseband. Each receiver channel contains
a low noise amplifier, inphase/quadrature mixer, and baseband phase rotator. The transmit channel also
contains a baseband phase rotator, up-conversion mixers, and power amplifiers. Figure from [TCM+11],
courtesy of Prof. Niknejad and Prof. Alon of the Berkeley Wireless Research Center [ c© IEEE].

all analog and digital radio components onto a single chip — possible. For mmWave
communication, the semiconductor industry is finally ready to produce cost-effective,
mass-market products.

Wireless personal area networks (WPANs) provided the first mass-market commercial
applications of short-range mmWave using the 60 GHz band. The three dominant 60 GHz
WPAN specifications are WirelessHD, IEEE 802.11ad (WiGig), and IEEE 802.15.3c.
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Figure 1.5 Third-generation 60 GHz WirelessHD chipset by Silicon Image, including the SiI6320
HRTX Network Processor, SiI6321 HRRX Network Processor, and SiI6310 HRTR RF Transceiver.
These chipsets are used in real-time, low-latency applications such as gaming and video, and provide
3.8 Gbps data rates using a steerable 32 element phased array antenna system (courtesy of Silicon
Image) [EWA+11] [ c© IEEE]. See page C2 (immediately preceding page 9) for a color version of this
figure.

1990

III-V HBT

Si CMOS
SiGe HBT

III-V HEMT

0

100

200

300

400

f T
 (

G
H

Z
)

500

600

700

800

1995 2000
Year

2005 2010

Figure 1.6 Achievable transit frequency (fT ) of transistors over time for several semiconductor
technologies, including silicon CMOS transistors, silicon germanium heterojunction bipolar transistor
(SiGe HBT), and certain other III-V high electron mobility transistors (HEMT) and III-V HBTs.
Over the last decade CMOS (the current technology of choice for cutting edge digital and analog
circuits) has become competitive with III-V technologies for RF and mmWave applications [figure
reproduced from data in [RK09] c© IEEE].
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WPANs support connectivity for mobile and peripheral devices; a typical WPAN
realization is demonstrated in Fig. 1.7, where products such as those shown in Fig. 1.5
may be used. Currently, the most popular application of WPAN is to provide high-
bandwidth connections for cable replacement using the high-definition multimedia inter-
face (HDMI), now proliferating in consumer households. The increasing integration of
60 GHz silicon devices allows implementation on small physical platforms while the mas-
sive spectrum allocations at 60 GHz allow media streaming to avoid data compression
limitations, which are common at lower frequencies with reduced bandwidth resources.
Easing compression requirements is attractive because it reduces signal processing and
coding circuity requirements, thereby reducing the digital complexity of a device. This
may lead to lower cost and longer battery life in a smaller form factor. Due to major tech-
nical and marketing efforts by the Wireless Gigabit Alliance (WiGig), the IEEE 802.11ad
standard has been designed to incorporate both WPAN and WLAN capabilities, and
WiGig-compliant devices are just starting to ship in laptops, tablets, and smartphones
around the world, whereas WirelessHD-compliant devices have been shipping since 2008.
The success of today’s USB standard in consumer electronics has demonstrated how har-
monious interfaces lead to a proliferation of compatible devices. 60 GHz is poised to fill
this role for high-definition multimedia systems, as illustrated in Fig. 1.8.

WLANs, which extend the communication range beyond WPAN, also employ
mmWave technology in the 60 GHz band. WLANs are used to network computers through
a wireless access point, as illustrated in Fig. 1.9, and may connect with other wired
networks or to the Internet. WLANs are a popular application of unlicensed spectrum
that is being incorporated more broadly into smartphones, tablets, consumer devices, and
cars. Currently, most WLAN devices operate under the IEEE 802.11n standard and have

Figure 1.7 Wireless personal area networking. WPANs often connect mobile devices such as mobile
phones and multimedia players to each other as well as desktop computers. Increasing the data-rate
beyond current WPANs such as Bluetooth and early UWB was the first driving force for 60 GHz
solutions. The IEEE 802.15.3c international standard, the WiGig standard (IEEE 802.11ad), and the
earlier WirelessHD standard, released in the 2008–2009 time frame, provide a design for short-range
data networks (≈ 10 m). All standards, in their first release, guaranteed to provide (under favorable
propagation scenarios) multi-Gbps wireless data transfers to support cable replacement of USB, IEEE
1394, and gigabit Ethernet.
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Figure 1.8 Multimedia high-definition (HD) streaming. 60 GHz provides enough spectrum resources
to remove HDMI cables without sophisticated joint channel/source coding strategies (e.g., compres-
sion), such as in the wireless home digital interface (WHDI) standard that operates at 5 GHz
frequencies. Currently, 60 GHz is the only spectrum with sufficient bandwidth to provide a wireless
HDMI solution that scales with future HD television technology advancement.

wired network

WLAN access point

Figure 1.9 Wireless local area networking. WLANs, which typically carry Internet traffic, are a popu-
lar application of unlicensed spectrum. WLANs that employ 60 GHz and other mmWave technology
provide data rates that are commensurate with gigabit Ethernet. The IEEE 802.11ad and WiGig
standards also offer hybrid microwave/mmWave WLAN solutions that use microwave frequencies for
normal operation and mmWave frequencies when the 60 GHz path is favorable. Repeaters/relays will
be used to provide range and connectivity to additional devices.
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the ability to communicate at hundreds of megabits per second. IEEE 802.11n leverages
multiple transmit and receive antennas using multiple input multiple output (MIMO)
communication methods. These devices carry up to four antennas and operate in the
2.4 GHz or 5.2 GHz unlicensed bands. Until IEEE 802.11n, standard advancements (in
terms of data rate capabilities) have been largely linear, that is, a single new standard
improves on the previous standard for the next generation of devices. The next genera-
tion of WLAN, however, has two standards for gigabit communication: IEEE 802.11ac
and IEEE 802.11ad. IEEE 802.11ac is a direct upgrade to IEEE 802.11n through higher-
order constellations, more available antennas (up to 8) per device, and up to 4 times more
bandwidth at microwave frequencies (5 GHz carrier). IEEE 802.11ad takes a revolution-
ary approach by exploiting 50 times more bandwidth at mmWave frequencies (60 GHz).
It is supported by device manufacturers that recognize the role of mmWave spectrum
in the continued bandwidth scaling for next-generation applications. IEEE 802.11ad
and mmWave technology will be critical for supporting wireless traffic with speeds
competitive not only with gigabit Ethernet, but also 10 gigabit Ethernet and beyond.
The largest challenges presented to 60 GHz and mmWave WLAN are the development
of power-efficient RF and phased-array antennas and circuitry, and the high attenuation
experienced by mmWaves when propagating through certain materials. Many strate-
gies will be employed to overcome these obstacles, including 60 GHz repeaters/relays,
adaptive beam steering, and hybrid wired/microwave/mmWave WLAN devices that use
copper or fiber cabling or low microwave frequencies for normal operation, and mmWave
frequencies when the 60 GHz path loss is favorable. Although the WPAN and WLAN net-
work architectures provide different communication capabilities, several wireless device
companies, including Panasonic, Silicon Image, Wilocity, MediaTek, Intel, and Samsung,
are aggressively investing in both technologies.

MmWave technology also finds applications in cellular systems. One of the earliest
applications of mmWave wireless communication was backhaul of gigabit data along a
line-of-sight (LOS) path, as illustrated in Fig. 1.10. Transmission ranges on the order
of 1 km are possible if very high-gain antennas are deployed. Until recently, however,
60 GHz and mmWave backhaul has largely been viewed as a niche market and has not

Figure 1.10 Wireless backhaul and relays may be used to connect multiple cell sites and subscribers
together, replacing or augmenting copper or fiber backhaul solutions.
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drawn significant interest. 60 GHz backhaul physical layer (PHY) design traditionally
assumed expensive components to provide high reliability and to maximize range, result-
ing in bulky equipment and reducing the cost advantage over wired backhaul; however,
a new application for wireless backhaul is emerging. Cellular systems are increasing in
density (resulting in 1 km or less distances between base stations). Concurrently, cellular
base stations require higher-capacity backhaul connections to provide mobile high-speed
video and to implement advanced multicell cooperation strategies. If wireless backhaul
devices are able to leverage recent mmWave hardware cost reductions, they may be able
to service this growing need at a lower cost with more infrastructure flexibility. Further,
backhaul systems are investigating LOS MIMO strategies to scale throughput into fiber
capabilities [SST+09]. As operators continue to move to smaller cell sizes to exploit spa-
tial reuse, the cost per base station will drop as they become more plentiful and more
densely distributed in urban areas. Thus, wireless backhaul will be essential for network
flexibility, quick deployment, and reduced ongoing operating costs. Consequently, wire-
less backhaul is likely to reemerge as an important application of 60 GHz and mmWave
wireless communications. In fact, we envisage future cellular and WLAN infrastructure to
be able to simultaneously handle backhaul, fronthaul, and position location connections
using mmWave spectrum.

We foresee that mmWave will play a leading role in fifth-generation (5G) cellu-
lar networks. In the past generations of cellular technology, various PHY technologies
have been successful in achieving ultra-high levels of spectral efficiency (bits/sec/Hz),
including orthogonal frequency division multiplexing, multiple antennas, and effi-
cient channel coding [GRM+10][STB09][LLL+10][SKM+10][CAG08][GMR+12]. Hetero-
geneous networks, coordinatedmultipoint transmission, relays,andthemassivedeployment
of small cells or distributed antennas promise to further increase area spectral effi-
ciency (bits/s/Hz/km2) [DMW+11][YHXM09][PPTH09][HPWZ13][CAG08][GMR+12].
The focus on area spectral efficiency is a result of extremely limited bandwidths avail-
able in the UHF and microwave frequency bands where cellular systems are deployed,
as illustrated in Fig. 1.11. MmWave cellular will change the current operating paradigm
using the untapped mmWave spectrum.

Cellular systems may use mmWave frequencies to augment the currently saturated
700 MHz to 2.6 GHz radio spectrum bands for wireless communications [KP11a]. The
combination of cost-effective CMOS technology that can now operate well into the
mmWave frequency bands, and high-gain, steerable antennas at the mobile and base sta-
tion, strengthens the viability of mmWave wireless communications [RSM+13]. MmWave
spectrum would allow service providers to offer higher channel bandwidths well beyond
the 20 MHz typically available to 4G LTE users. By increasing the RF channel bandwidth
for mobile radio channels, the data capacity is greatly increased, while the latency for
digital traffic is greatly decreased, thus supporting much better Internet-based access and
applications that require minimal latency. Given this significant jump in bandwidth and
new capabilities offered by mmWave, the base station-to-device links, as well as backhaul
links between base stations, will be able to handle much greater capacity than today’s
cellular networks in highly populated areas.

Cellular systems that use mmWave frequencies are likely to be deployed in licensed
spectrum at frequencies such as 28 GHz or 38 GHz or at 72 GHz, because licensed
spectrum better guarantees the quality of service. The 28 GHz and 38-39 GHz bands
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Figure 1.11 United States spectrum and bandwidth allocations for 2G, 3G, and 4G LTE-A (long-term
evolution advanced). The global spectrum bandwidth allocation for all cellular technologies does not
exceed 780 MHz. Currently, allotted spectrum for operators is dissected into disjoint frequency bands,
each of which possesses different radio networks with different propagation characteristics and building
penetration losses. Each major wireless provider in each country has, at most, approximately 200 MHz
of spectrum across all of the different cellular bands available to them [from [RSM+13] c© IEEE].

are currently available with spectrum allocations of over 1 GHz of bandwidths, and the
E-Band above 70 GHz has over 14 GHz available [Gho14]. Originally intended for LMDS
use in the late 1990s, the 28 GHz and 38 GHz licenses could be used for mobile cellular
as well as backhaul [SA95][RSM+13].

MmWave cellular is a growing topic of research interest [RSM+13]. The use of
mmWave for broadband access has been pioneered by Samsung [KP11a][KP11b][PK11]
[PKZ10][PLK12], where data rates were reported in the range of 400 Mbps to
2.77 Gbps for a 1 GHz bandwidth at 1 km distance. Nokia has recently demon-
strated that 73 GHz could be used to provide peak data rates of over 15 Gbps
[Gho14]. Propagation characteristics of promising mmWave bands have been evaluated
in [RQT+12], [MBDQ+12], [RSM+13], and [MSR14], and show path loss is slightly larger
in NLOS conditions compared with today’s UHF and microwave bands due to the higher
carrier frequency. The scattering effects also become important at mmWave frequen-
cies, causing weak signals to become an important source of diversity, and NLOS paths
are weaker, making blockage and coverage holes more pronounced. To allow high-quality
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links, directional beamforming will be needed at both the base station and at the handset
where propagation can be improved [GAPR09][RRE14]. Hybrid architectures for beam-
forming appear especially attractive as they allow both directional beamforming and
more complex forms of precoding while using limited hardware [EAHAS+12a][AELH13].
Applications to picocellular networks are also promising [ALRE13], indicating 15-fold
improvements in data rates compared with current 3GPP LTE 4G cellular deployments.
Work in [RRE14] shows over 20-fold improvement in end-user data rates over the most
advanced 4G LTE networks in New York City. Results in [BAH14] show 12-fold improve-
ments compared with other competing microwave technologies, and results in [ALS+14],
[RRE14], and [Gho14] predict 20 times or more capacity improvements using mmWave
technologies. As 5G is developed and implemented, we believe the main differences com-
pared to 4G will be the use of much greater spectrum allocations at untapped mmWave
frequency bands, highly directional beamforming antennas at both the mobile device and
base station, longer battery life, lower outage probability, much higher bit rates in larger
portions of the coverage area, cheaper infrastructure costs, and higher aggregate capacity
for many simultaneous users in both licensed and unlicensed spectrum, in effect creating
a user experience in which massive data-rate cellular and WiFi services are merged.

The architecture of mmWave cellular networks is likely to be much different than in
microwave systems, as illustrated in Fig. 1.12. Directional beamforming will result in high
gain links between base station and handset, which has the added benefit of reducing out-
of-cell interference. This means that aggressive spatial reuse may be possible. Backhaul
links, for example, may share the same mmWave spectrum, allowing rapid deployment
and mesh-like connectivity with cooperation between base stations. MmWave cellular
may also make use of microwave frequencies using, for example, the phantom cell concept
[KBNI13] where control information is sent on microwave frequencies and data is sent
(when possible) on mmWave frequencies.

A number of universities have research programs in mmWave wireless communication.
The University of Surrey, England, has set up a research hub for 5G mobile technology

Interfering
basestation

LOS
communication

mmWave
relay

mmWave
backhaul

Serving
basestation

NLOS
communication

Figure 1.12 Illustration of a mmWave cellular network. Base stations communicate to users (and
interfere with other cell users) via LOS, and NLOS communication, either directly or via heteroge-
neous infrastructure such as mmWave UWB relays.
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with a goal to expand UK telecommunication research and innovation [Surrey]. New York
University (NYU) recently established the NYU WIRELESS research center to create new
technologies and fundamental knowledge for future mmWave wireless devices and net-
works [NYU12]. Aalborg University has an active mmWave research effort. The Wireless
Networking and Communications Group (WNCG) at The University of Texas at Austin
has a vibrant research program on 5G cellular technologies including mmWave [Wi14].
Aalto University has an active mmWave research effort. The University of Southern
California, the University of California at Santa Barbara, the University of California at
Berkeley, the California Institute of Technology, the University of Bristol, and the Korea
Advanced Institute of Science and Technology (KAIST) are just some of the many univer-
sities that have substantial research efforts on mmWave for future wireless networks.

WPANs, WLANs, and cellular communication mark the beginning of mass consumer
applications of mmWave technologies, where we evolve to a world where data is trans-
ported to and from the cloud and to each other in quantities we cannot fathom today. We
believe that mmWave is the “tip of the iceberg” for dramatic new products and changes in
our way of life, and will usher in a new generation of engineers and technologists with new
capabilities and expertise. This exciting future will bring about revolutionary changes in
the way content is distributed, and will completely change the form factor of many elec-
tronic devices, motivating the use of larger bandwidths found in the mmWave spectrum
for many other types of networks, far beyond 60 GHz [RMGJ11][Rap12a]. For this to
happen, however, many challenges must be overcome. Although we predict that future
inexpensive UWB wireless cellular and personal area networks will be enabled through
a move to mmWave frequencies and continued advancements in highly integrated digital
and analog circuitry, we do not predict that all future advancements will be carried on the
shoulders of solid-state process engineers, alone. Future wireless engineers will need to
understand not only communications engineering and wireless system design principles,
but also circuit design, antenna and propagation models, and mmWave electromagnetic
theory to successfully codevelop their designs of future wireless solutions.

1.2 A Preview of MmWave Implementation Challenges

Implementation challenges for mmWave communication involve many layers of the com-
munications stack. At the hardware level of the PHY, antennas are a major challenge. To
minimize costs, mmWave chipset vendors may prefer to exploit the short carrier wavelength
by incorporating antennas or antenna arrays directly on-chip or in-package. For the sim-
plest and lowest-cost solutions, high-gain single chip solutions are attractive [RGAA09].
Single-antenna solutions, however, must overcome the challenges of low on-chip efficiencies
whereas in-package antennas must overcome lossy package interconnects. MmWave sys-
tems may also employ many closely spaced antennas in packages or on circuit boards that
are much smaller than a centimeter when using high-permittivity materials. Adaptive or
switched-beam antenna arrays can provide transmit and receive antenna gain, but require
protocol modifications at the signal processing level of the PHY and the data link layer to
direct the beams.

A cornerstone of low-cost mmWave circuits is the use of CMOS or SiGe technology.
Silicon on Insulator (SOI) CMOS processes are also attractive for high-end applica-
tions as they provide impressive quality (Q) factors due to reduced values for parasitic
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capacitances and inductances. SOI processes, however, suffer from increased costs com-
pared with standard CMOS with a joined device channel and substrate. Because CMOS
processes have now reached transit frequencies of hundreds of gigahertz, single-chip
mmWave systems are feasible, complete with a digital baseband and mmWave analog
front end. On-chip integration will also facilitate techniques like mixed-signal equaliza-
tion [TKJ+12] [HRA10] that may improve the performance of complete systems versus
multichip solutions. Unfortunately, foundries do not yet report relative permittivities or
loss-tangents for process materials at mmWave frequencies in process design kits (PDKs),
forcing early developers to measure these critical parameters until they are provided.

Communications signal processing at mmWave is also met with new challenges.
Although mmWave wireless links can be modeled using conventional linear complex base-
band system theory, the characteristics of mmWave wireless propagation combined with
mmWave hardware design requirements produce unique design decisions at the PHY.
Modulation and equalization algorithm selection must take into account the derived
tradeoff between beam steering complexity and equalization complexity. For example, a
mmWave system that uses omni directional antennas can suffer from severe ISI due to
the multipath channels that cause successive symbols arriving at a receiver to overlap and
interfere with each other [Rap02]. Fig. 1.13 illustrates the temporal and spatial variations
of a typical omnidirectional 60 GHz impulse response and shows how multipath compo-
nents may induce tens or even hundreds of nanoseconds of delay. The channel shown in
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Figure 1.13 Long delay spreads characterize wideband 60 GHz channels and may result in severe
inter-symbol interference, unless directional beamforming is employed. Plot generated with Simu-
lation of Indoor Radio Channel Impulse Response Models with Impulse Noise (SIRCIM) 6.0 [from
[DMRH10] c© IEEE].
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Fig. 1.13 has a delay spread of 65.9 ns, which could potentially spread a 60 GHz signal
over tens to hundreds of symbol periods (e.g., this much spread would smear a signal
over 120 symbols in the Single Carrier-Physical Layer of the IEEE 802.15.3c standard)
[DMRH10]. A device operating in this environment would either need nonlinear equal-
ization algorithms in the PHY and/or very long equalization periods, both of which
would increase the complexity of the device (possibly erasing digital complexity benefits
of 60 GHz relative to lower frequency systems). Directional beam steering antennas such
as antenna arrays may be used to reduce the RMS delay spread seen by the device, but
beam steering also results in an additional computational burden.

Above the PHY, the medium access control (MAC) of mmWave devices must also
consider unique design factors. Most of the computational burden of beam steering would
fall in the MAC layer. In addition to reducing complexity by optimal co-design of beam-
steering and modulation algorithms, beam steering presents problems related to neighbor
discovery and hidden and exposed nodes in a network. Neighbor discovery, which refers
to the link protocol that manages link activation and maintenance, is especially difficult
with beam steering and mobile devices. The hidden node problem, in which a coordi-
nating device is unable to prevent an interfering device from transmitting, is challenging
enough in microwave systems with omnidirectional antennas. The addition of very direc-
tional mmWave antennas (to combat mmWave path loss) only compounds this problem.
Exposed nodes, which are prevented from communicating due to interference, are more
likely to occur with conventional MAC protocols at mmWave because of the directionality
of “all clear” messages with mmWave antennas [DMRH10].

1.3 Emerging Applications of MmWave Communications

60 GHz WPAN and WLAN are only the first step in a mmWave communications rev-
olution. In addition to providing the first mass-market mmWave devices and enhancing
cross-disciplinary communications design, 60 GHz communications will also have a sub-
stantial impact on other network technologies. Data centers may cut costs by employ-
ing mmWave communication links to interconnect the computers for high bandwidth,
flexibility, and low power. Further, computational platforms may replace lossy, wired
interconnects with high-speed wireless interconnects. Together, data center and com-
putational platform improvements extend the reach of cloud computing through new
non-traditional wireless applications. Cellular systems may incorporate mmWave to pro-
vide higher bandwidths to solve the spectrum crunch by providing mobile networks,
peer-to-peer data transfers, and backhaul in the same bands. Not all emerging applica-
tions of 60 GHz and mmWave wireless devices, however, are unprecedented. Backhaul
wireless links, broadband cellular communication, intra-vehicular communication, inter-
vehicular communication, and aerospace communication have all been the subject of
research and some market developments. Several technology breakthroughs at mmWave,
however, hope to bring these applications to larger markets with vast capabilities.

1.3.1 Data Centers

To accommodate continued growth in the Internet and cloud-based applications, Inter-
net service providers and major Web portals are building thousands of data centers
each year. Data centers are used by all major Internet companies, including Google,
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Microsoft, Yahoo, and Amazon, to distribute processing, memory storage, and caching
throughout the global Internet. As multimedia content, for example, high-definition
movies, increasingly streams over the Internet, data center buildout continues to accel-
erate. The buildout of data centers is comparable to the rapid buildout of towers in the
early years of the cellular telephone industry.

Individual data centers often provide thousands of co-located computer servers
[BAHT11]. Each data center can consume up to 30 megawatts of power, equivalent to the
power drain of a small city, and must be built near a large water source (such as a lake
or river) to accommodate cooling requirements. Remarkably, over 30% of the power dis-
sipation in a typical data center is for cooling systems, for switching bottlenecks, and for
broadband communication connections/circuitry between servers. Broadband circuitry
is likely to become problematic as the Internet continues to expand over both wired and
wireless connections [Kat09].

There are three types of communication in data centers: chip-to-chip, shelf-to-shelf,
and rack-to-rack (less than 100 m). At present, data centers employ wired connections for
all three types of data communication. Shelf-to-shelf and rack-to-rack communication is
implemented using electrical copper connections and is the biggest bottleneck at present.
Table 1.1 compares different copper solutions in terms of their power per port, reach,
and link costs.

The broadband wired connections within data centers will not be able to accommo-
date future bandwidth requirements due to the increase in metal wire signal loss with
increasing frequency. Data centers are expected to make a transition to other technologies.

Table 1.1 A representative sample of technology choices for computer interconnections within a
data center. This table makes the case for a different interconnect technology [Hor08].

Solution Power per
Port (W)

Port Type Reach Interconnect Link
Cost

CX4 up to 1.6W Dedicated copper
SAS SFF8470

upto 15m 4 lanes of
3.125G copper
in heavy-gauge
casing

$ 250

10GBASE-T ∼4W Dedicated copper
RJ45

30 m (or 100 m) CAT5/CAT6
copper cable

$ 500

Active
Twin-ax

1W Hot pluggable
SFP + or XFP

up to 30 m Thin-gauge
twin-ax copper
Cable

$ 150

10GBASE-SR 1W up to 300 m Hot pluggable
SFP + or XFP

Optical glass
fiber

$ 500

Solution Power per
Port (W)

California
Elec $/kWh

Cost per
Year

CO2 per
Year per
1600 Ports
(ton)

OPEX Cost
per Year per
DataCenter
Cluster ($K)

CX4 up to 1.6W 20.72 $ 291 17 465

10GBASE-T ∼4W 20.72 $ 727 42 1162

Active
Twin-ax

1W 20.72 $ 182 11 291

10GBASE-SR 1W 20.72 $ 182 11 291
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Figure 1.14 Comparison between optical and electrical performance in terms of cost and power
for short cabled interconnects. The results show that optical connections are preferred to electrical
copper connections for higher data rates, assuming wires are used [adapted from [PDK+07] c© IEEE].

For example, Fig. 1.14 shows how optical interconnects have cost and power advantages
over copper interconnects for longer ranges and/or higher power. Both cable technolo-
gies, though, have disadvantages. For example, electrical connections typically have lower
bandwidth and higher dielectric losses in FR4 (a common material used for the construc-
tion of printed circuit boards), whereas optical connections typically are not standardized
and installation may be costly.

MmWave wireless communication using 60 GHz is an alternative to wired connections
in data centers that could offer lower cost, lower power consumption, and greater flexibility.
For example, a 10 m wireless 60 GHz link has a power budget in which 200 mW is dissi-
pated before the power amplifier (e.g., by mixers or a voltage-controlled oscillator), 200 mW
dissipated by the transmitter/antenna power amplifiers, and 600 mW of power dissipated
in the channel/antennas giving a total of 1 W [Rap12b] [Rap09], which is comparable to
the solutions in Table 1.1. A wireless solution allows flexible design of the data center, for
example, placement of the servers, and permits easy reconfiguration. More flexible designs
and a reduction in the numbers of cables and conduits allow for better placement of heat
sources, and in turn, results in less stringent cooling and power requirements.

1.3.2 Replacing Wired Interconnects on Chips

The integrated antennas used to link individual 60 GHz devices may serve as the precur-
sor of antennas used to link different components on a single chip or within a package,
or within a close proximity as illustrated in Fig. 1.15. These links may be used for
power combining, or more critically, signal delivery. On-chip antenna connections for
power combining were evaluated as early as the mid 1980s [Reb92], but the market
for high-frequency systems was limited and the technology was ahead of its time. Many



22 Chapter 1 � Introduction

Figure 1.15 MmWave wireless will enable drastic changes to the form factors of today’s computing
and entertainment products. Multi-Gbps data links will allow memory devices and displays to be
completely tetherless. Future computer hard drives may morph into personal memory cards and may
become embedded in clothing [Rap12a][Rap09][RMGJ11].

researchers have experimented with on-chip or in-package wireless signal delivery (i.e.,
wireless interconnects) using highly integrated antennas [OKF+05]. This research demon-
strates several challenges facing digital circuit design, including clock skew [FHO02] and
interconnect delay [ITR09].2,3 Of these challenges, interconnect delay may be the most
important to consider. The International Roadmap for Semiconductors (ITRS) identified
interconnect delay as the most critical phenomenon affecting high-performance products
[ITR09].

The bandwidth of copper interconnects used on-chip is also an important issue. When
clock frequencies increase, the passband bandwidth is decreased due to the increased
resistance exhibited by a metal wire as frequency increases. This is exhibited by the
square-root dependence of metal surface resistance on frequency in addition to the skin
and proximity effects that also increase resistance. An on-chip or in-package antenna
may mitigate these challenges because it would reduce the total length of wire seen by a
signal. Therefore, the antennas developed for 60 GHz systems may provide value across
many future applications requiring very high data rates within a chip or package.

1.3.3 Information Showers

With massive mmWave spectrum and low-cost electronics now available for the first time
ever, the transfer of information will become truly ubiquitous and virtually unlimited. By
replacing copper wiring with massive bandwidth radio links that are located at building
entrances, hallways, roadway on-ramps, and lampposts, it will soon be possible to beam

2. Clock skew limits the size of a digital chip due to reduced component synchronization as the chip
becomes larger.

3. Interconnect delay is the time required for a signal to propagate across a connection between
different components on a chip.



1.3 Emerging Applications of MmWave Communications 23

entire libraries of information to people as they walk or drive. Consider today’s student,
who carries a heavy backpack full of books between classes. By using a concept known
as the information shower, enormous amounts of content may be transferred in seconds,
with or without the student’s knowledge, as illustrated in Fig. 1.16.

Memory storage and content delivery will be revolutionized using the information
shower, making real-time updates and access to the latest versions of books, media, and
Web content appear seamless and automatic. The student of the future will merely need
a handheld communicator to obtain all of the content for her entire educational lifetime,
downloaded in a matter of seconds, and updated through continual access to informa-
tion showers. Furthermore, peer-to-peer networking will enable very close range wireless
communications between different users, so that massive downloads by an individual
user may be shared to augment content of another nearby user. Information showers will
exploit both cellular and personal area networks so that future consumers of content may
use low-power and lightweight devices that will replace today’s bulky and power-hungry
televisions, personal computers, and printed matter.

1.3.4 The Home and Office of the Future

As mmWave devices and products evolve over the next couple of decades, the way in
which our homes and offices are wired will radically change. As content from Web servers
moves closer to the edge of the network, the bandwidth carried around our homes and
enterprises will skyrocket by orders of magnitude. Also, the number of wireless devices
that we rely upon will increase dramatically [Rap11][RMGJ11]. Today’s Internet cables
will likely be replaced with massive-bandwidth mmWave radio networks, obviating the
need for wired ports for Internet and telephone service, as shown in Fig. 1.17. Many
low-power wireless memory devices will replace books and hard drives that are bulky
and inefficient. Untethered access to information within a room and between rooms will
become the norm, as humans adapt to the renaissance of wireless communications, in
which our personal devices are linked by massive-bandwidth data links that carry tens
of gigabits of data per second. Even today’s building wiring (e.g., Cat6 Ethernet cables)
will be replaced by low-cost, high-bandwidth, rapidly deployable wireless systems that

Figure 1.16 Future users of wireless devices will greatly benefit from the pervasive availability of
massive bandwidths at mmWave frequencies. Multi-Gbps data transfers will enable a lifetime of con-
tent to be downloaded on-the-fly as users walk or drive in their daily lives [Rap12a][Rap09][RMGJ11].



24 Chapter 1 � Introduction

cloud

10-50 Gbps
links

Hundreds of
wireless post-it

notes

Desk

OfficeBookshelf

10-50 Gbps links

Passive
wireless-to-
fiber node

1-10 Tbps link
1-10 Tbps link

Desktop
computer with

wireless
memory

connectivity

Desk

Hundreds of
wireless post-it

notes with
books/movies

OfficeB
oo

ks
he

lf

Passive wireless-
to-fiber node

Figure 1.17 The office of the future will replace wiring and wired ports with optical-to-RF inter-
connections, both within a room and between rooms of a building. UWB relays and new distributed
wireless memory devices will begin to replace books and computers. Hundreds of devices will be
interconnected with wide-bandwidth connections through mmWave radio connections using adap-
tive antennas that can quickly switch their beams [Rap11] [from [RMGJ11] c© IEEE].

have switchable beams to adapt coverage and capacity for any building floor plan. Later
chapters of this text provide the technical details needed to engineer such systems.

1.3.5 Vehicular Applications

There are many applications of mmWave in the context of vehicles. Broadband commu-
nication within an automobile is being pursued to remove wired connections of vehicular
devices (e.g., wires between dashboard DVD player and backseat displays) as well as to
provide multimedia connectivity of portable devices inside the vehicle (e.g., MP3 players,
cellphones, tablets, laptops). MmWave is especially attractive for intravehicle communi-
cations due to its inability to easily penetrate and interfere with other vehicular networks
(due to high vehicle penetration losses). There are other applications outside the vehicle,
as illustrated in Fig. 1.18. Vehicle-to-vehicle (V2V) communication may be used for col-
lision avoidance or to exchange traffic information. Vehicle-to-infrastructure (V2I) links
may also be used to communicate traffic information or to provide range and coverage
extension of mobile broadband networks. Realization of intervehicle communication at
mmWave is challenging due to the high Doppler and variable PHY and MAC condi-
tions, which increase overhead for maintaining links, and lower transmitter height above
ground, which limits the distance between automobiles of a connected network. While
the current vehicle-to-vehicle standard IEEE 802.11p uses a 5.9 GHz band allocated for
intelligent transportation systems, mmWave transmission is already employed at 24 and
77 GHz for automotive radar and cruise control. This makes it foreseeable that mmWave
will find its way into other vehicular applications in the coming years.
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Vehicle-to-vehicle communication

Vehicular radar

Vehicular-to-infrastructure communication

Figure 1.18 Different applications of mmWave in vehicular applications, including radar, vehicle-
to-vehicle communication, and vehicle-to-infrastructure communication.

1.3.6 Cellular and Personal Mobile Communications

Today’s cellular networks throughout the world use frequencies in the UHF and low
microwave spectrum bands, between 400 MHz and 4.0 GHz. The use of these relatively
low frequency spectrum bands has not changed in the 40 years of the cellular radio
industry [RSM+13]. Even today, tiny slivers of spectrum (e.g., tens of MHz) within these
bands continue to be allocated by governments around the world for the deployment of
the fourth generation (i.e., 4G) of cellular technologies based on the LTE standard.

Demand for cellular data, however, has been growing at a staggering pace, and capac-
ity projections are clear — cellular networks will require much greater spectrum allo-
cations than have ever been available before. Conservative estimates of per-user data
consumption growth range from 50% to 70% per year. Some wireless carriers, such as
China Mobile, are already reporting even greater data consumption increases (e.g., 77%
per year increase in data consumption per user from 2011 to 2012), and operators con-
tinue to experience incredible increases in video and live streaming traffic on their net-
works. This trend will only accelerate with time, especially as new social networking and
machine-to-machine applications evolve, and as the Internet of things becomes a reality
[CIS13].

The wireless community is steadily beginning to realize that the radio propagation at
mmWave frequencies (dubbed “Beyond 4G,” and called “5G” by some early researchers)
may not only be viable, but may actually have greater benefits than today’s cellular net-
works, when one considers the ability to use miniature, high-gain directionally steerable
antennas, spatial multiplexing, new low-power electronics, advanced signal processing,
and dormant or lightly used spectrum bands that have many tens of gigahertz of band-
width available to them. The key technological components are about to become mature
to enable multi-Gpbs mobile data rates for future mmWave wireless networks using cel-
lular radio architectures.

Recent capacity results show that future mmWave cellular networks may use 1 or 2
GHz channels, instead of LTE’s 40 MHz RF channel bandwidths, and by using Time
Division Duplexing (TDD) in a relatively small cell (200 m radius) scenario, end-user
data rates will easily be increased by a factor of 20 over most LTE networks, enabling
multi-Gbps mobile links for cellphone users [RRE14].

As shown in the remaining chapters of this textbook, particularly in Chapters 3-8,
the frequencies above 10 GHz are a new frontier for the cellular communications field, as
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many orders of magnitude greater bandwidth are available for immediate use. The smaller
wavelength of mmWave cellular will enable great capacity gains by exploiting spatial and
temporal multipath in the channel, in a far greater manner than today’s 4G wireless
networks. When additional capacity gains from beamforming and spatial multiplexing
are combined with the vastly larger channel bandwidths available at mmWave carrier
frequencies, it is clear that low-cost, UWB mobile communication systems with data
rates and system capacities that are orders of magnitudes greater than today’s wireless
networks will evolve.

Such advances in capacity are not only required as today’s cellular users demand more
video and cloud-based applications, they are also logical when one considers that fact that
advances in Moore’s law have brought similar order-of-magnitude increases to computer
clock speeds and memory sizes over the past four decades. Wireless communications,
and cellular and WiFi networks in particular, are about to realize massive increases in
data rates through the use of much more bandwidth than ever available before, and
with this massive bandwidth will come new architectures, capabilities, and use cases
for cellphone subscribers [PK11]. Such advances will usher in the renaissance of wireless
communications [Rap12a].

1.3.7 Aerospace Applications

Because of the significant absorption of signals in oxygen, the 60 GHz spectrum is
ideal for aerospace communication where terrestrial eavesdropping must be avoided
[Sno02].4 Consequently, many spectrum regulations, including FCC regulations in the
USA [ML87], have allocated 60 GHz for intersatellite communication. Intersatellite
communication links are LOS, and special design considerations for satellite systems
result in few technology translations to consumer applications. One emerging 60 GHz
aerospace application is multimedia distribution in aircraft, as illustrated in Fig. 1.19, to
reduce the cabin wiring [GKT+09]. The localization of 60 GHz signals and the massive
bandwidth resources make 60 GHz attractive versus microwave frequencies [BHVF08].
Unfortunately, to protect intersatellite communication from wireless in-aircraft appli-
cations, regulations currently disallow 60 GHz wireless communication in aircraft.

seat back entertainment wireless Internet access

Figure 1.19 Different applications of mmWave in aircraft including providing wireless connec-
tions for seat-back entertainment systems and for wireless cellular and local area networking. Smart
repeaters and access points will enable backhaul, coverage, and selective traffic control.

4. Figure 1.3 shows that the 180, 325, and 380 GHz bands are also well suited for “whisper radios”
that are hard to eavesdrop on.
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Regulations, however, are likely to change in the future with enough industry pressure
and demonstration of the feasibility of network coexistence. Also, as mmWave wireless
becomes more mature, additional high-attenuation bands, such as 183 and 380 GHz, will
find use in aerospace applications.

1.4 Contributions of This Textbook

Today, active mmWave wireless device and product research programs exist at sev-
eral major companies, such as Samsung [EAHAS+12] [KP11a] [PK11], Intel [CRR08],
L3, Qualcomm, Huawei, Ericsson, Broadcom, and Nokia, and universities such as
Georgia Tech [DSS+09], New York University [RSM+13][RRE14][PR07][RBDMQ12]
[RQT+12] [AWW+13] [SWA+13] [RGAA09] [AAS+14] [ALS+14] [SR14] [Gho14] [SR14a]
[MSR14], UC Berkeley [SB08][SB09a], UCLA [Raz08], UC San Diego [AJA+14]
[BBKH06][DHG+13], UC Santa Barbara [RVM12][TSMR09], University of Florida
[OKF+05], USC [BGK+06a], The University of Texas at Austin [GAPR09][GJRM10]
[RGAA09][DH07][PR07][PHR09][DMRH10][BH13b][BH13c][BH14][EAHAS+12][AEAH12],
and The University of Texas at Dallas [CO06][SMS+09]. Further, multiple textbooks and
research books on the subject of mmWave devices and communications are available
[Yng91][NH08][HW11]. Despite this research and progress, we have endeavored to create
the first comprehensive text that brings communications and network-centric viewpoints
to the intersection of antennas, propagation, semiconductors, and circuit design and fab-
rication for future wireless systems. Some existing texts on mmWave evolved from the
circuits or packaging area but lack fundamental communications and network expertise.
This book is distinct, since the ability to create future wireless communication systems
requires a deep and fundamental understanding of multiple-user communications, anten-
nas and propagation, and network theory, in addition to fundamental circuit design and
microelectronics knowledge. It is rare that communications and network researchers work
with circuit designers or semiconductor scientists in a university setting; this gap por-
tends a huge void in the world’s wireless research capabilities. Innovation and leadership
are enhanced through interdisciplinary approaches to the creation and fabrication of
broadband mmWave wireless devices and networks. This book endeavors to guide engi-
neering practitioners, researchers, and students to find new, interdisciplinary ways to
create mmWave broadband wireless devices and the networks they will form.

In this text, we demonstrate the state of the art in the areas of antennas, propagation,
semiconductors, analog and digital circuits, communications, networks, and standards,
while identifying critical interdependencies that will impact the future of communica-
tions at the edge of the network. By combining previously separated research fields of
semiconductor devices and circuit design with the fundamentals of antennas and propa-
gation, communications, and networking research, this book illustrates the problems and
provides the knowledge to create the next generation of devices that will operate at the
spectral frontier of mmWave frequencies.

For communications engineers, this book provides key insights into circuits challenges
and fundamental semiconductor physics, along with antenna and propagation funda-
mentals. This is important because the formation of design tradeoffs requires insights
into multiple fields. For example, instead of using higher-order signaling constellations,
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the analog-to-digital converter can be simplified or even eliminated by using simple binary
modulation, even something as simple as on-off keying or differential phase shift key-
ing. Essentially, this becomes a tradeoff between low-cost communication efficiency and
mixed-signal power efficiency. As semiconductor devices continue to scale toward higher
frequencies, even into the terahertz (300 GHz and above) range by 2020 [SMS+09], com-
munications researchers will be unable to produce working sensors, channel measurement
systems, and other critical research tools that help to provide fundamental knowledge
[RGAA09] unless they have core circuit design knowledge at the mmWave regime
and above.

For analog, mixed-signal, and RF circuit designers, this book provides foundations
in the operations of the higher layers, including radio channel aspects, digital signal
processing, and network protocols. This will facilitate better technical interactions with
communication engineers. While the wide majority of today’s wireless devices still use
the standard superheterodyne and homodyne (direct conversion) architectures developed
by Major Edwin Armstrong over a century ago, completely new receiver architectures,
which fuse the detection and memory capabilities for pipelining received data, must be
developed to handle such massive transmission bandwidths with low power consumption.
New concepts in organizing memory cells at the chip level need to be integrated with
communications coding techniques in order to implement the power efficient devices of
the future, especially when considering that high-gain advanced antenna techniques, such
as MIMO and phased arrays, will be implemented in such tiny physical sizes.

Coverage in the book is intentionally broad, but is also fundamental in nature, trans-
ferring key knowledge in mmWave communication, propagation, antennas, circuits, algo-
rithms, design approaches, and standards. Such knowledge is crucial for understanding
and balancing the demands for power, capacity, and delay in the era of wireless networks
with unprecedented bandwidths.

1.5 Outline of This Textbook

This book is organized to allow the engineering practitioner, researcher, or student to
rapidly find useful information on specific topics that are central to the infant world of
mmWave wireless communications, including the nascent but commercially viable world
of 60 GHz communication. Each chapter begins with an introduction that previews the
material in each section and is completed with a summary that reviews salient points
of each topic discussed. Chapter 1 serves as an introduction to the entire book, and
motivates the study of mmWave communication.

Chapter 2 provides background material for wireless communication system design.
This chapter begins with an introduction to the complex baseband signal representation
and its relationship to the wireless medium that provides the physical channel for commu-
nication. Then, using the complex baseband model, the design of discrete-time wireless
communication systems to send and receive information through the transmission of
data symbols is discussed. This includes a summary of equalization concepts to deal with
channel distortion effects and error-correcting codes to deal with degradations due to
impairments in the channel and communication hardware. A special section is included
on Orthogonal Frequency Division Multiplexing (OFDM) modulation, which is popular
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in many commercial standards such as 4G LTE and IEEE 802.11n. Finally, Chapter 2
concludes with implementation topics including the estimation and detection of signals
at the receiver, the architecture used for RF/analog/digital circuits in a communication
system, and the layering of a communication system.

Chapter 3 transitions into the fundamentals of mmWave propagation and summa-
rizes the physical characteristics of the wireless channel at operating frequencies around
60 GHz and other mmWave frequencies. This chapter consists of several different aspects
of the wireless channel, each of which builds a complete picture of a mmWave wireless
channel model. New results for the 28, 38, and 73 GHz outdoor urban cellular environ-
ments are given in this chapter, and they demonstrate the improvements that adaptive
antennas can make in both link budget and reduction of multipath delay spread. First,
measurement results that characterize the large-scale path loss are summarized. Then
the penetration/reflection ability of mmWave signals is reviewed, which will be impor-
tant to determine the feasibility of NLOS communication. A special section is devoted
to the loss experienced by mmWave signals due to atmospheric effects such as energy
absorption of oxygen and water molecules. Ray tracing is also described, as this approach
will be critical for accurate site selection and deployment of future mmWave systems,
where both indoor and outdoor channel conditions are considered. Finally, the indoor
and outdoor mmWave channels are summarized in terms of their temporal, spectral, and
spatial characteristics with respect to realistic mobility scenarios.

Chapter 4 provides background on antenna theory with an emphasis on techniques
that are relevant for mmWave communication: in-package and on-chip antennas. The
high cable losses at mmWave frequencies motivate pushing the antennas as close to the
signal processing as possible. An in-package integrated antenna is one that is manufac-
tured as part of the packaging process whereas an on-chip antenna is one that is built as
part of the semiconductor process. Cost savings can potentially be realized with on-chip
antennas if research can provide designs of high efficiency. Potential antenna topologies
for mmWave are reviewed including planar, lens, aperture, and array antennas. Although
many classic textbooks have dealt with the important area of antennas, we focus on the key
concepts that are vital for on-chip and in-package antennas that will be used in mmWave
consumer electronic products in the future. Also, array theory and fundamental semicon-
ductor properties are treated, so readers can understand the challenges and approaches for
implementing on-chip antennas. Although these approaches are nascent, and far from per-
fected at the time of this writing, future integrated wireless devices operating in the 30-300
GHz range will likely rely on tight integration not used at conventional UHF microwave
bands. The chapter concludes with a survey of classical results on array processing, which
are relevant for mmWave using adaptive antenna arrays.

Chapter 5 describes semiconductor device basics and enumerates the hardware design
challenges at mmWave carrier frequencies. This includes a discussion of the RF hardware
design issues including antenna design and amplifier design in the front end. Ampli-
fier design is summarized by first presenting the challenges associated with character-
izing and measuring mmWave signals. To address these challenges, S-parameters and
Y-parameters are defined, and the design/cost issues that surface with different technolo-
gies including GaAs, InP, SiGe, and CMOS are interpreted. Circuit design at traditional
frequencies (<10 GHz) takes advantage of lumped element assumptions because circuit
dimensions are much smaller than the wavelength of the carrier frequency. Unfortunately,
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with mmWave frequencies, these assumptions cannot be made. This problem is discussed
in detail via transmission line modeling followed by a summary of the design of passive
and active elements in mmWave circuits. The key analog circuit components of mmWave
transceivers are covered in detail in Chapter 5, and the chapter concludes with a novel
and powerful figure of merit, the consumption factor, for determining and comparing
power efficiencies for any mmWave circuit or system.

Chapter 6 discusses digital baseband issues. Much of the discussion is devoted to
analog-to-digital conversion (ADC) and digital-to-analog conversion (DAC), as this
consumes a substantial amount of power in mmWave circuit implementations. The impact
of device fabrication mismatch, design architectures, fundamentals of DAC and ADC
circuit design, and promising techniques for achieving multi-Gbps sampling and signal
reproduction are given in this chapter.

Chapter 7 presents the design and applications of mmWave systems through a
summary of 60 GHz PHY algorithms. The design of 60 GHz baseband algorithms is intrin-
sically linked to the wireless channel and hardware constraints discussed in Chapters 3
through 6. This relationship between the constraints and the PHY design is presented in
the beginning of this chapter. Following this discussion, PHY design rules within these
constraints are offered through sections on modulation, coding, and channel equalization.
This chapter ends with a section that analyzes the impact of future/emerging hardware
technology and its ability to relax certain design constraints for mmWave PHYs.

Chapter 8 reviews higher layer (above the PHY) design issues for mmWave systems
with a particular emphasis on techniques relevant to 60 GHz and emerging cellular and
backhaul systems. The use of directional beam steering, the limited coverage of mmWave
signal propagation, and sensitivity to effects like human blockage of dominant signal paths
present challenges that must be addressed at higher layers. This chapter reviews the key
problems from a higher layer-perspective then expands on select topics in more detail. First,
the incorporation of beam steering into a MAC protocol is described in more detail. Then,
multihop operation using relays is reviewed as a way to achieve better coverage and to pro-
vide resilience to human blockages. Next, because multimedia is an important application
for indoor systems, the cross-layer incorporation of video using unequal error protection is
described in more detail. Finally, multiband strategies are discussed in which low frequency
control signals are used to make network establishment and management easier.

Chapter 9 concludes the technical content of this text with a review of design elements
from the standardization efforts for 60 GHz wireless communication systems. Three dif-
ferent WPAN standards are presented including IEEE 802.15.3c for WPAN, Wireless
HD for uncompressed high-definition video streaming, and ECMA-387. Each of these
WPAN standards has a distinct approach to the physical and MAC layer of the wireless
communication system design, and these differences will be highlighted in this chapter.
Two different WLAN standards are also presented including IEEE 802.11ad and WiGig
(from which IEEE 802.11ad was based), which stretch WLAN into gigabit capabilities
through 60 GHz spectrum.

1.5.1 Illustrations for this Textbook

You can find the color versions of the illustrations in this book at informit.
com/title/9780132172288.
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1.6 Symbols and Common Definitions

We use the notation in Table 1.2 and assign specific definitions to the variables in
Table 1.3 throughout this text.

Table 1.2 Generic notation used in this text.

, by definition
? convolution operator
a bold lowercase is used to denote column vectors
A bold uppercase is used to denote matrices
a,A non-bold letters are used to denote scalar values
|a| magnitude of scalar a
‖a‖ vector 2-norm of a
‖A‖F Frobenius norm of A
A calligraphic letters denote sets
|A| cardinality of set A
AT matrix transpose
A∗ conjugate transpose
Ac conjugate
A1/2 matrix square root
A−1 matrix inverse
A† Moore-Penrose pseudo inverse
ak kth entry of vector a
[A]k,l scalar entry of A in kth row lth column
[A]:,k kth column of matrix A
[A]:,k:m column consisting of rows k, k + 1, . . . ,m of matrix A
(·) used to index a continuous signal
a(t) continuous scalar signal and value at t
a(t) continuous vector signal and value at t
A(t) continuous matrix signal and value at t
[·] used to index a discrete-time signal
a[n] denotes discrete-time scalar signal and value at n
a[n] discrete-time vector signal and value at n
A[n] discrete-time matrix signal and value at n
a[n] denotes discrete-time vector signal in frequency domain at subcarrier n
A[n] discrete-time matrix signal in frequency domain at subcarrier n
log denotes log2 unless otherwise mentioned
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Table 1.3 Common definitions used in this text.

Es signal energy
No noise energy
L channel order
{h[`]}L`=0 discrete-time ISI channel impulse response with

(L+ 1) taps
H[k] =

∑L
`=0 h[`]e−j2πk`/N frequency domain channel transfer function

y[n] symbol sampled received signal
x[n] symbol sampled transmitted signal
s[n] symbol sampled transmitted signal before precod-

ing
IN N ×N identity matrix
0N,M N ×M all zeros matrix
j imaginary number j =

√
−1

E expectation operator
x ∼ N

(
m,σ2

)
means that x is a Gaussian random variable with
mean m and variance σ2

x ∼ Nc
(
m,σ2

)
means that x is a circularly symmetric complex
Gaussian random variable with complex mean m,
total variance σ2, the real and imaginary parts of
x are independent, and the variance of the real
and imaginary parts are each σ2/2

Aeff effective aperture of an antenna (square meters)
Amax maximum effective aperture of an antenna (square

meters)
d transmitter-receiver separation distance (meters)
EIRP effective isotropic radiated power
λ wavelength (meters)
c speed of light in free space = 3× 108 m/s

1.7 Chapter Summary

Communications and network researchers, circuit designers, and antenna engineers sel-
dom interact at universities or within the industry, leading to the potential for a huge void
in mmWave wireless research capabilities. The innovative skills needed to ensure global
leadership in the next revolution of wireless communications at the edge of the network,
and in future mobile cellular systems, are not presently supported in an interdisciplinary
manner by the government or the industrial research complex. We must teach researchers
new, interdisciplinary strategies to create the ever-evolving broadband wireless devices
and systems at mmWave, and beyond. To this end, it is our hope that you find this text
to be a useful guide, enabling the creation of myriad new devices and applications that
will soon be using the mmWave spectrum.
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Compress-and-forward strategy, 488–489
Compressed video, 493–495
Compression requirements, 11
Compressive channel estimation, 485–486
Concatenated coding techniques, 67
Concrete reflection, 112
Conduction angles in power amplifiers, 330,

332
Conduction losses, 208–209
Conference room environments, 183–184
Conjugate matching in transistors, 309–310
Constellations

AV PHY, 531
HSI PHY, 528
NS8-QAM, 49
OFDM and SC-FDE, 447–458
SC-PHY, 527–528
skewing, 543
symbols from, 40
unit-form, 40

Consumption factor (CF) theory, 370–374
definition, 376–381
description, 259–260
power-efficiency factor example, 374–375

Content delivery in future, 23
Contention access period (CAP), 514
Contention-Based Access Period (CBAP), 566
Continuous phase modulation (CPM), 463–464

Control PHY (CPHY), 572, 577
Conversion

ADCs. See Analog-to-digital converters
(ADCs)

DACs. See Digital-to-analog converters
(DACs)

heterodyne receivers, 90–91
mixer gain, 342, 345–346
radios, 316

Convolution in equalization, 57
Convolutional codes, 67–69
Cooling systems in data centers, 20
Cosine components in baseband

representation, 36
Coupling transformer windings, 306
Covariance

array beamforming, 246–248
linear equalization, 52–53

Coverage extension, relaying for, 487–493
CPHY (Control PHY), 572, 577
CPM (continuous phase modulation), 463–464
CPW (co-planar waveguides) topologies

probes, 270
transmission lines, 293–296

Crane model, 109
CRC (cyclic redundancy check) codes, 64, 495
Cross correlation, 285
Cross-polarized signals, 107
Cross section modeling, 117–119
Cross talk, 277
CSMA/CA (carrier sense multiple access with

collision avoidance), 477
DMG, 564
IEEE 802.11ad, 562
MAC, 516

CTAPs (channel time allocation periods), 514
CTS (clear to send) messages, 477, 562
Cumulative distribution function (CDF),

140–141
Current compensation circuits, 402
Current DACs, 422–429
Current return paths, 341
Currents, scattering parameters for, 264–265
Cursers, 171
Cyclic prefix, 57
Cyclic redundancy check (CRC) codes, 64, 495

D
D-flip-flops in phase-locked loops, 366–367, 370
DACs. See Digital-to-analog converters

(DACs)
DAMI (dual alternate mark inversion)

signaling, 549–550
Data centers, 19–21
Data Link Layer in OSI model, 92–94
DATA messages, 562–563
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Data rates
AV PHY, 531
DMG, 574
HSI PHY, 529
Type A PHY in ECMA-387, 559
Type B PHY in ECMA-387, 561
Type C PHY in ECMA-387, 561
UEP, 541–542

Data Transfer Interval (DTI), 565–566
DBPSK (differential binary shift keying), 577
DC offset in homodyne receivers, 88–89
DCA (distributed contention access) protocol,

557
DCF (distributed coordination function), 564
DCM (dual carrier modulation), 579
Deafness problem, 474, 476
Decentralized clustering, 566
Decision feedback equalizers (DFEs), 53–55

high-throughput PHYs, 446
time domain equalization, 50

Decode-and-forward (DF) repeaters, 488–493
Decoders

flash ADCs, 416–417
high-throughput PHYs, 445
LOVA, 69
Reed-Solomon, 495–496
soft decision, 64

De-embedding structures in test-chip layouts,
289

Deep fades, 140
Definitions, 31
Deflection routing, 490–491
Delay, 18

ADCs, 403
beam steering, 239
DACs, 428–429
encoders, 408
equalization in time domain, 50
RMS delay spread. See

Root-mean-square (RMS) delay
spread

Demodulate-and-forward strategy, 488–489
Depolarization, path, 106
Desired transmission line impedance, 295
Desktop environments, 182
Detection, symbol, 41–43
Device classes in ECMA-387, 555–556
Device discovery, 475–476
Device mismatch in ADCs and DACs

ADCs, 411–412, 418–419
DACs, 427
description, 393–394

Device-Synchronized (DS) mode, 519
DF (decode-and-forward) repeaters, 488–493
DFEs. See decision feedback equalizers (DFEs)
DFT. See Discrete Fourier transform (DFT)

DIBL (Drain Induced Barrier Lowering), 284
dielectric constant, 189
Differential binary shift keying (DBPSK), 577
Differential feeds in dipole antennas, 213
Differential non-linearity (DNL), 406–407
Differential QPSK (DQPSK), 44–46
Differential transmission lines, 298
Diffraction, 111, 176
Digital baseband phase-shifting, 239
Digital beamforming, 454–455
Digital modulation, 39

amplitude shift keying, 45
binary phase shift keying, 43–45
phase shift keying, 47
quadrature amplitude modulation, 48–49
quadrature phase shift keying, 45–47
symbols, 40–43

Digital-to-analog converters (DACs), 383–384,
421–422

baseband representation, 39
case studies, 429–430
current steering, 422–429
device mismatch, 393–394
sampling, 384–392

Digitization in ADC sampling, 388
Diodes, 260
Dipole antennas, 104, 212–215
Dirac delta function, 330
Direct conversion receivers, 88
Direct conversion transmitters, 90
Directional antennas

indoor channel models, 167, 175
PHY, 472–474
pointing angle, 145–148
ray-tracing models, 169
received power, 106

Directional multi-gigabit (DMG) PHY,
564–566

common aspects, 572–576
low-power SC-PHY, 581–582
OFDM PHY, 578–581
SC-PHY, 577–578

Directions of arrival (DOAs), 138
3GPP-style models, 152
array beamforming, 242–245, 248–251
wave vectors, 198

Directions of departure (DODs), 152
Directivity of antennas

gain relationship, 192, 196
indoor channel models, 167
integrated lens, 234

Disassociation in MAC, 519–520
Discovery complexity in high-throughput

PHYs, 446
Discrete Fourier transform (DFT)

beam adaptation, 483
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frequency domain equalization, 57–59
spatial multiplexing, 83

Dispersion relationship, 198
Distortion

power amplifiers, 439–440
sample-and-hold amplifiers, 400

Distributed contention access (DCA) protocol,
557

Distributed coordination function (DCF), 564
Distributed reservation protocol (DRP), 557
Diversity

band, 492–493, 498
spatial, 84–85

Divide-by-two injection-locked frequency
dividers, 370

DMG. See Directional multi-gigabit (DMG)
PHY

DNL (differential non-linearity), 406–407
DOAs (directions of arrival), 138

3GPP-style models, 152
array beamforming, 242–245, 248–251
wave vectors, 198

DODs (directions of departure), 152
Doherty design in power amplifiers, 332–333
Doped silicon, 260–262
Doping concentration, 405
Doppler effects, 130–132

human blockage, 480
indoor channel models, 175
temporal fading, 142, 144
vehicular applications, 24

Double-balanced mixers, 349
Double pi-models, 302
Double-segmented approach, 430
Downconversion

baseband representation, 35–38
frequency synchronization, 73–74, 76
heterodyne receivers, 89–91
mixers, 342–346, 349

DQPSK (differential QPSK), 44–46
Drain in CMOS transistors, 260
Drain Induced Barrier Lowering (DIBL), 284
DRP (distributed reservation protocol), 557
Drywall reflection, 112
DS (Device-Synchronized) mode, 519
DTI (Data Transfer Interval), 565–566
DTP (dynamic tone pairing), 576, 579–581
Dual alternate mark inversion (DAMI)

signaling, 549–550
Dual carrier modulation (DCM), 579
Dual ground planes in transmission lines, 297
Dummy preamplifiers in flash ADCs, 415
Durgin’s TWDP distribution, 131, 170
Duty cycle in sample-and-hold circuitry, 401
Dynamic channels in MAC, 518
Dynamic errors in DACs, 424–425

Dynamic ranges
ADC sampling, 388–389, 391–392
encoders, 405

Dynamic tone pairing (DTP), 576, 579–581

E
ECMA/ECMA-387

channelization, 556–557
device classes, 555–556
encoders, 68
second edition, 561
spreading factor, 70
standard, 555–561
trellis coded modulation, 70
Type A PHY, 559–560
Type B PHY, 560–561
Type C PHY, 561

EEP (equal error protection), 495
Effective area, 102
Effective isotropic radiated power (EIRP), 102
Effective number of bits (ENOB) in ADCs,

403–404
Effective permeability of inductors, 300
Efficiency

antennas, 191–192
consumption factor theory, 371–374
energy, 519
in-package antennas, 210
on-chip antennas, 206–209

Eigenvalue decomposition (EVD), 249–250
EIRP (effective isotropic radiated power), 102
EKV model, 277, 284–285, 287–288
Electrically large antenna arrays, 189
Electro-bandgap surfaces, 227–228
Electromagnetic field polarization, 167
Electromagnetic simulators, 204, 267–268
Electromagnetic (EM) waves, 99
Element spacing in arrays, 196–197
Elevation angle, 171–172
Ellipsoidal lenses, 232–233
EM (electromagnetic) waves, 99
Emerging applications, 19

aerospace, 26–27
cellular and personal mobile

communications, 25–26
data centers, 19–21
home and office, 23–24
information showers, 22–23
replacing wired interconnects on chips,

21–22
vehicular, 24–25

Encoders
ADC, 407–409, 416
ECMA, 68

End-point INL, 407
Energy efficiency in MAC, 519
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Energy loss in on-chip antennas, 207–208
ENOB (effective number of bits) in ADCs,

403–404
Ensemble design tool, 268
Equal error protection (EEP), 495
Equalization algorithms in high-throughput

PHYs, 445–446
Equalization in frequency domain, 56–57

OFDM modulation, 60–62
single carrier frequency domain, 57–60

Equalization in high-throughput PHYs,
445–447

Equalization in time domain, 49–51
decision feedback equalizers, 53–55
linear equalization, 51–53
maximum likelihood sequence estimator,

55–56
Error concealment, 494–495
Error control coding, 62–63

AV PHY, 531
block codes, 63–64
code rate, 495
convolutional codes, 67–69
DMG, 574
HSI PHY, 528–529
low density parity check codes, 65–67
Reed-Solomon codes, 64–65
SC-PHY, 524, 529
symbol detection, 43
time domain spreading, 70–71
trellis coded modulation, 69–70
Type A PHY in ECMA-387, 559
Type B PHY in ECMA-387, 561
Type C PHY in ECMA-387, 561
UEP, 541–542
unequal error protection, 71

Error vector magnitude (EVM), 241
Errors

DACs, 423–425
flash ADCs, 418–419

ESPRIT (Estimation of Signal Parameters via
Rotational Invariance Techniques),
249–251

Estimation and synchronization, 72–73
channel estimation, 79–81
frame synchronization, 78–79
frequency offset synchronization, 75–77
structure, 73–75

ETSI (European Telecommunications
Standards Institute) standard, 510

Euclidean distance metric, 42
Europe, 60 GHz spectrum regulation in, 510
European Conference of Postal and

Telecommunication Administrations
(CEPT), 510

European Telecommunications Standards
Institute (ETSI) standard, 510

EVD (Eigenvalue decomposition), 249–250

EVM (error vector magnitude), 241
Exclusive or gates (XOR) in phase-locked

loops, 366
Exposed node problem, 474, 477

F
Factor graphs, 66
Fading, 140

baseband representation, 37
indoor channel models, 176
multiwave, 169–170

Far-field region, 192, 195
Fast Fourier transform (FFT)

frequency domain equalization, 57
high-throughput PHYs, 446

Fat-tree encoders, 408, 416–417
FCC (Federal Communications Commission),

509–510
FDD (Frequency Division Duplexing), 444
FDE (frequency domain equalization), 56–60

frame synchronization, 75
high-throughput PHYs, 446–447
vs. OFDM, 447–458
time domain, 50

FDTD (finite difference time domain), 268–269
FEC. See Forward error correction
Federal Communications Commission (FCC),

509–510
Feedback

beamforming, 86, 546
comparators, 396–397
phase-locked loops, 365
spatial diversity, 85
transistors, 311–313

FEKO design tool, 268
FEM (finite element method), 191, 268–269
FFT (Fast Fourier transform)

frequency domain equalization, 57
high-throughput PHYs, 446

Fidelity design tool, 268
Field-effect transistors (FETs), 261–262

mismatch, 393–394
operation, 273–279

Fifth-generation (5G) cellular networks, 14, 16
Figures of merit

ADCs, 403
antennas, 211
consumption factor theory, 373
low noise amplifiers, 334, 338
noise performance, 285
phase-locked loops, 364
power amplifiers, 323
transistors, 277

Filters
baseband representation, 36, 39, 42
symbol detection, 42
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Fingers of MOSFETs, 279–281
Finite difference time domain (FDTD),

268–269
Finite element method (FEM), 191, 268–269
Finite impulse response equalizers, 51
5G, 6, 25
5th Generation Public Private Partnership

(5GPPP) organization, 152
Fixed antennas, 188
Flash ADCs, 413–420
Flicker noise

homodyne receivers, 89
low noise amplifiers, 337

Flip-flops in phase-locked loops, 366–367,
369–370

Floating intercept model, 153, 156, 158
Folding-flash ADCs, 417–418
Folding factor, 418
Foliage effects, 119–122
Forney approach in MLSE, 55–56
Forward error correction (FEC). See Error

control coding
4-ASK, 45
Fourier transform in digital modulation, 40
Fragmentation Control field, 515
Frame Check Sequence field, 515
Frame Control field, 514–515
Frame format in ECMA-387, 558–559
Frame Length field in DMG, 575
Frames

DMG, 573, 575
MAC, 514–515
synchronization, 72–74, 78–79

Frank-Zado-Chu sequences
channel estimation, 81
in frame synchronization, 74–75, 79

Frank-Zafoff (FZ) sequence, 559
Free space path loss, 7

close-in free-space reference distance
model, 152–160

directional antennas, 472
equation, 101–102
frequency relationship, 103–105
log-distance models, 106
ray tracing, 124

Frequency
60 GHz spectrum allocations, 511
antenna gain, 192
Doppler effects, 130–132
multiplexing, 454
in path loss, 103–105, 175
power amplifiers, 328

Frequency dividers in phase-locked loops, 366
Frequency Division Duplexing (FDD), 444
Frequency domain equalization (FDE), 56–60

frame synchronization, 75

high-throughput PHYs, 446–447
vs. OFDM, 447–458
time domain, 50

Frequency flat channels, 130
Frequency offset synchronization, 75–77
Frequency selectivity

channels, 50, 130
fading, 140–141, 175
OFDM and SC-FDE, 452–453
screens in on-chip antenna gain, 227–228

Frequency shift keying (FSK), 462
Frequency spreading, PHYs, 444
Frequency synthesizers, 364–370
Frequency tuning in transistors, 313–315
Fresnel zones, 121–122
Friis free space propagation theory, 102–104,

184
Front haul, 14
FSK (frequency shift keying), 462
fT (transit frequency) in transistors, 10, 278,

284
Full duplex relaying, 488, 569
Full-MAC model, 498
Fully balanced mixers, 349
Fused silica in in-package antennas, 210–211
FZ (Frank-Zafoff) sequence, 559

G
GaAs (Gallium Arsenide) substrates, 209
Gain

ADCs, 411–412
AGC. See Automatic Gain Control

(AGC)
antenna arrays, 103–105, 196
antennas, 472–473
channel estimation, 81
expressing, 102
frequency of resonance, 192
in-package antennas, 210–211
mixers, 342, 345–346
models for, 279
on-chip antennas, 225–235, 259
power amplifiers, 323, 328–329
transistors, 313
VCOs, 350, 353–355, 359, 363

Gain-bandwidth product, 211
Gallium Arsenide (GaAs) substrates, 209
Galois fields in block codes, 63
Galois message authentication code protocol

(GCMP), 572
Gate in transistors, 260

capacitance, 284
length, 260–261
thermal noise, 285

Gate resistance in layout effects, 281–282
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Gating circuits, 260
Gaussian distribution in multipath channel

models, 174
Gaussian Minimum Shift Keying (GMSK), 44
Gaussian noise. See Additive white Gaussian

noise (AWGN)
GCMP (Galois message authentication code

protocol), 572
Geometry configurations in beamforming, 544
Glass reflection, 112–113
Glitches in DACs, 424
Global spectrum allocations, 6
GMSK (Gaussian Minimum Shift Keying), 44
Golay sequences

channel estimation, 81, 459–460
DMG, 573
frame synchronization, 74–75
OOK, 550
SC-PHY, 527, 578

GOPs (groups of pictures), 494
GPI (Group pair index), 580
Grating lobes, 191, 196
Gray coding, 408
Ground planes in patch antennas, 218–221
Ground return paths

low noise amplifiers, 341
transmission lines, 293

Ground shields in antenna arrays, 251
Grounding transmission lines, 296–297
Group pair index (GPI), 580
Group velocity, 198
Groups of pictures (GOPs), 494
Guard rings in CMOS chips, 202
Guard tones in HSI PHY, 530, 532
Guided waves in CMOS chips, 205–206

H
H.264 standard, 494, 497
Hail events, 109–110
Half duplex relaying, 488, 569
Half-wave dipole antennas, 104, 213
Hallways, 106
Handover model, 498
Handover rules in WirelessHD, 553–554
Hardware architectures, 88–91
Hardware Layer in OSI model, 94–95
Harmonic distortion in S/H amplifiers, 400
HDMI (high-definition multimedia interface),

11–12, 493–494, 556
Header Check Sequence in DMG, 576
Heating requirements in data centers, 20
Height of transmitter antennas, 145–146
Helmholtz equation for electric fields, 197
Hemispherical lenses, 231–235
Heterodyne receivers, 89–91
HFSS design tool, 268, 290
Hidden node problem, 19, 474, 476–477

High-definition multimedia interface (HDMI),
11–12, 493–494, 556

High efficiency PHYs, 461–464
High-frequency effects in transmission lines,

289
High-impedance surfaces (HIS), 227–230
High-k dielectric constants, 277
High-rate PHY (HRP), 531–535, 541–542
High-speed interface (HSI) PHY, 521,

528–530, 540–541
High-throughput PHYs, 444–445

modulation, coding, and equalization,
445–447

OFDM vs. and SC-FDE, 447–458
synchronization and channel estimation,

459–461
Higher layer design considerations, 471–472

beam adaptation protocols, 481–487
cellular networks, 500–504
multiband considerations, 497–500
multimedia transmission, 493–497
networking devices. See Networking

devices
relaying, 487–493

HIS (high-impedance surfaces), 227–230
Hold capacitor size in T/H amplifiers, 401
Home of the future, 23–24
Homodyne receivers, 88–89
Horizontal polarization, 139
HRP (high-rate PHY), 531–535, 541–542
HSI PHY (high-speed interface mode), 521,

528–530, 540–541
Human blockage events, 119–122

channel reliability, 478–480
effects, 176

Huygens’ principle
magnetic conductors, 227–228
microstrip patch antennas, 218–219

Hybrid approach in channel estimation, 486
Hybrid architectures for beamforming, 16
Hybrid precoding in MIMO, 87–88
Hyperhemispherical lenses, 232–234

I
I-frames, 494, 497
IC (Industry Canada), 510
ICI (inter-carrier interference), 62, 444
IDFT (inverse DFT), 57
IE3D design tool, 268
IEEE 802.11ac standard, 13
IEEE 802.11ad standard, 13, 177, 183–184,

562, 572–582
background, 562–564
beam adaptation protocols, 483
indoor environments, 171–177
MAC features, 564–572
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IEEE 802.15.3c standard, 177–182, 512
beam adaptation protocols, 482–483
indoor environments, 171–177
MAC, 512–520
PHY. See Physical layer (PHY)

IF frequencies
array beam steering, 238, 240
heterodyne receivers, 89–90
mixers, 342–346, 349

IIR (infinite impulse response) equalization,
52–53

ILFDs (injection-locked frequency dividers),
366–367, 370

Images for heterodyne receivers, 89
Impedance

conjugate matching, 310
DAC current sources, 426
dipole antennas, 212–213
input impedance matching of LNAs,

339–340
low noise amplifiers, 339, 341
on-chip antennas, 208
transmission lines, 292–297

Impinging wave fronts in array beamforming,
243

In-package antennas, 188, 209–211
fundamentals, 189–191
probe station characterizations, 255–257

In-phase components in baseband
representation, 35

In-phase/quadrature (IQ) mismatch, 89
Indoor environments, 166–169

delay spread, 129
human effects, 120
IEEE 802.15.3c and IEEE 802.11ad

models, 171–184
line-of-sight, 106
penetration losses, 113–116
ray-tracing models, 169
Rayleigh, Rician, and multiwave fading

models, 169–170
reflection, 111–112

Inductors and inductances
interconnects, 308
low noise amplifiers, 339
parasitic, 304
transformers, 305–307
transmission lines, 289–290, 298–304

Industrial Scientific, and Medical (ISM)
bands, 3

Industry Canada (IC), 510
Infinite impulse response (IIR) equalization,

51–53
Information Exchange, 516
Information showers, 22–23
Injection-locked frequency dividers (ILFDs),

366–367, 370
Injection locking in antenna arrays, 251

INL (integral non-linearity), 406–407
Input bandwidth of ADCs, 404
Input capacitance

flash ADCs, 418–419
track-and-hold amplifiers, 401

Input impedance of low noise amplifiers, 341
Input-referred 1-dB compression points,

319–320
Input referred noise voltage in low noise

amplifiers, 339
Input referred offsets in flash ADCs, 414
Input symbols in Reed-Solomon codes, 64
Insertion loss parameters, 266–267
Integral non-linearity (INL), 406–407
Integrated lens antennas, 231–235
Integrity Code field in MAC, 515
Intelligent repeaters, 487–488
Inter-arrival times, 171
Inter-carrier interference (ICI), 62, 444
Inter-chip wireless interconnects, 212
Intercept points, non-linear, 317–322
Interconnects, 21–22, 212, 308

delay, 22
Interference in MAC, 518
Interleaving in convolutional codes, 68
Intermodulation, 319, 323
Internal reference voltages in S/H amplifiers,

397
International recommendations for 60 GHz

spectrum, 509
International Roadmap for Semiconductors

(ITRS), 22
International Telecommunication Union

(ITU), 5, 509
International Wireless Industry Consortium

(IWPC), 152
Interpolating factor, 415
Interpolating flash ADCs, 415, 420
Intersatellite communication links, 26–27
Intersymbol interference (ISI), 49, 51
Intravehicle communications, 24
Inverse DFT (IDFT), 57
Inversion layers, 262
Inversion regions in MOSFETs, 274–275
Inverters in comparators, 396
IQ (in-phase/quadrature) mismatch, 89
ISI (intersymbol interference), 49, 51
ISM (Industrial Scientific, and Medical)

bands, 3
Isolation

defined, 267
mixers, 342, 347, 349
track-and-hold amplifiers, 402

Isotropic radiators, 102
IST Broadway project, 498–499
Isynchronous CTAP, 516
ITRS (International Roadmap for

Semiconductors), 22
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ITU (International Telecommunication
Union), 5, 509

IWPC (International Wireless Industry
Consortium), 152

J
Japan, 60 GHz spectrum regulation in, 510
Jitter in ADCs, 391–392, 403, 411
JK-flip-flops in phase-locked loops, 369

K
K-factor, 171–173
KAIST (Korea Advanced Institute of Science

and Technology), 17
Kalman filters in linear equalization, 53
Kiosk environments, 183
Knife-edge diffraction model, 176
Korea, 60 GHz spectrum regulation in, 511
Korea Advanced Institute of Science and

Technology (KAIST), 17
Kronecker product in frame synchronization,

75

L
Laplacian distribution in multipath channel

models, 174
Large-scale path loss models, 152–160
Large-scale propagation channel effects,

101–105
atmospheric, 106–107
diffraction, 111
log-distance path loss models, 105–106
ray tracing and site-specific propagation

prediction, 122–126
reflection and penetration, 111–117
scattering and radar cross section

modeling, 117–119
surrounding objects, humans, and

foliage, 119–122
weather, 108–110

Large-scale regime, 277
LAS (lobe angle spread), 164
Last RSSI in DMG, 576
Latch up, 202
Layering model in WirelessHD, 552–553
Layout, circuit, 267–273

effects, 281–282
LC VCOs, 350–361
LCP (Liquid Crystal Polymer), 210–211
LDPC. See Low-density parity check (LDPC)
Least mean squares (LMS)

decision feedback equalizers, 54
linear equalization, 53

Least significant bits (LSBs)
ADC sampling, 390–391
UEP, 494–496, 538, 541

Least-squares solution
channel estimation, 79–80
linear equalization, 52

Lebedew, Pyotr N., 4
Levison-Durbin recursion, 53
Library environments, 182
Limited feedback communications, 85–86
Line-of-sight (LOS)

28 GHz path loss, 156–157
backhaul systems, 14
beam-combining, 133–135
break-point distance, 149
cellular networks, 16, 149, 501–504
decode-and-forward repeaters, 492–493
description, 132
diffraction, 111
directional antennas, 473
indoor environments, 106, 171–175, 184
intersatellite communications, 26
large-scale path loss models, 156–159
MIMO channels, 467–470
polarization mismatch, 139
Rician models, 169
spatial characterization, 132–135
surrounding objects, 119–121
transmitter to receiver separation,

149–151
Linear block codes in LDPC codes, 66
Linear equalization

high-throughput PHYs, 446
time domain, 51–53

Linear polarization, 139
Linearity

ADC non-linearity, 406–407
cascaded devices, 320
mixers, 342, 345, 347
radios, 316

Link adaptation in MAC, 571
Link budget analysis, 314–317
Link disruption, 569
Link quality indices (LQIs), 546
Link switching, 569
Liquid Crystal Polymer (LCP), 210–211
List output Viterbi decoder algorithm

(LOVA), 69
LLC (Logical Link Control) in OSI model,

92–94
LLR (log-likelihood ratio), 43
LMDS (Local Multipoint Distribution

Service), 3, 120, 122
LMS (least mean squares)

decision feedback equalizers, 54
linear equalization, 53

LNAs. See Low noise amplifiers (LNAs)
Load-pull analysis, 334
Lobe angle spread (LAS), 164
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Lobes in multipath models, 162–165
Local Multipoint Distribution Service

(LMDS), 3, 120, 122
Local oscillator (LO), 9

array beam steering, 237–240
distortion, 441
heterodyne receivers, 89–90
leakage, 89
mixers, 342, 345–349
phase-locked loops, 364
transceivers, 441, 444
VCOs, 350

local oscillator pull, 90
Locking range in phase-locked loops, 367–368
Log-distance path loss models, 105–106
Log-likelihood ratio (LLR), 43
Log-normal shadowing, 174
Logical Link Control (LLC) in OSI model,

92–94
Look-ahead logic scheme, 410
Loops

inductors, 300–301
PLLs, 364–370, 441
transformers, 304–305

LOS. See Line-of-sight (LOS)
Loss tangents

antennas, 193
BEOL structures, 270–271
in-package antennas, 211
transmission lines, 272–273

Losses. See Radio wave propagation
LOVA (list output Viterbi decoder algorithm),

69
Low complexity PHYs, 461–464
Low-density parity check (LDPC), 65–67, 521

control PHY, 577
HSI PHY, 528–529
OFDM PHY, 578, 581
SC-PHY, 524, 577
UEP, 540–541

Low-k dielectric constants, 277
Low noise amplifiers (LNAs), 334–342

key characteristics, 324–326
Low pass filters, 36, 39
Low-power (LP) PHY, 572
Low-power (LP) SC-PHY, 581–582
Low-rate PHY (LRP), 531–536
Low-temperature cofired ceramic (LTCC)

materials, 200
LQIs (link quality indices), 546
LSBs (least significant bits)

ADC sampling, 390–391
UEP, 494–496, 538, 541

LTCC (Low-temperature cofired ceramic)
materials, 200

Lumped components model for Q factor, 291

M
M-ary quadrature amplitude modulation

(M-QAM), 45
M-ASK (M-amplitude shift keying), 45
M-Phase Shift Keying (M-PSK), 47
MAC (medium access control) protocol, 564

association and disassociation, 519–520
beam adaptation, 487
beam steering, 19
beamforming, 567–569
DMG, 564–566
ECMA-387, 556–559
energy efficiency, 519
frame structure, 514–515
IEEE 802.11ad, 564–572
IEEE 802.15.3c, 512–514
Information Exchange, 516
interference and coexistence, 518
link adaptation, 571
multi-band operation, 492, 571
OSI model, 92–94
PCP/AP clustering, 566–567
piconets, 515–517
relaying, 569–571
security, 517, 572
UEP, 538

MAFIA (Microwave Studio) design tool, 268
Magnetic conductors in on-chip antenna gain,

227–228
Management operation (MCTA) frames,

514–515
Mandatory PHY rate (MPR), 524
MAP (maximum a posteriori) decoding

algorithm, 69
Mapping symbols, 40
Marconi, Guglielmo, 3
Markov property, 68
Matched filters in symbol detection, 42
Material penetration losses, 113–116
Maximum a posteriori (MAP) decoding

algorithm, 69
Maximum antenna gain in power amplifiers,

328
Maximum distance separable in Reed-Solomon

codes, 64
Maximum effective area, 102
Maximum excess delay time, 129
Maximum frequency of operation, 278
Maximum likelihood estimate, 79–80
Maximum likelihood (ML) receivers, 42–43
Maximum likelihood sequence estimator

(MLSE), 55–56, 68
Maximum transmit power in power amplifiers,

328
Maxwell’s time-harmonic equations, 197
MCS. See Modulation and coding scheme

(MCS)
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MCTA (management operation) frames,
514–515

Medium access control. See MAC (medium
access control) protocol

Medium inversion, 262
Memory storage in future, 23
Message passing in LDPC, 66
Metal oxide semiconductor capacitors

(MOSCAPs), 354–356
Metal oxide semiconductor field-effect

transistors (MOSFETs), 261–262
mismatch, 393–394
operation, 273–279

Metal oxide semiconductor (MOS) materials,
261–262

Metastability windows in comparators, 395
Method of moments (MoM), 191, 268–269
Metrics for analog devices

noise figure and noise factor, 322–323
non-linear intercept points, 317–322

Micropatch design tool, 268
Microstrip patch antennas, 218–222
Microstrip transmission lines, 294
Microwave Studio (MAFIA) design tool, 268
Miller capacitance, 310–311, 341
MIMO. See Multiple Input Multiple Output

(MIMO) communication
Miniaturization of antennas, 187
Minimum distance decoding in symbol

detection, 42
Minimum excess delay spread, 129
Minimum feature size in in-package antennas,

211
Minimum mean squared error (MMSE)

equalizers
decision feedback, 54
linear, 52–53
single carrier frequency domain

equalization, 59
Mismatch, ADCs, 405
Mismatch

ADCs, 393–394, 411–412, 418–419
DACs, 393–394, 427
IQ, 89

Mixed-signal equalization, 18
Mixers, 342–349
ML (maximum likelihood) receivers, 42–43
MLSE (maximum likelihood sequence

estimator), 55–56, 68
MMSE (minimum mean squared error)

equalizers
decision feedback, 54
linear, 52–53
single carrier frequency domain

equalization, 59
Moderate inversion, 262
Modified Rapp model, 439–440

Modulation
AM, 35
AV PHY, 531
CPM, 463–464
DCM, 579
digital. See Digital modulation
DMG, 574
high-throughput PHYs, 445–447
HSI PHY, 529
OFDM, 60–62, 75, 555
physical layer, 435
radios, 314–315
TCM, 69–70
Type A PHY in ECMA-387, 559
Type B PHY in ECMA-387, 561
Type C PHY in ECMA-387, 561
UEP, 539–541

Modulation and coding scheme (MCS)
DMG, 575
frequency selective fading, 175
HSI PHY, 529
OFDM, 559–560
PHY, 524, 559–561
UEP, 495, 538–542

Modulation index, 463
Moment method in simulation, 191, 268–269
Momentum design tool, 268
Monostatic cross section, 117–118
Moore’s Law, 8, 277–278
MOS (metal oxide semiconductor) materials,

261–262
MOSCAPs (metal oxide semiconductor

capacitors), 354–356
MOSFETs (metal oxide semiconductor

field-effect transistors), 261–262
aspect ratio, 275, 280, 329
biased, 275
mismatch, 393–394
operation, 273–279

Most significant bits (MSBs) in UEP, 494–496,
538–541

MPCs (multipath components), 171, 173
MPR (mandatory PHY rate), 524
Multi-band diversity, 492–493
Multi-band operation, 571
Multi-beam solution, 497
Multi-beam transmission, 479
Multi-gigabit transmission

ADCs. See Analog-to-digital converters
(ADCs)

DACs. See Digital-to-analog converters
(DACs)

DMG. See Directional multi-gigabit
(DMG) PHY

Multi-hop communication, 479, 489
Multi-step conversion in heterodyne receivers,

90–91
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Multi-user beamforming, 503
Multiband considerations, 497–500
Multifinger transistors, 394
Multimedia transmission, 493–497
Multipath

angle of arrival, 135–138, 161–164
baseband representation, 37–38
channel estimation, 487
delay spread, 129
outdoor channels, 160–164
spatial characterization, 132–135
time delays, 152
time dispersion, 129
urban environments, 8

Multipath components (MPCs), 171, 173
Multiple Input Multiple Output (MIMO)

communication, 13–14, 81–82
antennas, 188
beamforming, 85–87
cellular networks, 503–504
hybrid precoding, 87–88
path loss, 103, 105
spatial diversity, 84–85
spatial multiplexing, 82–84, 466–469

Multiple phased elements in on-chip antenna
gain, 230

Multiple Signal Classification (MUSIC),
249–251

Multiplexer-based thermometer-to-binary
encoders, 408

Multiplexing
frequency, 454
OFDM. See Orthogonal frequency

division multiplexing (OFDM)
spatial, 82–84, 466–469, 503

Multiwave fading model, 169–170
MUSIC (Multiple Signal Classification),

249–251
Mutual inductance, 303, 305–306
Mux-based decoders, 416

N
N-type metal oxide semiconductor (NMOS),

273
N-type silicon, 260–261
Narrowband communication, 34
Narrowband CW signals, 144
National Telecommunications and Information

Administration (NATA) study, 120
Neighbor discovery, 475–476
Neighbor piconets, 517–518
Nested piconets, 517–518
Network Layer in OSI model, 93
Networking devices, 472

channel utilization and spatial reuse,
480–481

collision detection and avoidance,
476–478

device discovery, 475–476
directional antennas at PHY, 472–474
human blockage, 478–480

NLOS. See Non-line of sight (NLOS)
NMOS (N-type metal oxide semiconductor),

273–275
Noise

1/f, 356–357
DACs, 424–425
gate, 285
Gaussian. See Additive white Gaussian

noise (AWGN)
homodyne receivers, 89
linear equalization, 52–53
low noise amplifiers, 334–339
OFDM and SC-FDE, 451
radios, 317
symbol detection, 41–43
thermal, 356–357
transceivers, 441–444
VCOs, 356–361

Noise covariance matrix in linear equalization,
53

Noise figure and noise factor (NF), 322–323,
338

Noise-free ground planes, 297
Noise rejection circuits in VCOs, 360
Noise subspaces, 249
Non-line of sight (NLOS), 8

angle of arrival, 136
beam-combining, 132–135
cellular networks, 15–16, 501–504
decode-and-forward repeaters, 492–493
diffraction, 111
directional antennas, 473
frequency selectivity, 449–452, 455
HSI PHY, 529
indoor environments, 106, 171, 175–184
large-scale path loss models, 156–161
outdoor environments, 119, 140–141, 149
Rician models, 170
spatial multiplexing, 467
surrounding objects, 120–122
transmitter to receiver separation, 149
vegetation effects, 120

Non-linear equalization in high-throughput
PHYs, 446

Non-linear intercept points, 317–322
Non-linearity in power amplifiers, 439–441
Non-quasi static effects, 280, 285
Non-relaying mode, 497
Non-square 8-QAM (NS8-QAM)

constellations, 49
Non-UEP operation mode, 542
Normal relay transmission mode, 569
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Normalization factor in phase shift keying, 47
North America, 60 GHz spectrum regulation

in, 509–510
Notations, 31
NS8-QAM (non-square 8-QAM) constellations,

49
Null cyclic prefix single carrier modulation

(null CP SC), 454–458
Nyquist frequency and sampling

ADCs, 388
baseband representation, 36, 39
DACs, 422
equalization in time domain, 50
heterodyne receivers, 90
maximum likelihood sequence estimator,

56
sample-and-hold amplifiers, 397, 399

NYU WIRELESS research center, 16

O
O2 absorption effect, 7
OfCom (Office of Communications), 7
OFDM. See Orthogonal frequency division

multiplexing (OFDM)
Office environments

evaluation parameters, 181
future, 23–24

Office of Communications (OfCom), 7
Offset QPSK (OQPSK), 46
Offsets in flash ADCs, 418–419
Ohmic contacts, 283
Omnidirectional antennas

beam patterns, 473
large-scale path loss models, 159–160
multipath models, 163–164
path loss data, 156–160

On-chip antennas, 187
case studies, 253–255
CMOS technology, 200–209
connections, 21
environment, 198–200
fundamentals, 189–191
gain, 225–235, 259
probe station characterizations, 255–257
spiral inductors, 303

On-Off Keying (OOK), 45, 463, 549–550
Ones-counter decoders, 416
OOB (out-of-band) control channels, 557
OOBE (out of band emission), 165
OOK (On-Off Keying), 45, 463, 549–550
Open loop circuits in S/H, 400
Open-loop gain

transistors, 313
VCOs, 350, 353–355, 359, 363

Open-loop transfer function, 361
Open space scenarios, 106
Open Systems Interconnection (OSI) model,

91–95

Operating consumption factor, 376
Operating frequency

baseband representation, 34
in gain, 102

Operational amplifiers (op-amps) in
comparators, 396–397

Optical interconnects in data centers, 20
OQPSK (Offset QPSK), 46
Orthogonal frequency division multiplexing

(OFDM), 572
AV PHY, 531–535
channel estimation, 80–81
DMG, 578–581
ECMA-387, 555
frame synchronization, 75
frequency domain equalization, 57, 60–62
frequency offset synchronization, 77
high-throughput PHYs, 446–447
HSI PHY, 528–530
radios, 317
vs. SC-FDE, 447–458
SC-PHY, 524
spatial multiplexing, 83
time domain equalization, 50
UEP, 540

Oscillators
LO. See Local oscillator (LO)
sidebands, 444
VCOs. See Voltage-controlled oscillators

(VCOs)
OSI (Open Systems Interconnection) model,

91–95
Out-of-band (OOB) control channels, 557
Out of band emission (OOBE), 165
Outdoor environments, 139–149

3GPP-style. See 3GPP-style outdoor
propagation models

cellular networks, 501
temporal and spatial multipath models,

160–164
Output 1 dB compression points, 319
Output impedance in DAC current sources,

426
Output power in power amplifiers, 323
Output symbols in Reed-Solomon codes, 64
Overdrive voltage for MOSFETs, 273
Oxygen absorption, 106–107

P
P-frames, 494, 497
P-type metal oxide semiconductor (PMOS),

273
P-type silicon, 260–261
Packaged antennas, 188, 209–211

fundamentals, 189–191
probe station characterizations, 255–257

Packaging parasitic inductances, 304
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Packet detection
frame synchronization, 79
mmWave PHYs, 460–461

Packet Type field for DMG, 575
Pad capacitance in BEOL structures, 270
Pad rings in CMOS chips, 202
PAE (power added efficiency) of power

amplifiers, 323, 328–329
PANs (personal area networks), 190
PAPRs (peak-to-average-power ratios), 333
Parallel ADCs, 407–408, 411–412
Parasitics, 281–283

bond wire packaging, 304
interconnects, 308
low noise amplifiers, 341–342

Parent piconets, 517–518
Parity bits in block codes, 64
Partition losses overview, 126, 128
PAS (Power Angle Spectrum) plots, 166
Passband bandwidth, 22, 193
Passband signals, 34–35
Passive mixers, 349
Passives. See Transmission lines and passives
Patch antennas, 218–222
Path blockage, 474
Path depolarization, 106
Path loss, 7

cellular networks, 15, 502
overview. See Radio wave propagation

Path loss exponent (PLE), 105, 133–134, 162,
175

Pattern Estimation and Tracking (PET)
protocol, 547–548

Patterns for beam adaptation protocols,
482–483

Payload field in MAC, 515
PBSS (personal base station mode), 499
PCAAD design tool, 268
PCESs (pilot channel estimation sequences),

528–529
PCP/AP clustering, 566–567
PCPs (personal basic service set control

points), 564
PDF (probability density function), 169–170,

391
Peak signal-to-noise ratio (PSNR), 496
Peak-to-average-power ratio (PAPR), 333
PeakView design tool, 268
Peer-to-peer channels, 145
Pelgrom mismatch models, 418–419
Penetration losses, 111–117, 169
Perfect electrical conductors, 290
Performance

cellular networks, 500–504
on-chip antennas, 252–253

Permeability of inductors, 300
Permittivity

antennas, 193
BEOL structures, 270–271

CMOS chips, 204
in-package antennas, 210–211
materials, 113, 115, 117
on-chip antenna gain, 227
patch antennas, 219
simulation, 269
transmission lines, 272–273

Personal area networks (PANs), 190
Personal base station mode (PBSS), 499
Personal basic service set control points

(PCPs), 564
Personal mobile communications in future,

25–26
Personal security in WirelessHD, 554
PET (Pattern Estimation and Tracking)

protocol, 547–548
Phantom cells, 476, 499–500
Phase

ADCs, 411
antenna arrays, 194–195, 236–237,

473–474, 522
in baseband representation, 35
beam steering, 237–242
beamforming, 243–246
VCOs, 353

Phase detectors in phase-locked loops, 366
Phase error in channel estimation, 81
Phase fronts in antenna arrays, 194–195
Phase lock in antenna arrays, 251
Phase-locked loops (PLLs), 364–370, 441
Phase margin of amplifiers, 312
Phase noise

OFDM and SC-FDE, 451
PLL reference signal, 365
transceivers, 441–444
VCOs, 356–361

Phase shift keying in digital modulation, 47
Phased arrays, 473–474, 522
Phased elements in on-chip antenna gain, 230
Physical layer (PHY), 520–521

AV, 531–537
beamforming, 543–548
challenges, 17–19
channelization and spectral mask,

521–522
common mode operation, 522–524
directional antennas, 472–474
DMG. See Directional multi-gigabit

(DMG) PHY
ECMA-387. See ECMA-387 standard
in frame synchronization, 74
high-throughput. See High-throughput

PHYs
HSI, 521, 528–530, 540–541
low complexity, high efficiency, 461–464
On-Off keying, 549–550
OSI model, 91–92, 94
practical transceivers, 436–444
SC-PHY, 524–528
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Physical layer (continued)
spatial multiplexing, 466–469
ultra-low ADC resolution, 464–466
unequal error protection, 537–543

Pi-model for inductors, 302–303
PiCasso design tool, 268
Picocellular network applications, 16
Piconet controllers (PNCs), 491
Piconet ID field in MAC, 515
Piconet-Synchronized (PS) mode, 519
Piconets, 512–514

nested, 517–518, 520
starting, 516

Pilot carriers in frame synchronization, 75
Pilot channel estimation sequences (PCESs),

528–529
Pilot signals in channel estimation, 73
Pilot words in SC-PHY data, 527–528
Pinched off MOSFETs, 275
Pipeline ADC, 409–410
Pixel partitioning, 495–496
Planar antennas, 212
PLE (path loss exponent), 105, 133–134, 162,

175
PLLs (phase-locked loops), 364–370, 441
PMOS (P-type metal oxide semiconductor),

273–275
PNC handover, 518, 520
PNCs (Piconet controllers), 491
Point coordination function in OSI model, 94
Pointing angles with antennas, 145–148
Poisson point process (PPP), 500–501
Polarization, 113, 138–139

indoor channel models, 167, 172–173, 175
on-chip antenna mismatch, 252

Polarization vectors, 197–198
Poles, transistor, 311–313
Portability across technology nodes, 279
Positive feedback techniques in comparators,

397
Post-curser rays, 171–172
Power

ADCs, 404–405, 407–409
data centers, 20
EKV model, 288

Power added efficiency (PAE) of power
amplifiers, 323, 328–329

Power amplifiers (PAs), 323–334
key characteristics, 324–326
non-linearity, 439–441
radios, 316

Power Angle Spectrum (PAS) plots, 166
Power consumption, ADCs, 404–405
Power control in MAC, 518
Power-efficiency factor

consumption factor theory, 373–374
numerical example, 374–375

Power flux density, 102
Power spectral density (PSD), 442–443
Poynting vector, 204
PPP (Poisson point process), 500–501
Practical transceivers, 436

phase noise, 441–444
power amplifier non-linearity, 439–441
signal clipping and quantization, 436–439

Pre-curser arrival rate, 171–172
Preamplifiers in flash ADCs, 415
Precipitation attenuation, 106–107
Precoding in MIMO, 87–88
Preferential radiation in CMOS chips, 204–205
Presentation Layer in OSI model, 93
Primary loops in transformers, 305–307
Primary ray-tracing technique, 125
Probability density function (PDF), 169–170,

391
Probability of error in symbol detection, 42
Probe-based technique for on-chip antennas,

253–254
Probe stations, 188, 252–257
Process nodes, 269
Processing complexity in mmWave PHYs, 446
Propagation constants in transmission lines,

292
Propagation losses. See Radio wave

propagation
PS (Piconet-Synchronized) mode, 519
PSD (power spectral density), 442–443
Pseudo-complex baseband equivalent channels,

38
PSNR (peak signal-to-noise ratio), 496
Pulse-shaping filters, 40
Puncturing convolutional codes, 68

Q
Quadrature amplitude modulation (QAM),

48–49
baseband representation, 40

Quadrature components in baseband
representation, 35

Quadrature phase shift keying (QPSK), 45–47
DMG, 579–581
in OFDM and SC-FDE, 448–455, 457

Quality factor (Q)
antennas, 193
circuits, 288–289
inductors, 300–302
LC tank circuits, 360
passive components, 291
transformer windings, 306–307
VCOs, 356

Quality-of-service for video, 497
Quantization

ADC sampling, 390–391
transceivers, 436–439
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Quasi-omni patterns in beam adaptation, 482
Quasi-omni transmission mode, 476
Quasi-transverse electromagnetic transmission

lines, 296

R
Rack-to-rack communication, 20
Radar cross section (RCS) model, 117–119
Radiation efficiency

description, 191–192
on-chip antennas, 206–209

Radiation patterns for patch antennas, 221
Radio wave propagation, 99–100

angle spread and multipath angle of
arrival, 135–138

antenna polarization, 138–139
indoor environments. See Indoor

environments
large-scale. See Large-scale propagation

channel effects
outdoor environments. See Outdoor

environments
small-scale. See Small-scale channel

effects
Radios

non-linear intercept points, 317–322
sensitivity and link budget analysis,

314–317
Rain attenuation, 106–110
Random access channels, 478
Random shape theory, 501
Range extension, 135
Rapp model, 439–440
Ray tracers, 122–123
Ray tracing models, 122–126

indoor channels, 169
outdoor channels, 149
scattering, 117

Ray tubes, 122–123
Rayleigh model, 169–170
Rayleigh range parameter, 468
RCS (radar cross section) model, 117–119
Read-only memory decoders in flash ADCs,

416
Received power in free space, 102
Received signals in baseband representation,

37
Reception spheres, 122–123
Reconstructed signals in array beamforming,

243
Recursive least squares (RLS) algorithm, 54
Redundancy through repetition, 70
Reed-Solomon (RS) codes, 64–65
Reed-Solomon decoders for error concealment,

495–496
Reference signals in PLL, 365

Reference voltages
flash ADCs, 416
sample-and-hold amplifiers, 397

Reflections, 111–117
Regions of inversion in MOSFETs, 274–275
Relative bandwidth, 193
Relative permittivity, 189
Relaying

coverage extension, 487–493
MAC, 569–571

Reliability of power amplifiers, 333
Repeaters, 487–493
Request to send (RTS) messages, 477, 562
Research programs in universities, 16–17
Residential environments, 180
Resistances, parasitic, 281–283
Resistive averaging in flash ADCs, 414–415,

419
Resistive ladders in flash ADCs, 415–416
Resistive networks, 415
Resistor divider circuits, 397
Resistors in low noise amplifiers, 334
Resolution in ADCs

flash ADCs, 420
ultra-low, 464–466

Resonances in dipole antennas, 212–213
Return loss in scattering parameters, 266
Return paths

low noise amplifiers, 341
transmission lines, 293

Reverse isolation, 267
Reverse short channel effect, 284
RF beamforming in OFDM and SC-FDE, 455
RF phase-shifting in array beam steering,

237–238
Rician distribution, 120
Rician model, 169–170
RLS (recursive least squares) algorithm, 54
RMS delay spread. See Root-mean-square

(RMS) delay spread
RMS (root mean square) values

ADC sampling, 389
quantization error, 391

ROM decoders in flash ADCs, 416
Root-mean-square (RMS) delay spread

description, 129
directional antennas, 176
human blockage, 120
multipath, 124
outdoor environments, 144–148
time domain equalization, 50
vehicle-to-vehicle models, 165

Root mean square (RMS) values
ADC sampling, 389
quantization error, 391

Roughness, surface, 118–119
RS (Reed-Solomon) codes, 64–65
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RS FEC, 524
RTS (request to send) messages, 477, 562
Rule of eight, 260

S
S-APs (synchronization APs), 566
S/H (sample-and-hold) amplifiers, 397–403
S-parameters, 263–267, 314
S-PCPs (synchronization PCPs), 566
S/T (Spectrum Management and

Telecommunications Sector), 510
SA (successive approximation) ADCs, 410–411
Saleh-Valenzuela (S-V) model, 169–171, 177
Sample-and-hold (S/H) amplifiers, 397–403
Sample-and-hold circuits, 384
Sampling

ADCs and DACs, 384–392
comparators, 395

SAS (symmetric antenna set), 543
Satellite communications, 108
Saturation region in MOSFETs, 275
SC-FDE (single carrier frequency domain

equalization), 57–60
in frame synchronization, 75
vs. OFDM, 447–458
time domain equalization, 50

SC MCS, 560–561
SC-PHY (single carrier mode), 521, 524–528

DMG, 572, 577–578, 581–582
UEP, 538–541

Scaled transistors, ADCs, 404–405
Scaling rules, 279
Scatter plots for path loss models, 158–159
Scattering effects, 15

parameters, 263–267
radar cross section modeling, 117–119

SCBT (single-carrier block transmission), 57
Scheduled Service Period (SP), 566
Scheduled time slots in MAC, 516
Schmitt trigger comparators, 396
Scrambler Initialization field in DMG, 575
SD (steepest descent) type algorithms, 243
Secondary loops in transformers, 305–307
Sector feedback in beamforming, 545–546
Sector patterns in beam adaptation protocols,

482–483
Sector sweeps in beamforming, 567–568
Sector-to-beam exchange in beamforming, 546
Sector training in beamforming, 544–545
Secure Frame Counter field in MAC, 515
Secure Session ID field in MAC, 515
Security

MAC, 517, 572
WirelessHD, 554

Segmentation
DACs, 428–429
MOSFET mismatch, 395

Selective channels for time domain
equalization, 50

Self-resonant frequency (SRF)
inductors, 300–303
passive devices, 290

Sensitivity analysis for radios, 314–317
Separation, transmitter to receiver, 149–151,

153–155, 158–162, 168
Sequences in high-throughput PHYs, 459–461
Session Layer in OSI model, 93
Settling errors in DACs, 424–425
Severed ground shields in antenna arrays, 251
SFD field in OOK, 549–550
SFDR (spurious-free dynamic range)

DACs, 422–423, 426
differential non-linearity, 406

SFDs (static frequency dividers), 366–368
Shadows

losses, 125–126
in models, 174–175

Shannon limits
consumption factor, 377–378
LDPC codes, 65

Shelf-to-shelf communication, 20
Shields

antenna arrays, 251
inductors, 301
transmission lines, 294

Short-channel effects, 283–284
Short training field (STF) in DMG, 573
Shot noise in low noise amplifiers, 336
Sidebands, oscillator, 444
Sievenpiper surfaces, 229
Signal clipping, 436–439
Signal path components in consumption factor

theory, 371
Signal propagation in baseband representation,

37
Signal subspaces, 249
Signal-to-interference-plus-noise ratios (SINRs)

cellular networks, 501–504
repeaters/relays, 492

Signal-to-jitter-noise ratio (SJNR), 392
Signal to noise and distortion ratio (SNDR)

ADCs, 403
DACs, 422, 426

Signal-to-noise ratio (SNR)
antenna arrays, 235
consumption factor, 376–377
differential non-linearity, 406
ESPRIT, 250
noise performance, 322
OFDM and SC-FDE, 449–458
radios, 314, 316–317
symbol detection, 42

Signal-to-quantization-noise-ratio (SQNR), 391
Silicon, 260–262
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Silicon on Insulator (SOI) processes, 17, 269
Simulations

cellular networks, 502–503
circuit production, 267–273
passive components, 290
ray tracing models, 122–123

SINAD (signal power to noise and distortion
power)

ADCs, 403
DACs, 422, 426

Sine components in baseband representation,
36

Single amplify-and-forward relay mode, 497
Single-balanced mixers, 349
Single-carrier block transmission (SCBT), 57
Single carrier frequency domain equalization

(SC-FDE), 57–60
in frame synchronization, 75
vs. OFDM, 447–458
time domain equalization, 50

Single carrier mode (SC-PHY), 521, 524–528
DMG, 572, 577–578, 581–582
UEP, 538–541

Single decode-and-forward relay mode, 497
Single-ended mixers, 349
Single-ended transmission lines, 298
Single IF receivers, 89
Single input single output (SISO) CIR model,

173
SINRs (signal-to-interference-plus-noise ratios)

cellular networks, 501–504
repeaters/relays, 492

SISO (single input single output) CIR model,
173

Site-specific propagation prediction, 122–126
60 GHz spectrum regulation, 508–512
Skew

ADCs, 403
constellation, 543

Slant-path satellite communication links, 108
Sliding correlator systems, 139–140
Slot antennas, 215–219
Small-scale channel effects, 101, 126–129

delay spread characteristics, 129–130
Doppler effects, 130–132
spatial characterization of multipath and

beam combining, 132–135
Small-scale regime, 276
Smooth surfaces, 118–119
SNDR (signal to noise and distortion ratio)

ADCs, 403
DACs, 422, 426

SNR. See Signal-to-noise ratio (SNR)
SoC (system-on-chip) radios, 9
Soft decision decoding, 64
Soft information in symbol detection, 43
Soft output Viterbi algorithm (SOVA), 69

SOI (Silicon on Insulator) processes, 17, 269
Source/Destination fields in MAC, 515
Source follower transistors, 308–309
Source in CMOS transistors, 260
Source packetizers in WirelessHD, 552–553
SOVA (soft output Viterbi algorithm), 69
SP (Scheduled Service Period), 566
Sparse beamforming approach, 486
Sparsity in channel estimation, 81
Spatial characteristics of multipath and beam

combining, 132–135
Spatial diversity

AV PHY, 535
MIMO, 84–85

Spatial-ESPRIT, 250
Spatial fading, 143
Spatial filtering

antenna arrays, 235–236
directional antennas, 175

Spatial Fourier transform, 192
Spatial lobes, 162
Spatial multipath models, 160–164
Spatial multiplexing

cellular networks, 503
MIMO, 82–84, 466–469

Spatial reuse
overuse, 480–481
repeaters/relays for, 490–491

Spatial statistics in vehicle-to-vehicle models,
166

Spectral masks, 521–522, 572–573
Spectrum allocations, 3–6, 15
Spectrum Management and

Telecommunications Sector (S/T),
510

Speed of ADCs, 405
SPICE circuit simulators, 267
Spiral inductors, 299, 301, 303
Spread, delay. See Root-mean-square (RMS)

delay spread
Spread QSPK (SQSPK), 579–581
Spreading factor

PHYs, 444
time domain spreading, 70

Spurious-free dynamic range (SFDR)
DACs, 422–423, 426
differential non-linearity, 406

SQNR (signal-to-quantization-noise-ratio), 391
SQSPK (spread QSPK), 579–581
SRF (self-resonant frequency)

inductors, 300–303
passive devices, 290

SSCMs (statistical spatial channel models),
160, 164–165

STA (station)
beamforming, 568–569
DMG, 564–565
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STA-to-relay-to-STA links, 569
STA-to-STA links, 569
Staggered QPSK, 46
Standardization, 507–508

60 GHz spectrum regulations, 508–512
ECMA-387, 555–561
IEEE 802.11ad. See IEEE 802.11ad

standard
IEEE 802.15.3c. See IEEE 802.15.3c

standard
WiGi, 581
WirelessHD, 550–554

Standing wave ratio (SWR), 263
Starting Piconets in MAC, 516
Static frequency dividers (SFDs), 366–368
Static tone pairing (STP), 579–580
Station (STA)

beamforming, 568–569
DMG, 564–565

Station-to-Access Point (STA-AP), 184
Station-to-Station (STA-STA), 184
Statistical spatial channel models (SSCMs),

160, 164–165
Steepest descent (SD) type algorithms, 243
Steerable antennas, 105
steering vectors, 248
STF (short training field) in DMG, 573
Storage mechanisms in on-chip antennas, 208
STP (static tone pairing), 579–580
Stream Index field in MAC, 515
Strong inversion, 262
Structure in communication, 73–75
Sub-terahertz frequencies, 6
Subharmonic VCOs, 361–363
Substrate ties, 283
Substrates in on-chip antenna gain, 225–226
Subsymbols in OFDM, 61
Successive approximation (SA) ADCs, 410–411
Superframes in MAC, 514
Superstrates, 225–226
Surface roughness, 118–119
Surface waves in CMOS chips, 205–208
Surrounding object effects, 119–122
Switched beam systems, 481
Switched-capacitor circuits, 400
Switched capacitor comparators, 396–397
Switching noise in DACs, 425
SWR (standing wave ratio), 263
Symbol detection, 41–43
Symbol energy, 40
Symbols, 31

block codes, 63
digital modulation, 40–43
linear equalization, 51
mapping, 40
Reed-Solomon codes, 64

Symmetric antenna set (SAS), 543

SYNC field in OOK, 549
Synchronization, 72–73

frame, 78–79
frequency offset, 75–77
high-throughput PHYs, 459–461
structure, 73–75

Synchronization APs (S-APs), 566
Synchronization PCPs (S-PCPs), 566
System architecture, 91–95
System-on-chip (SoC) radios, 9

T
T/H (track-and-hold) amplifiers, 397–403
T-model of transmission lines, 295
TCM (trellis coded modulation), 69–70
TDD (Time Division Duplexing), 25, 444
Teflon for in-package antennas, 210–211
Telecommunications Industry Association

(TIA), 152
TEM (transverse electromagnetic)

transmission lines, 296
Temporal and spatial variations, 18
Temporal clusters, 163–164
Temporal-ESPRIT, 250
Temporal fading, 142, 144
Temporal multipath models, 160–164
Temporal statistics in vehicle-to-vehicle

models, 166
Terahertz frequencies, 8
Thermal noise

gate, 285
low noise amplifiers, 334–336
OFDM and SC-FDE, 451

Thermometer code
flash ADCs, 413
multiplexer-based encoders, 408

3rd Generation Partnership Project (3GPP)
organization, 152

Three-antenna technique for on-chip antennas,
254–255

3GPP-style outdoor propagation models,
149–152

large-scale path loss models, 152–160
temporal and spatial multipath models,

160–164
vehicle-to-vehicle models, 165, 168

Threshold Inverter Quantization (TIQ)
method, 420

Threshold voltage in MOSFETs, 273
TIA (Telecommunications Industry

Association), 152
Time delay elements in array beam steering,

239
Time delay spread characteristics, 129–130
Time Division Duplexing (TDD), 25, 444
Time domain equalization, 49–51

decision feedback equalizers, 53–55
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linear equalization, 51–55
maximum likelihood sequence estimator,

55–56
Time-interleaved ADC, 411–413
Time-of-arrival in indoor channel models, 173
Time spreading

PHYs, 444
time domain spreading, 70–71

Timing offsets
flash ADCs, 418–419
frame synchronization, 78

Tinted glass reflection, 112–113
TIQ (Threshold Inverter Quantization)

method, 420
Tone Pairing Type in DMG, 575
Topologies for antennas, 212–225
Total power consumption, 378
Total signal power, 371–372
Track-and-hold (T/H) amplifiers, 397–403
Tracking antenna beamforming, 547
Training

antenna beamforming, 544–545
channel estimation, 73, 573
frame synchronization, 74–75
high-throughput PHYs, 461

Training Length in DMG, 575
Transcapacitance, 287
Transceivers, 436

phase noise, 441–444
power amplifier non-linearity, 439–441
signal clipping and quantization, 436–439

Transconductance in MOSFETs, 275
Transconductance model, 284
Transfer functions

folding amplifiers, 418
mixers, 345
VCOs, 353, 361

Transformers, 304–308
Transistors

ADCs, 404–405
basics, 273–279
bias point of, 330
BSIM model, 285–287
concepts, 260–262
configurations, 308–309
conjugate matching, 309–310
EKV model, 287–288
frequency tuning, 313–315
Miller capacitance, 310–311
mismatch, 394
models, 279–286
MOSFETs, 261–262, 273–279, 393–394
poles and feedback, 311–313
transistors, 10
transit frequency, 10, 278, 284

Transmission lines and passives, 272–273,
288–298

differential vs. single-ended, 298

inductors, 298–304
interconnects, 308

Transmit power in power amplifiers, 328
Transmitter antenna heights, 145–146
Transmitter to receiver separation, 149–151,

153–155, 158–162, 168
Transport Layer in OSI model, 93
Transverse electromagnetic (TEM)

transmission lines, 296
Trellis coded modulation (TCM), 69–70
Trellis codes, 63
TWDP (Two Wave with Diffuse Power), 131,

170
2-ASK, 45
Two-tone tests, 319
Two Wave with Diffuse Power (TWDP), 131,

170
Type 1 UEP, 538
Type 2 UEP, 538
Type 3 UEP, 538–539
Type A ECMA-387 devices, 555–556, 559–560
Type B ECMA-387 devices, 555–556, 560–561
Type C ECMA-387 devices, 555–556, 561

U
U-NII (Unlicensed National Information

Infrastructure) bands, 5
UEP. See Unequal error protection
UEP-QPSK (unequal error protection QPSK),

46–47
Ultra-low ADC resolution, 464–466
Ultra-wide band (UWB), 6
Umbrella architectures, 499–500
Uncompressed video, 493–495
Underutilization problem, 474
Unequal error protection (UEP), 71, 537–543

ECMA-387 devices, 555, 560
multimedia transmission, 494–497

Unequal error protection QPSK (UEP-QPSK),
46–47

Ungerboek form in MLSE, 55–56
Unit-form constellations, 40
University research programs, 16–17
Unlicensed National Information

Infrastructure (U-NII) bands, 5
Unlicensed spectrum, 7
Upconversion

baseband representation, 35–36
heterodyne receivers, 90
mixers, 342

Urban environment multipath, 8
UWB (ultra-wide band), 6

V
V2I (vehicle-to-infrastructure) links, 24
V2V (vehicle-to-vehicle) communication, 24
Valence electrons, 260–261
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Varactors
array beam steering, 239
phase-locked loops, 369
VCOs, 354, 356, 360

Variable branch coding rates, 542–543
Variable-gain amplifiers (VGAs)

ADCs, 412
array beam steering, 239

Variance in device parameters, 393
VCOs. See Voltage-controlled oscillators

(VCOs)
Vector Network Analyzer (VNA) measurement

systems, 139
Vegetation effects, 119–122
Vehicle-to-infrastructure (V2I) links, 24
Vehicle-to-vehicle (V2V) communication, 24
Vehicle-to-vehicle models, 165, 168
Vehicular applications, 24–25
Vertical polarization, 139
VGAs (variable gain amplifiers)

ADCs, 412
array beam steering, 239

Vias, 269
Video, 493–497
Viterbi algorithm and decoders

convolutional codes, 68
high-throughput PHYs, 445
maximum likelihood sequence estimator,

55
VNA (Vector Network Analyzer) measurement

systems, 139
Voltage-controlled oscillators (VCOs), 350

array beam steering, 237, 240
basic, 350–361
Colpitts oscillators, 364
phase-locked loops, 366–367, 369
return loss, 266
subharmonic, 361–363
transceivers, 441–442

Voltage gain in power amplifiers, 329
Voltage offsets in flash ADCs, 418–419
Voltage standing wave ratio (VSWR), 263
Voltages in scattering parameters, 264–265

W
Wall material delay spread, 129
Wallace tree design, 416
Water vapor, 107
Wave vectors, 197–198
Waveform synthesis in digital modulation, 40
Wavelengths, 99
Weak inversion, 262
Weather effects, 108–110
Well ties, 283
WHDI (wireless home digital interface)

standard, 12

Whisper radios, 7, 101
White Gaussian noise model. See Additive

white Gaussian noise (AWGN)
WiGig standard, 581
Wireless communication background, 33–34

complex baseband representation, 34–39
digital modulation. See Digital

modulation
error control coding. See Error control

coding
estimation and synchronization, 72–81
frequency domain equalization, 56–62
hardware architectures, 89–91
MIMO. See Multiple Input Multiple

Output (MIMO) communication
time domain equalization, 49–56

Wireless fiber, 108
Wireless home digital interface (WHDI)

standard, 12
Wireless Networking and Communications

Group (WNCG), 17
Wireless personal area networks (WPANs),

10–11
WirelessHD, 550

application focus, 550–551
next generation, 554
technical specification, 551–554

WLANs, 11–12, 14
WNCG (Wireless Networking and

Communications Group) research
center, 17

World Radiocommunication Conference
(WRC), 4

WPANs (wireless personal area networks),
10–11

X
XOR (exclusive or gates) in phase-locked

loops, 366

Y
Y-Parameters, 263–267
Yagi antennas, 256–257
Yagi-Uda antennas, 222–225

Z
Z-parameters, 263–267

transformers, 307
transistors, 313

Zero-forcing
decision feedback equalizers, 54
linear equalization, 52
networks, 503

Zero forcing (ZF)-precoders, 503
Zero-padding in SC-FDE, 59
Zigzag dipole antennas, 214
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