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Preface

The art of wireless communications is arguably one of the biggest technological revolutions
in history, and a crowning achievement of modern engineering. Its impact on the function-
ing of contemporary society cannot be overstated. It seems utterly impossible to conceive
today’s world without the myriad devices that are wirelessly connected at all times.

In the decades since their inception, cellular systems have undergone five generational
transitions. The first generation unfolded during the 1980s and offered only analog tele-
phony. The second generation (2G), rolled out in the 1990s and whose dominant standard
was the global system for mobile communications (GSM), saw the changeover to digital
and the birth of text messaging. The third generation (3G), circa the 2000s, incorporated
data and multimedia applications. Subsequently, the fourth generation (4G) brought about,
besides faster bit rates and lower latencies, a complete adoption of packet switching as
a platform for the mobile internet and the convergence of all standards worldwide into
the long-term evolution (LTE) system. Honoring its name, LTE then evolved into the fifth
generation (5G), augmented by another radio access interface termed new radio (NR) that
allows operating on a much wider range of frequencies.

In the transitional period between 2G and 3G, as the soaring costs of spectrum collided
with the pressures to increase bit rates so as to accommodate data and multimedia applica-
tions, the interest in radically improving the spectral and power efficiencies became acute.
This propelled research initiatives that blossomed into major advances, chief among which
stands multiple-input multiple-output (MIMO) communication, the subject of this book. In
short, MIMO amounts to the transmission of concurrent signals from multiple antennas at
one end of the link, with multiple antennas also at the receiving end.

Although MIMO is sometimes defined as the incorporation of the space domain to the
communication process, this is not quite precise. The space domain has been at the crux
of wireless systems since their onset, and in fact it is inherent to the concept of a cellular
network: a region is tesselated into cells and the time/frequency signaling resources are
reused repeatedly over such cells, i.e., they are spatially reused.

A more satisfying definition of MIMO might be the reusing of signaling resources, not
over faraway cells, but rather across antennas—typically collocated—belonging to a com-
mon transmitter/receiver, such that new signaling dimensions are unlocked as antennas are
added. The many advantages that this brings about are spelled out in detail throughout the
text. By arranging these spatial dimensions, each seen as a scalar quantity, into a vector,
it can be said that MIMO amounts to a vectorization of the transmission. This subsumes
specific instances, such as phased arrays and antenna diversity, which predate the general
formulation of MIMO.

Being in space rather than in time/frequency, the signaling dimensions harnessed with

XV
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MIMO behave differently, and this book is about how to communicate over them. These
new signaling dimensions multiply the signaling opportunities in time/frequency, hence it
can be said that MIMO provides additional “bandwidth” without an increase in the actual
electromagnetic bandwidth [1].
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A brief historical account

We usually imagine that invention occurs in a flash, with a eureka moment that leads a
lone inventor towards a startling epiphany. In truth, large leaps forward in technology
rarely have a precise point of origin. At the start, forces that precede an invention merely
begin to align, often imperceptibly, as a group of people and ideas converge, until over
the course of months or years they gain clarity and momentum and the help of additional
ideas and actors. Luck seems to matter, and so does timing, for it tends to be the case
that the right answers, the right people, the right place—perhaps all three—require a
serendipitous encounter with the right problem. And then, sometimes, a leap. Only in
retrospect do such leaps look obvious.

Jon Gertner
The idea factory: Bell Labs and the great age of American innovation
Penguin Press, 2012.

MIMO builds on a long pedigree of the application of antenna arrays to communication,
starting with Marconi’s transatlantic experiment in 1901 [2]. While a comprehensive for-
mulation and a broad understanding did arguably not materialize until the 1990s and 2000s,
many of the constituent pieces were present in seemingly unconnected developments well
before that. Let us briefly recount these various strands and how they came together.

A first thread relates to phased arrays, a subject of interest since the 1950s [3]. By ad-
justing the signal’s phase at each antenna, either before transmission or upon reception, the
overall radiation pattern of an array can be shaped into a beam and pointed in a desired
direction, say toward a dominant propagation path. If, besides the phase, the amplitude can
also be adjusted, then we have an adaptive array. In the 1980s, adaptive arrays evolved into
smart antennas, whose array patterns can further null-out interference [4]. All of these are
effectively spatial filters that rely on signal coherence across the arrays, an aspect discussed
at length throughout the book and that has implications for the physical structure of those
arrays and for the radio propagation. Precisely, this coherence is associated with specular
propagation and with cleanly defined directions of arrival and departure.

In a second thread, arrays had long been a source of diversity. As detailed later, when
multiple propagation paths exist, a signal conveyed over a wireless channel exhibits severe
fluctuations, a deleterious phenomenon that can be mitigated by procuring independently
fluctuating copies of that signal. An array can serve this purpose, as in such propagation
conditions the antennas become uncorrelated—an opposite situation to that of adaptive
arrays. Receive diversity was studied as early as 1954 [5] and implemented in early cel-
lular generations already. Being more involved, transmit diversity is more recent [6—10].

XiX
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XX A brief historical account

Interestingly, diversity was shown to be compatible with the nulling-out of interference,
provided the channel response was known [11].

A third thread is constituted by a variety of works that considered channels coupling
multiple inputs into multiple outputs. These ranged from abstract formulations [12-14]
to analyses motivated by the specific problem of communicating over coupled telephone
lines [15-18]. These important precursors were the seed of MIMO, and also of multiuser
detection for code-division multiple access (CDMA) [19, 20], two developments with sub-
stantial common ground. In drastic contrast with adaptive arrays and diversity, which in
essence involve a single signal, these developments entail the concurrent transmission of
multiple signals.

Particularly prescient was the contribution of Noach Amitay and Jack Salz, who, as
early as 1984, considered a link with two orthogonally polarized antennas at each end [21].
This was extended by Jack Winters in a piece that featured multiantenna transmitters and
receivers with many of the ingredients of contemporary MIMO communication: concurrent
signals were transmitted from antennas collocated on a device—in time this would be
known as spatial multiplexing—and a receiver equipped with multiple antennas recovered
each of those signals by nulling-out the interference from the rest [22]. In hindsight, both
of these milestone papers deserved more credit than they were given, but at the time there
was no demand for enhanced wireless performance; in fact, funding for such research was
being curtailed.

It was not until the 1990s that the atmosphere was primed for these ideas to coalesce.
Arguably, the main catalyst was the work of Gerhard Foschini and Michael Gans, who set
out to design the perfect antenna from an information-theoretic standpoint. Starting with
an array and no preset conditions on how to use it, they found that, if the antennas were un-
correlated, the optimum strategy was to have each one radiate an independent signal, i.e.,
spatial multiplexing. This strategy was radically novel in that it sought to exploit, rather
than counter or avoid, the fluctuations caused by multipath propagation. Foschini went
further and proposed an architecture to effect spatial multiplexing, the so-called layered
architecture, which was remarkable in that it could be built with off-the-shelf encoders
and decoders and did not require the transmitter to know the channel’s response [23]. Un-
der the leadership of Reinaldo Valenzuela, a prototype with 12 transmit and 16 receive
antennas confirmed the practicality of this proposition [24] and dispelled concerns about
the feasibility of nulling-out interference from collocated antennas, i.e., concerns that in
practice these signals would drown each other and be unrecoverable. Additional results by
Emre Telatar consolidated the initial theoretical underpinnings of MIMO [25]. It behoves
us to mention that Amitay, Salz, Winters, Foschini, Gans, Valenzuela, and Telatar were
all associated with Bell Laboratories, placing this organization in a distinguished place in
the history of MIMO. Angel Lozano’s views on MIMO were strongly influenced by his
interaction with these pioneers.

Another noteworthy advance in the 1990s was from Paulraj and Kailath, at Stanford
University, who applied spatial multiplexing to TV distribution from multiple towers [26].
That idea became a core part of Iospan Wireless, an early developer of MIMO technology
for fixed wireless access. Robert Heath’s perspectives on MIMO were shaped by his role
as an early employee of Iospan Wireless.
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XXi A brief historical account

Also at Stanford, in yet another development in the 1990s, Raleigh and Cioffi provided
a generalization to multiantenna channels of a technique (expounded in Section 4.4) that
does require the transmitter to know the channel response [27, 28].

Altogether, after a slow ripening of ideas over an extensive period, a critical mass was
reached. Perhaps because of the impetus provided by the soaring costs of spectrum or per-
haps because, simply, the time was right, a chain reaction was sparked and spread rapidly
through academia and industry. From an academic thought experiment, MIMO grew into a
foundation of wireless communication standards. In the span of a few years, it was adopted
by the IEEE 802.16 fixed wireless access system and by cellular standardization bodies.
In particular, the 3G Partnership Project (3GPP) embraced it in a limited fashion for 3G
and then as an integral part of the designs beginning with 4G LTE. In subsequent revisions
of LTE, the numbers of supported antennas progressively increased and, for 5G, so-called
massive MIMO deployments are intrinsic. However, the first commercial application of
MIMO was not in the cellular arena.

In 1997, the IEEE 802.11 working group completed its original wireless local-area net-
work (WLAN) standard. Successive revisions incorporated new features, with the earliest
version to include MIMO being IEEE 802.11n, certified in 2007 and supporting four an-
tennas (although two or three were more common at that time). IEEE 802.11n was suc-
ceeded by IEEE 802.11ac, supporting up to eight antennas, and further by IEEE 802.11ad,
802.11ax, and 802.11ay.

Cohorts of researchers have played a part in the advancement of MIMO, and it is nontriv-
ial to apportion credit among individuals and institutions. A reasonable criterion to assign
credit for any invention is the influence that each contribution ends up having [29], and this
is the criterion applied in our exposition.
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About this book

A wealth of texts on MIMO are available, including books with varying flavors and per-
spectives [30—40], edited books [41-43], monographs [44—46], and tutorial papers [47—49].
In addition, treatments of MIMO are included in general wireless communication books
[50, 51]. The present volume, which builds on this diverse literature, is the result of 20
years of research and teaching. It is intended as a full-dress textbook for instructors and
students at the graduate level, and a reference tool for researchers and practicing engineers.
With this audience in mind, its aim is to be both accessible and comprehensive, and the con-
junction of these objectives is the reason for the considerable length. We hope that readers
will appreciate the organization of the contents, as well as the complementary features:

= 160 illustrations.
= 19 topical discussions.

= 339 examples. Some of these are titled examples, which encapsulate results of particular
interest, making it easier for them to be identified and located. The rest of the examples
are in the format of a problem accompanied by the corresponding solution.

= 463 homework problems proposed at the ends of the chapters.

= A companion website with the solutions to all the problems, and additional material.

There are various theoretical lenses under which MIMO, and in fact digital communica-
tion at large, can be seen. Here, the problem of MIMO communication is viewed through
the lens of information theory, appropriately complemented with signal processing, estima-
tion theory, channel modeling, optimization, linear algebra, and random matrix theory, and
with a touch of stochastic geometry. The choice of information theory is not capricious,
but rather the appreciation that, besides being digital, modern communications—certainly
the forms that MIMO is relevant to—are built from the ground up with coding, operating
very close to the fundamental limits that information theory delineates. Moreover, infor-
mation theory yields surprisingly many design insights and the opportunity for extensive
and informative analysis, greatly facilitating the exposition. As eloquently argued by James
Massey [52], “information theory is the proper scientific basis for communication.”

In opening his treatise on quantum theory, the Nobel laureate Steven Weinberg declared
that “there are parts of this book that will bring tears to the eyes of the mathematically
inclined reader.” While not expecting to bring tears to the eyes of our readers, we also do
not intend to sacrifice clarity or understanding at the altar of rigor. Rather, we abide by
the principle that rigor should be at the service of the problem at hand, rather than the
resolution of the problem being slaved to the formalisms of rigor.

XXii
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xxiii About this book

Organization

The book is organized into three parts, plus a set of appendices.

» Part I, labeled wireless communication theory, exposes the pillars on which the edifice
rests, with Chapters 1-3 successively introducing the perspectives of information theory
and estimation, signal processing, and channel modeling. Along the way, the radio chan-
nel is in turn interpreted as a random transformation, as a linear impulse response, and as
a stochastic process; three interpretations, each one fitting the perspective of its chapter.
These perspectives converge in Chapter 4, which deals with non-MIMO communication,
crisply presenting all the concepts that are then to be generalized.

= Part II is devoted to single-user MIMO communication, meaning a single transmitter
and a single receiver. In this clean setting, we elaborate on how to transmit and receive
with multiple antennas, first without receiver restrictions in Chapter 5, and then with a
linearity restriction in Chapter 6.

= Although, with orthogonal multiplexing, single-user conditions can be created within a
network, the signaling dimensions created by MIMO are best exploited when the mul-
tiuser aspects are brought into the picture. Part III deals with these aspects, first by
introducing them broadly in Chapter 7, and then by delving into how to transmit to and
receive from a plurality of multiantenna users. Again, this is first covered without restric-
tions, in Chapter 8, and then with a linearity restriction in Chapter 9. Finally, Chapter 10
broadens the scope in two respects: an entire cellular network is considered, and MIMO
becomes massive MIMO.

The appendices provide a compact tour of various mathematical results that are invoked
throughout the book, conveniently couched in our notation, with the objective of render-
ing the text as self-contained as possible.

Based on the foregoing structure, a variety of itineraries can be defined in support of
graduate courses. Some potential ones are as follows.

= A course on the information-theoretic principles of wireless communication, leading up
to MIMO, can rest on Chapter 1, Chapter 2 (Sections 2.1, 2.2, and 2.6), and Chapter 4,
with the necessary channel modeling taken from Sections 3.1-3.4.

= A basic course on MIMO communication can rely on Chapters 1-6 (with the possible
exclusion of Sections 2.4, 2.5, and 2.7).

= An advanced course on multiuser MIMO, which could be concatenated with the one
above, can rest on Chapters 7-9, with extension to massive MIMO via Chapter 10.

= A course specifically geared toward massive MIMO can be designed with Chapters 6, 9,
and 10, plus whatever material is needed from Chapters 1-4 and 7.

Requisites

The background assumed on the part of the readers corresponds to senior-level or first-year
graduate-level courses on signals and systems, digital communication, linear algebra, and
probability. A firm grasp of random variables is particularly desirable.
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XXiV About this book

No expertise on cellular networks is presumed, beyond the basic notion that such net-
works are organized in cells, each featuring a base station that wirelessly communicates
with the population of users within. The forward link or downlink embodies the commu-
nication from the base to its users, while the reverse link or uplink embodies the return
communication from the users to the base. This naturally leads to the notion of duplexing,
which refers to how these two directions of communication are arranged. If they are simul-
taneous over disjoint frequency bands, we speak of frequency-division duplexing (FDD),
while, if they take place on alternating time intervals over a common frequency band, we
speak of time-division duplexing (TDD). Full-duplexing, deemed unfeasible in the past, is
now becoming possible thanks to advanced self-interference cancelation techniques [53—
55], and thus it is also considered.

Among the numerous acronyms that—MIMO aside—sprinkle the text, two stand out
and deserve introductory remarks.

= CSI, which stands for channel-state information, alludes to complete knowledge of the
channel’s response. Since a signature attribute of wireless channels is their variablity,
acquiring and employing CSI is instrumental when communicating over such channels.
In fact, the availability of CSI is one of the main axes of the exposition in the book.

= OFDM, which stands for orthogonal frequency-division multiplexing, is the signaling
technique that has come to dominate communication, wireline and wireless [56, 57].
LTE, NR, and the mentioned WLAN standards all feature OFDM. Although the main-
stream alternatives are entertained too, we acknowledge the dominance of OFDM and
rely on it extensively for our formulations.

Notation

In a long text such as this one, notation can be a minefield. While striving for consistency
and intuition, a modicum of flexibility becomes necessary at points. As part of the effort to
convey meaning consistently, some points are worth noting.

= Whenever possible, variables are named to directly reminisce of the quantities they rep-
resent, e.g., SNR for the signal-to-noise ratio, MMSE for the minimum mean-square
error, or Ny and N, for the numbers of transmit and receive antennas.

= Bold symbols denote vectors and matrices, while nonbold symbols correspond to scalars.

= Capitalization distinguishes matrices from vectors, and large-scale from small-scale
quantities. (The meaning of these scales is to become clear throughout the text.) Vari-
ables that are in general matrices retain their capitalization even in the special cases in
which they may adopt a vector form.

= Frequency-domain quantities are represented with sans serif fonts, in contrast with time-
domain quantities, which are denoted with serif fonts.

= Dummy variables and counters match, whenever possible, their respective quantities,
e.g., we use A to denote a realization of the random matrix A, and we use n to run a
counter over N positions.

The common notational schemes and all the relevant symbols, excluding only variables
appearing in intermediate derivations, are listed in the pages that follow. The notational
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XXV About this book

schemes are, as much as possible, inspired by MATLAB?®. For instance, [A};,j denotes
the jth column of matrix A whereas [A]. ;.;» denotes the submatrix containing columns j
through j'.

A number of the variables are further indexed by a user indicator « whenever they are
applied in multiuser contexts. For instance, in single-user settings, H is the time-domain
normalized channel matrix; then, in multiuser settings, H,, indicates the normalized chan-
nel matrix for user u. If, besides multiple users, multiple cells are present, then the indexing
is further augmented to identify the cells involved: Hj.¢ ,, denotes the normalized channel
matrix linking the base station at cell [ with the uth user at cell /th.

Further scripting, not explicitly distinguished in the listings that follow, is applied to
discriminate variations in the quantities. For instance, W is a generic linear receiver while
WM W2, WMMSE are specific types thereof, namely matched-filter, zero-forcing, and
minimum mean-square error linear receivers.
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Common notation

proportionality

approximation

asymptotic equality
distribution

subset

modulo- K

Kronecker product

Hadamard (entry-wise) product
convolution

nonbold letters denote scalars

bold lowercase letters denote column vectors

bold uppercase letters denote matrices

indexing for continuous signals

time-domain continuous signals at time ¢
frequency-domain continuous signals at frequency f
indexing for discrete signals

time-domain discrete signals at time n
frequency-domain discrete signals at frequency k
sequence

= max(0, a)

= 10log,ya

=logya

magnitude of a
Euclidean norm of a
Frobenius norm of A
gradient with respect to x

matrix transpose

matrix conjugate transpose

matrix conjugate

matrix inverse

Moore—Penrose matrix pseudoinverse

value of A that solves an optimization problem
estimate of A

error in the estimation of A

jthentry of a

(i,7)th entry of A

jth column of A

submatrix containing columns j through 5’ of A
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