Preface

Quantum Mechanics represents one of the most successful theories in the history of
science. Born more than a hundred years ago, for several decades Quantum
Mechanics was confined to a revolutionary interpretation of Physics and related
fields, like Astronomy. Only in the last decades, after the discovery of laser with the
possibility of producing coherent light, did Quantum Mechanics receive a strong
interest in the area of information, with very innovative and promising applications
(Quantum Computer, Quantum Cryptography, and Quantum Communications).

In particular, the original ideas of Quantum Communications were developed by
Helstrom [10] and by scientists from MIT [11, 13] proving the superiority of
quantum systems with respect to classic optical systems. However, the research in
this specific field did not obtain the same spectacular expansion as the other fields
of quantum information. In our personal opinion, the reason is twofold. One is the
difficulty in the implementation of quantum receivers, which involves sophisticated
optical operations. The other reason, perhaps the most relevant, was due to the
advent of optical fibers, whose tremendous capacity annihilated the effort on the
improvement of performances of the other transmission systems. This may explain
the concentration of interest in the other fields of quantum information. Never-
theless, Quantum Communications deserve a more adequate attention for us to be
prepared for the future developments, being confident that a strong progress in
quantum optics will be surely achieved.

There is another motivation for considering Quantum Communications, espe-
cially for educational purposes in Information Engineering. In fact, continuing with
our personal viewpoint, Quantum Mechanics is a discipline that cannot be ignored
in the future curriculum of information engineers (electronics, computer science,
telecommunications, and automatic control). On the other hand, Quantum
Mechanics is a difficult discipline for its mathematical and also philosophical
impact, and cannot be introduced at the level of Physics and Mathematical Physics
because the study burden in information engineering is already quite heavy.
However, we realized (with some surprise) that the notions of Quantum Mechanics

ix



X Preface

needed for Quantum Communications may be easily tackled by information
engineering students. In fact, the notions needed at this level (vector spaces and
probability theory) are already known to these students and require only an ad hoc
recall. Following these ideas, six years ago the author introduced a course on
Quantum Communications in the last year of the Telecommunications degree
(master level) at the Faculty of Engineering of the University of Padova, and, as
confirmed by students and colleagues, the conclusion was that the teaching
experiment has proved very successful.

At the same time, experience shows that the majority of students, who join
quantum optics and quantum information community after taking courses in
quantum mechanics with concentration on elementary particles and high-energy
physics, have very little feeling for the real notion of information transfer and
manipulation as it is known in practical telecommunications. The comprehensive
consideration of Quantum Communication concepts presented in this book serves
to establish this missing conceptual link between the formal Quantum Mechanics
theory formulated originally for particles and the quantum optical information
manipulation utilizing quantum mechanics along with optics and telecommunica-
tions tools.

It is difficult to predict in what direction quantum information will evolve or
when the quantum computer will arrive, but it will surely have a strong impact in
the future. Students and researchers that will have learned Quantum Communica-
tions, having acquired the methodology and language, will be open to any other
application in the field of Quantum Information.

Organization of the Book

The book is organized into three parts and 13 chapters.

Chapter 1 (Introduction) essentially describes the evolution of Quantum
Mechanics in the previous century, with special emphasis on the last part of the
evolution in the area of Quantum Information, with its promising and exciting
applications.

Part I: Fundamentals

Chapter 2 collects the mathematical background needed in the formulation and
development of Quantum Mechanics: mainly notions of linear vector spaces and
Hilbert spaces, with special emphasis on the eigendecomposition of linear
operators.

Chapter 3 introduces the fundamentals of Quantum Mechanics, in four postu-
lates. Postulate 1 is concerned with the environment of Quantum Mechanics: a
Hilbert space. Postulate 2 formulates the evolution of a quantum system, according
to Schrodinger’s and Heisenberg’s visions. Postulate 3 is concerned with the
quantum measurements, which prescribes the possibility of extracting information
from a quantum system. Finally, Postulate 4 deals with the combination of two or
more interacting quantum systems. A particular emphasis is given to Postulate 3,
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because it manages the information in a quantum system and will be the basis of
Quantum Communications and Quantum Information consideration.

Part II: Quantum Communications Systems

Chapter 4 deals with the general foundations of telecommunications systems and
the difference between Classical and Quantum Communications systems. In the
second part of the chapter the foundations of optical classical communications,
which is the necessary prologue to optical quantum communications, are
developed.

Chapter 5 develops the concept of optimal quantum decision, which establishes
the best criterion to perform the measurements of Postulate 3 in a quantum system
to extract information. Here a nontrivial effort is made to express the results within
the language of telecommunications, where the quantum decision is applied to the
receiver.

Chapter 6 develops suboptimization in quantum decision. Since optimization is
very difficult, and exact solutions are only known in few cases, suboptimization
techniques are considered, the most important of which is called square-root
measurements (SRM).

Chapter 7 deals with the general formulation of quantum communication sys-
tems, where the transmitter (Alice) prepares and launches the information in a
quantum channel and the receiver (Bob) extracts the information by applying the
quantum decision rules. Although, in principle, the transmission of analog infor-
mation would be possible, according to the lines of present-day technology, only
digital information (data) is considered. In any case, we will refer to optical
communications, in which the information is conveyed through a coherent radiation
produced by a laser. The quantum formulation of coherent radiation is expressed
according to the universal and celebrated Glauber’s theory.

In the second part of the chapter, these basic ideas are applied to most popular
quantum communication systems, each one characterized by a specific modulation
format (OOK, PPM, PSK, and QAM). The performance of each specific system is
compared to that of the corresponding classical optical system, where the decision
is based on a simple photon counting. The comparisons will clearly state the
superiority of the quantum systems.

Chapter 8 reconsiders the analysis of Chap. 7 with the introduction of thermal
noise, in order to get a more realistic evaluation of the performance. Technically
speaking, the analysis in the absence of thermal noise is carried out using the
description of the system status made in terms of pure states, whereas the presence
of thermal noise requires a description in terms of density operators. Consequently,
the analysis becomes much more complicated (but challenging).

Chapter 9 deals with the implementation of coherent quantum communication
systems. The few implementations available in the literature and the difficulties
encountered in the realization are described. Also, some original ideas for an
improved implementation of quantum communication systems are described.


http://dx.doi.org/10.1007/978-3-319-15600-2_4
http://dx.doi.org/10.1007/978-3-319-15600-2_5
http://dx.doi.org/10.1007/978-3-319-15600-2_6
http://dx.doi.org/10.1007/978-3-319-15600-2_7
http://dx.doi.org/10.1007/978-3-319-15600-2_8
http://dx.doi.org/10.1007/978-3-319-15600-2_7
http://dx.doi.org/10.1007/978-3-319-15600-2_9

xii Preface

Part III: Quantum Information

Chapter 10 begins by dealing with Quantum Information, which exhibits two
forms, discrete and continuous. Discrete quantum information is based on discrete
variables, the best known example of which is the quantum bit or qubit. Continuous
quantum information is based on continuous variables, the best known example of
which is provided by the quantized harmonic oscillator. An important remark is that
most of the operations in quantum information processing can be carried out both
with discrete and continuous variables (this last possibility is a quite recent
discovery).

Chapter 11, Quantum Mechanics fundamentals of Chap. 3 are confined to the
basic notions (relatively few) necessary to the development of Quantum Commu-
nications systems in Part II. In this chapter, for a full development of Quantum
Information, the above fundamentals are extended to continuous quantum variables,
to include Gaussian states and Gaussian transformations.

Chapter 12 deals with Information Theory, starting from Classical Shannon’s
Information Theory and then extending the concepts to Quantum Information
Theory. The latter is a relatively new discipline, which is based on quantum
mechanical principles and in particular on its intriguing resources, such as
entanglement.

Chapter 13 deals with the applications of Quantum Information, as quantum
random number generation, quantum key distribution, and teleportation. These
applications are developed with both discrete and continuous variables.

Suggested Paths

For the choice of the path one should bear in mind that the book is a combination
of Quantum Mechanics and Telecommunications, and perhaps students and
researchers in the area of Information Engineering have no preliminary knowledge
of Quantum Mechanics, whereas students and researchers in the area of Physics
may have no preliminary knowledge of Telecommunications (for which we rec-
ommend reading Chap. 4 on Telecommunications fundamentals).

As said above, the mathematics needed for the comprehension of the book is
confined to Linear Vector Spaces, as developed in Chap. 2. Hilbert spaces are
introduced for completeness, but they are not really used. The other mathematical
requirement is Probability Theory (probability fundamentals and random variables,
sometimes extended to random processes). These preliminaries must be known at a
good, but not too sophisticated level.

The book could be used by both graduate students (meaning people who have no
knowledge of Quantum Mechanics) and researchers (meaning people who have a
good knowledge of Quantum Mechanics, but not of classical Telecommunications)
following two different paths.

In the Introduction we will indicate in detail two different paths for “students”
and for “researchers”.
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Manuscript Preparation
To prepare the manuscript we used LATEX, supplemented with a personal
library of macros. The illustrations too are composed with LATEX, sometimes with

the help of Mathematica®.

Padova, October 2014 Gianfranco Cariolaro
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