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ANHA Series Preface

The Applied and Numerical Harmonic Analysis (ANHA) book series aims
to provide the engineering, mathematical, and scientific communities with
significant developments in harmonic analysis, ranging from abstract har-
monic analysis to basic applications. The title of the series reflects the
importance of applications and numerical implementation, but richness
and relevance of applications and implementation depend fundamentally
on the structure and depth of theoretical underpinnings. Thus, from our
point of view, the interleaving of theory and applications and their creative
symbiotic evolution is axiomatic.

Harmonic analysis is a wellspring of ideas and applicability that has flour-
ished, developed, and deepened over time within many disciplines and by
means of creative cross-fertilization with diverse areas. The intricate and
fundamental relationship between harmonic analysis and fields such as sig-
nal processing, partial differential equations (PDEs), and image processing
is reflected in our state-of-the-art ANHA series.

Our vision of modern harmonic analysis includes mathematical areas
such as wavelet theory, Banach algebras, classical Fourier analysis, time-
frequency analysis, and fractal geometry, as well as the diverse topics that
impinge on them.

For example, wavelet theory can be considered an appropriate tool to
deal with some basic problems in digital signal processing, speech and
image processing, geophysics, pattern recognition, biomedical engineering,
and turbulence. These areas implement the latest technology from sampling
methods on surfaces to fast algorithms and computer vision methods. The
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underlying mathematics of wavelet theory depends not only on classical
Fourier analysis, but also on ideas from abstract harmonic analysis, in-
cluding von Neumann algebras and the affine group. This leads to a study
of the Heisenberg group and its relationship to Gabor systems, and of
the metaplectic group for a meaningful interaction of signal decomposition
methods. The unifying influence of wavelet theory in the aforementioned
topics illustrates the justification for providing a means for centralizing and
disseminating information from the broader, but still focused, area of har-
monic analysis. This will be a key role of ANHA. We intend to publish with
the scope and interaction that such a host of issues demands.

Along with our commitment to publish mathematically significant works
at the frontiers of harmonic analysis, we have a comparably strong com-
mitment to publish major advances in the following applicable topics in
which harmonic analysis plays a substantial role:

Antenna theory Prediction theory
Biomedical signal processing Radar applications
Digital signal processing Sampling theory

Fast algorithms Spectral estimation
Gabor theory and applications Speech processing
Image processing Time-frequency and

Numerical partial differential equations  time-scale analysis
Wavelet theory

The above point of view for the ANHA book series is inspired by the
history of Fourier analysis itself, whose tentacles reach into so many fields.

In the last two centuries Fourier analysis has had a major impact on the
development of mathematics, on the understanding of many engineering
and scientific phenomena, and on the solution of some of the most impor-
tant problems in mathematics and the sciences. Historically, Fourier series
were developed in the analysis of some of the classical PDEs of mathe-
matical physics; these series were used to solve such equations. In order to
understand Fourier series and the kinds of solutions they could represent,
some of the most basic notions of analysis were defined, e.g., the concept
of “function.” Since the coefficients of Fourier series are integrals, it is no
surprise that Riemann integrals were conceived to deal with uniqueness
properties of trigonometric series. Cantor’s set theory was also developed
because of such uniqueness questions.

A basic problem in Fourier analysis is to show how complicated phe-
nomena, such as sound waves, can be described in terms of elementary
harmonics. There are two aspects of this problem: first, to find, or even
define properly, the harmonics or spectrum of a given phenomenon, e.g.,
the spectroscopy problem in optics; second, to determine which phenomena
can be constructed from given classes of harmonics, as done, for example,
by the mechanical synthesizers in tidal analysis.
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Fourier analysis is also the natural setting for many other problems in
engineering, mathematics, and the sciences. For example, Wiener’s Taube-
rian theorem in Fourier analysis not only characterizes the behavior of the
prime numbers, but also provides the proper notion of spectrum for phe-
nomena such as white light; this latter process leads to the Fourier analysis
associated with correlation functions in filtering and prediction problems,
and these problems, in turn, deal naturally with Hardy spaces in the theory
of complex variables.

Nowadays, some of the theory of PDEs has given way to the study of
Fourier integral operators. Problems in antenna theory are studied in terms
of unimodular trigonometric polynomials. Applications of Fourier analy-
sis abound in signal processing, whether with the fast Fourier transform
(FFT), or filter design, or the adaptive modeling inherent in time-
frequency-scale methods such as wavelet theory. The coherent states of
mathematical physics are translated and modulated Fourier transforms,
and these are used, in conjunction with the uncertainty principle, for deal-
ing with signal reconstruction in communications theory. We are back to
the raison d’étre of the ANHA series!

John J. Benedetto
Series Editor
University of Maryland
College Park
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Preface

The aim of this book is to present the central parts of the theory for bases
and frames. The content can naturally be split into two parts: Chapters
1-5 describe the theory on an abstract level, and Chapters 7-11 deal with
explicit constructions in L?-spaces. The link between these two parts is
formed by Chapter 6, which introduces B-splines and their main properties.

Some years ago, I published the book An Introduction to Frames and
Riesz Bases [10], which also appeared in the ANHA series. So, what are
the reasons for another book on the topic? I will give some answers to this
question.

Books written by mathematicians are usually focused on characteriza-
tions of various properties and the search for sufficient conditions for a
desired conclusion to hold. Concrete constructions often play a minor role.
The book [10] is no exception. During the past few years, frames have be-
come increasingly popular, and several explicit constructions of frames of
various types have been presented. Most of these constructions were based
on quite direct methods rather than the classical sufficient conditions for
obtaining a frame. With this in mind, it seems that there is a need for an
updated version of the book [10], which moves the focus from the classical
approach to a more constructive one.

Frame theory is developed in constant dialogue between mathematicians
and engineers. Again, compared with [10], this is reflected in the current
book by several new sections on applications and connections to engineer-
ing. The hope is that these sections will help the mathematically oriented
readers to see where frames are used in practice — and the engineers to
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find the chapter containing the mathematical background for applications
in their field.

The third main change compared with [10] is that the current book is
meant to be a textbook, which should be directly suitable for use in a gradu-
ate course. We focus on the basic topics, without too many side-remarks; in
contrast, [10] tried to cover the entire area, including the research aspects.
The chapters from [10] dealing with research topics have been removed (or
reduced: for example, parts of Chapter 15 about perturbation results now
appear in Section 5.6). We frequently mention the names of the people
who first proved a given result, but for the parts of the theory that can
be considered classical, we do not state a reference to the original source.
A professional reader might miss all the hints to more advanced literature
and open problems; however, the hope is that the more streamlined writing
makes it easier for students to follow the presentation.

For use in a graduate course, a number of exercises is included; they
appear at the end of each chapter. Some of the removed material from [10]
now appears in the exercises.

Let us describe the chapters in more detail. Chapter 1 gives an introduc-
tion to frames in finite-dimensional vector spaces with an inner product.
This enables a reader with a basic knowledge of linear algebra to un-
derstand the idea behind frames without the technical complications in
infinite-dimensional spaces. Many of the topics from the rest of the book
are presented here, so Chapter 1 can also serve as an introduction to the
later chapters.

Chapter 2 collects some definitions and conventions concerning infinite-
dimensional vector spaces. Some standard results needed later in the book
are also stated here. Special attention is given to the Hilbert space L?(RR)
and operators hereon. We expect the reader to be familiar with this ma-
terial, so most of the results appear without proof. The exceptions are
the sections about pseudo-inverse operators and some special operators
on L?(R), which play a key role in Gabor theory and wavelet analysis;
these subjects are not treated in classical analysis courses and are therefore
described in detail.

Chapter 3 deals with the theory for bases in Hilbert spaces and Banach
spaces. The most important part of the chapter is formed by a detailed
discussion of Bessel sequences and Riesz bases. The chapter also con-
tains sections on Fourier analysis and wavelet theory, which motivate the
constructions in Chapters 7-11.

Chapter 4 highlights some of the limitations on the properties one can
obtain from bases. Hereby, the reader is provided with motivation for
considering the generalizations of bases studied in the rest of the book.

Chapter 5 contains the core material about frames in general Hilbert
spaces. It gives a detailed description of frames with full proofs, relates
frames and Riesz bases, and provides various ways of constructing frames.
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Chapter 6 introduces B-splines and their main properties. We do not aim
at a complete description of splines but concentrate on the properties that
play a role in the current context.

Chapters 7-11 deal with frames having a special structure. A central
part concerns theoretical conditions for obtaining dual pairs of frames and
explicit constructions hereof. The most fundamental frames, namely frames
consisting of translates of a single function in L?(R), are discussed in Chap-
ter 7. In Chapter 8, these considerations are extended to frames generated
by translations of a collection of functions rather than a single function.
These frames naturally lead to Gabor frames in L?(R), which is the subject
of Chapter 9. We provide characterizations of such frames, as well as ex-
plicit constructions of frames and some of their dual frames. The discrete
counterpart in ¢2(Z) is treated in Chapter 10; in particular, it is shown
how one can obtain Gabor frames in ¢?(Z) by sampling of Gabor frames
in L?(R). Wavelet frames are introduced in Chapter 11. The main part of
the chapter is formed by explicit constructions via multiscale methods, but
the chapter also contains a section about general wavelet frames.

Most readers of the second part of the book will mainly be interested in
either Gabor systems or wavelet systems. For this reason, Chapters 7-11
are to a large extent independent of each other. The most notable exception
from that rule is that some of the fundamental results in Gabor analysis
are based on results derived in the chapter about shift-invariant systems.
In general, careful cross-references (and, if necessary, repetitions) between
Chapters 7-11 are provided.

Depending on the level and specific interests of the students, a graduate
course based on the book can proceed in various ways:

e Readers with a limited background in functional analysis (and read-
ers who just want to get an idea about the topic) are encouraged
to read Chapter 1. It will provide the reader with a good under-
standing for the topic, without all the technical complications in
infinite-dimensional vector spaces.

e A short course on frames and Riesz bases in Hilbert spaces can be
based on Sections 3.1-3.3 and Sections 5.1-5.2; these sections will
make the reader able to proceed with most of the other parts of
the book and with a large part of the research literature concerning
abstract frame theory.

e A theoretical graduate course on bases and frames could be based on
Chapter 2, Chapter 3, and Chapter 5. It would be natural to continue
with one or more chapters on concrete frame constructions in L?(R).

e For a course focusing on either Gabor analysis or wavelets, the de-
tailed analysis of frames in Chapter 5 is not necessary. It is enough to
read Chapter 2, Section 3.5 (or Section 3.6), Chapter 4, Section 5.1,
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and parts of Chapter 6 before continuing with the relevant specialized
chapters.

I would like to acknowledge the various individuals and institutions who
have helped me during the process of writing this book. First, I wish to
thank the Department of Mathematics at the Technical University of Den-
mark for giving me enough freedom to realize the book project, e.g., via a
semester without teaching obligations. Some weeks of that semester were
used to visit other departments in order to get inspiration and concentrate
on the work with the book for several weeks; I thank my colleagues Hans
Feichtinger (NuHAG, University of Vienna) as well as Rae Young Kim
(Yeungnam University, South Korea) and Jungho Yoon (EWHA Woman
University, South Korea) for hosting me during these visits.

Thanks are also due to Martin McKinnon Edwards, Jakob J@rgensen,
and Sumi Jang for help with the figures. Finally, I would like to thank
Richard Laugesen and Azita Mayeli for correcting parts of the material,
as well as Henrik Stetkaer and Kil Kwon for several suggestions concerning
the presentation of the material.

I also thank the staff at Birkh&user, especially Tom Grasso, for assistance
and support.

Ole Christensen
Kgs. Lyngby, Denmark
November 2007
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1

Frames in Finite-dimensional
Inner Product Spaces

In the study of vector spaces, one of the most important concepts is that of a
basis. In fact, a basis provides us with an expansion of all vectors in terms
of “elementary building blocks” and hereby helps us by reducing many
questions concerning general vectors to similar questions concerning only
the basis elements. However, the conditions to a basis are very restrictive:
we require that the elements are linearly independent, and very often we
even want them to be orthogonal with respect to an inner product. This
makes it hard or even impossible to find bases satisfying extra conditions,
and this is the reason that one might wish to look for a more flexible tool.

Frames are such tools. A frame for a vector space equipped with an
inner product also allows each vector in the space to be written as a linear
combination of the elements in the frame, but linear independence between
the frame elements is not required. Intuitively, one can think about a frame
as a basis to which one has added more elements. In this chapter, we
present frame theory in finite-dimensional vector spaces. This restriction
makes part of the theory much easier, and it also makes the basic idea more
transparent. Our intention is to present the results in a way that gives the
reader the right feeling about the infinite-dimensional setting as well. This
also means that we sometimes use unusual words in the finite-dimensional
setting. For example, we will frequently use the word “operator” for a
linear map.

There are other reasons for starting with a chapter on finite-dimensional
frames. Every “real-life” application of frames has to be performed in a
finite-dimensional vector space, so even if we want to apply results from

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_1,
(© Springer Science+Business Media, LLC 2008



2 1. Frames in Finite-dimensional Inner Product Spaces

the infinite-dimensional setting, the frames will have to be confined to a
finite-dimensional space at some point.

Most of the chapter can be fully understood with an elementary know-
ledge of linear algebra. In order not to make the proofs too cumbersome,
we will at a few points use some results from analysis, mainly about norms
in vector spaces.

This chapter is organized as follows. Section 1.1 contains the basic prop-
erties of frames. For example, it is proved that every set of vectors { fx} 7,
in a vector space with an inner product is a frame for span{f;}7",. We
prove the existence of coefficients minimizing the £2-norm of the coefficients
in a frame expansion and show how a frame for a subspace leads to a for-
mula for the orthogonal projection onto the subspace. In Section 1.2 and
Section 1.3, we consider frames in C™. In particular, we prove that the vec-
tors { fr}7; in a frame for C" can be considered as the first n coordinates
of some vectors in C™ constituting a basis for C", and that the frame prop-
erty for {fi}}", is equivalent to certain properties for the m x n matrix
having the vectors fj as rows. In Section 1.4, we prove that the canonical
coefficients from the frame expansion arise naturally by considering the
pseudo-inverse of the pre-frame operator, and we show how to find the co-
efficients in terms of the singular value decomposition. Finally, in Section
1.5, we discuss applications of frames in the context of data transmission.

1.1 Basic frames theory

Let V # {0} be a finite-dimensional vector space. As standing assumption
we will assume that V' is equipped with an inner product (-,-), which we
choose to be linear in the first entry. Recall that a sequence {e;}7, in V
is a basis for V' if the following two conditions are satisfied:

(i) V = span{er } 7" 1;
(ii) {ex }7~, is linearly independent, i.e., if Y ;" | cyer = 0 for some scalar
coefficients {cy}7-,, then ¢y, =0 forall k =1,...,m.

As a consequence of this definition, every f € V has a unique represen-
tation in terms of the elements in the basis, i.e., there exist unique scalar
coefficients {cj}}"_; such that

f:ZCkek. (11)
k=1

Sometimes, in particular in high-dimensional vector spaces, it is cum-
bersome to find the coefficients {cx}}" ;. But if {ex}}, is an orthonormal
basis, i.e., a basis for which
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1 ifk=j
(ks ej) = Ok {0 4,

then the coefficients {cj}}"; are easy to find: taking the inner product of
fin (1.1) with an arbitrary e; gives

(frej) = O creres) =Y enlen,ej) =cj,
k=1 k=1

SO
f=2 (frer)er. (1.2)
k=1

We now introduce frames. In Theorem 1.1.5 below, we prove that a frame
{fx}7, also leads to a representation of the type (1.1).

Definition 1.1.1 A countable family of elements {fr}rer in V is a frame
for V' if there exist constants A, B > 0 such that

ANFIP <D KL < BIIFIP, VeV (1.3)

kel

The numbers A, B are called frame bounds. They are not unique. The
optimal lower frame bound is the supremum over all lower frame bounds,
and the optimal upper frame bound is the infimum over all upper frame
bounds. Note that the optimal frame bounds actually are frame bounds.
The frame is normalized if || fx|| = 1, Vk € I.

In a finite-dimensional vector space, it is somehow artificial (though pos-
sible) to consider frames {f}rer consisting of infinitely many elements.
Therefore, we will only consider finite families { i }}*,, m € N. With this
restriction, Cauchy—Schwarz’ inequality shows that

m m
DIE P < DI AP, v eV,
k=1 k=1

i.e., the upper frame condition is automatically satisfied. However, one can
often find a smaller upper frame bound than Y ;" | || f¢||?. Corollary 1.1.13
will show that it is important to find estimates for the frame bounds, which
are close to the optimal ones.

In order for the lower condition in (1.3) to be satisfied, it is necessary
that span{ f;}}*; = V. This condition turns out to be sufficient. In fact,
every finite sequence is a frame for its span:

Proposition 1.1.2 Let {fi}7", be a sequence in V. Then {fi}}", is a
frame for the vector space W := spand{ fr} 7",
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Proof. We can assume that not all f; are zero. As we have seen, the
upper frame condition is satisfied with B = Y7 || fx||*>. Now consider the
continuous mapping

¢:W =R, ¢(f Z 1, L) P

The unit ball in W is compact, so we can find g € W with ||g|| = 1 such
that

m

A=Y g fi)P inf{z<f,fk>l2 s few, ||f||=1}~
k=1

k=1
It is clear that A > 0. Now given f € W, f #0, we have

NERN

k=1

Corollary 1.1.3 A family of elements {fi}7, in V is a frame for V if
and only if span{fr}i, =V.

Corollary 1.1.3 shows that a frame might contain more elements than
needed to be a basis. In particular, if { fi}7*, is a frame for V and {gx}}_,
is an arbitrary finite collection of vectors in V', then {fx}7, U{gx}}_, is
also a frame for V. A frame that is not a basis is said to be overcomplete
or redundant.

Consider now a vector space V equipped with a frame {f}}" ,, and
define a linear mapping

T:C™ =V, T{e )iy = Y cifr- (1.4)
k=1

T is usually called the pre-frame operator, or the synthesis operator. The
adjoint operator is given by (Exercise 1.1)

T*:V —C™, T*f={{f. fi)}i:. (1.5)

and is called the analysis operator. Composing T with its adjoint 7%, we
obtain the frame operator

S:V =V, Sf=TT"f =Y (f fu)fs (1.6)

k=1

Note that in terms of the frame operator,

(St f)= Z|f,fk W, fev; (1.7)

the lower frame bound can thus be considered as some kind of “lower
bound” on the frame operator.
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A frame {fi}}", is tight if we can choose A = B in the definition, i.e., if
DI TP = AP, Ve V. (1.8)
k=1

For a tight frame, the exact value A in (1.8) is simply called the frame
bound. We note that (1.7) leads to a representation of f € V in terms of
the elements in a frame tight:

Proposition 1.1.4 Assume that { fi} 7", is a tight frame for V with frame
bound A. Then S = AI (here I is the identity operator on V'), and

Z fo ) fros V€V (1.9)
k:

We ask the reader to prove Proposition 1.1.4 in Exercise 1.2. An interpreta-
tion of (1.9) is that if { f }7, is a tight frame and we want to express f € V
as a linear combination f = >°" | ¢y fi, we can simply define g, = = f;
and take ¢ = (f, gx). Formula (1.9) is similar to the representation (1.2)
via an orthonormal basis: the only difference is the factor 1/A in (1.9). For
general frames, we now prove that we still have a representation of each
f € Vofthe form f =>"7" (f, gx) fr for an appropriate choice of {gx}7 ;.
The obtained theorem is one of the most important results about frames,
and (1.10) below is called the frame decomposition:

Theorem 1.1.5 Let {fi}i, be a frame for V with frame operator S.
Then the following holds:

(i) S is invertible and self-adjoint.

(i) Every [ € V can be represented as

F=> {587 i Z(ﬁ Fe) 8™ i (1.10)

k=1 k=1

(iii) If f € V also has the representation f =Y} | ¢, fi for some scalar
coefficients {c } 7, then

m m m

STlerP =D HAST P+ lew — (£ RP
k=1 k=1

k=1

Proof. Because S = TT", it is clear that S is self-adjoint. We now prove
that S is injective. Let f € V and assume that Sf = 0. Then

0=(Sf, f) =Y I{f Il
k=1
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implying by the frame condition that f = 0. That S is injective actually
implies that S is surjective, but let us give a direct proof. The frame con-
dition implies by Corollary 1.1.3 that span{f;}}*, = V, so the pre-frame
operator 7' is surjective. Given f € V' we can therefore find g € V such that
Tg = f; we can choose g € Ni& = Ry, so it follows that Rg = Ryp- = V.
Thus S is surjective, as claimed. Each f € V has the representation

fo= 857y
= TT*S7'f

m

= D ST f S

k=1
using that S is self-adjoint, we arrive at

m

= DS

k=1

The second representation in (1.10) is obtained in the same way, using that
f = S71Sf. For the proof of (iii), suppose that f = >} cxfr. We can
write

{eetiey = {anhity — (ST A sy + {0 ST ) iy

By the choice of {c}7, we have

NE

(ck = (f, ST i) fro =

>
Il

1
e, {ex iy — {(f, ST fi) 30, € Nr = R.; also, we note that
{87 e = {087, fid Yiln € R

Putting all the information together, we obtain that

Solenl = ety — {0 ST R + (ST b |
k=1

ch—ﬁ 1fk|2+2|f7 P

which proves (iii). O

Every frame in a finite-dimensional space contains a subfamily that is a
basis (Exercise 1.3). If {fi}7", is a frame but not a basis, there exist non-
zero sequences {dy}7" ; such that > /" difr = 0. Therefore, any given
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element f € V can be written as

(£, ST f) fe+ ) difi

k=1

(<f75_1fk> +dy,) fr-

I
NE

f

=
Il
—

I
NE

k=1

This demonstrates that f has many representations as superpositions of
the frame elements. Theorem 1.1.5 shows that among all scalar sequences
{ep}, for which f = 37", ¢k fi, the coefficients {(f, S™!fx)}, have
minimal ¢?-norm. The numbers

<faS71fk’>a kzl,...,m

are called frame coefficients. Note that because S : V. — V is bijective,
the sequence {Silfk}zlzl is also a frame by Corollary 1.1.3; it is called the
canonical dual frame of { fi,}]" ;.

For frames consisting of only a few elements, the canonical dual frame
and the corresponding frame decomposition can be found via elementary
calculations:

Example 1.1.6 Let {ek}izl be an orthonormal basis for a two-dimensional
vector space V' with inner product. Let

Ji=e1, fo=e1—e2, f3=e1+ea.
Then {fx}3_, is a frame for V. Using the definition of the frame operator,

3

SF=>AF fi) I

k=1

we obtain that

561 = 61+61—62+61+62:361
and
Sey, = —(61 — 62) + e1 4 es = 2es.
Thus
1 1
5_161 = gel, 5_162 = 562.

By linearity, the canonical dual frame is

{Silfk}zzl = {Silel, 57161 — 57162, 57161 + 57162}
EEE O B VA PR A
- 3 173 1 9 273 1 2 2
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Via Theorem 1.1.5, the representation of f € V in terms of the frame is
given by

3
Fo= D ST

k=1

1 1 1 1 1
= §<f,€1>€1 + (f, 361~ §€2>(€1 —e2) + (/, 3t §€2>(€1 +ez). O
Theorem 1.1.5 gives some special information in case {fx}}", is a basis:

Corollary 1.1.7 Assume that {fi}7, is a basis for V. Then there exists
a unique family {gi}y", in V such that

= (06 fr: VFEV. (1.11)
k=1
In terms of the frame operator, {gp}?, = {S™'fi}i,. Furthermore

(fi>9r) = 0j k-

Proof. The existence of a family {gx}}" , satisfying (1.11) follows from
Theorem 1.1.5; we leave the proof of the uniqueness to the reader. Applying
(1.11) on a fixed element f; and using that {fx}7, is a basis, we obtain
that (fj,gx) =6k forall k=1,2,--- m. O

The simplicity of the calculations in Example 1.1.6 is slightly misleading;:
for a general frame, calculation of the canonical dual frame might be very
cumbersome and lengthy if the frame contains many elements. This explains
the prominent role of tight frames, for which the complicated representa-
tion (1.10) takes the much simpler form (1.9). Another way of obtaining
“simple” frame expansions, whose potential has not been completely ex-
ploited so far, is to take advantage of the overcompleteness of frames. In
fact, if one considers a frame { f5 }7*, that is not a basis, one can prove (see
Lemma 5.2.3) that there exist frames {gj }7"; # {S~' fx}7, such that

F=> f06) fr-
k=1

Each such frame {g;}}", is called a dual frame. Thus, rather than restrict-
ing attention to tight frames, one could consider frames, for which one can
find a dual frame easily (Exercise 1.6). We return to this idea in several of
the later chapters, see, e.g., Section 9.4.

If one insists on working with a tight frame, it is worth noticing that every
frame can be extended to a tight frame by adding some extra vectors. In
the proof of this, we will use the finite-dimensional version of the spectral
theorem, which is proved in standard textbooks on linear algebra:
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Theorem 1.1.8 If a linear map U : V — V is self-adjoint, then all eigen-
values are real, and V' has an orthonormal basis consisting of eigenvectors
for U.

Proposition 1.1.9 Let {fi}7, be a frame for a vector space V with di-
mension n. Then there exist n—1 vectors ha, . .., hy, such that the collection

{fe}iy U{he}_y forms a tight frame for V.

Proof. Denote the frame operator for {fi}7, by S:V — V. Since S is
self-adjoint, Theorem 1.1.8 shows that V' has an orthonormal basis consist-
ing of eigenvectors {ey}7_, for S. Denote the corresponding eigenvalues by
{6 }7_;. We will assume that the eigenvectors and eigenvalues are ordered
such that Ay > Ao > -+ > \,. Now, for k = 2,...,n, let hy := /A1 — A\pep.
The frame operator S for the family {30y U{heti_s is given by

S:V—oV, Sf = Sf+> (f ). (1.12)

k=2

Now consider an arbitrary f € V. Using that

f = Z(f? 6k>6ka
k=1

we see that the action of the frame operator S on f is given by

n n

Sf=Y (frex)Sex = > Mlfex)ex.

k=1 k=1
Inserting this expression and the definition of Ay, into (1.12) shows that
Sf = Z Ak(f,ex)er + Z (A1 = ) (fs exn)er
k=1 k=2

n

= Ai{fiener > Aulfren)er + A D (fren)er — Y Ml fender

k=2 k=2 k=2
= )\1 Z<fa ek>ek
k=1
= M\Jf.

This implies that for all f € V|
STUE AP+ Y1 )2 = (SF, £) = M IR
k=1 k=2
te, {fu}y U{he}y_s is a tight frame with frame bound A;. O

We have already seen that, for given f & V., the frame coefficients

{{f,S7fr)}7, have minimal ¢?>-norm among all sequences {cy}7, for
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which f = >"7", ¢ fr. We can also choose to minimize the norm in other
spaces than ¢?; we now show the existence of coefficients minimizing the
-norm.

Theorem 1.1.10 Let {fx}}", be a frame for a finite-dimensional vector
space V. Given f € V, there exist coefficients {di}7, € C™ such that

f=>t dfr, and

> ldi] :inf{2|ck| D f= chfk}- (1.13)
k=1 k=1 k=1

Proof. Fix f € V, and choose a set of coefficients {c,}}"; such that
F =0 erfrslet r =37, |cx|. Since we want to minimize the £!-norm
of the coefficients, it is clear that we can now restrict our search for a
minimizer to sequences {dj};"; belonging to the compact set

M= {{dp}i, €C™ : Jdg| <r, k=1,...,m}.
Now the result follows from the fact that the set

{{dk}?_l EMI|f= defk}

is compact and that the function
¢:C" =R, ¢{di}is, == |dil
k=1

is continuous. |

There are some important differences between Theorem 1.1.5 and Theo-
rem 1.1.10. In Theorem 1.1.5, we find the sequence minimizing the £2-norm
of the coefficients in the expansion of f explicitly; it is unique, and it
depends linearly on f. On the other hand, Theorem 1.1.10 only gives the ex-
istence of an ¢!-minimizer, and it might not be unique (Exercise 1.7). Even
if the minimizer is unique, it might not depend linearly on f (Exercise 1.8).

As we have seen in Proposition 1.1.2, every finite set of vectors { fx} 7,
is a frame for its span. If span{f;}}", # V, the frame decomposition
associated with {fx}7, gives a convenient expression for the orthogonal
projection onto span{ fx } ", . We state it here and ask the reader to provide
the proof (Exercise 1.9).

Theorem 1.1.11 Let {f,}", be a frame for a subspace W of the vector
space V. Then the orthogonal projection of V. onto W is given by

Pf = Zf, L fi) fi (1.14)
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In order to compute the inverse frame operator S~!, it is convenient to
consider S as a matrix. The speed of convergence in numerical algorithms
involving a strictly positive definite matrix depends heavily on the condition
number of the matrix, which is defined as the ratio between the largest
eigenvalue, Apax, and the smallest eigenvalue, A\i,. In case of the frame
operator, these eigenvalues correspond to the optimal frame bounds:

Theorem 1.1.12 Let {fi}7, be a frame for V. Then the following hold:

(i) The optimal lower frame bound is the smallest eigenvalue for S, and
the optimal upper frame bound is the largest eigenvalue.

(11) Assume that V' has dimension n. Let {\,}}_, denote the eigenvalues
for S; each eigenvalue appears in the list corresponding to its algebraic
multiplicity. Then

D o= Il
k=1 k=1

(i1i) Assume that V' has dimension n. If {fp}7", is tight and ||fx|| =1
for all k, then the frame bound is A = m/n.

Proof. Assume that {f}}", is a frame for V. Since the frame operator
S :V — V is self-adjoint, Theorem 1.1.8 shows that V has an orthonormal
basis consisting of eigenvectors {ej}7_, for S. Denote the corresponding
eigenvalues by {A\;}7_,. Given f € V, we can write

=Y (fenen
k=1

Then
Sf="(f.ex)Ser =" Aelf.en)er,
k=1 k=1
and
Z|<f7fk>| va ZAH fvek
k=1
Therefore

>\min|‘f||2 Z fafk > max||f‘|2'
=1

S0 Amin is a lower frame bound, and Ayax is an upper frame bound. That
they are the optimal frame bounds follows by taking f to be an eigenvector
corresponding to Apmin (respectively A\pax). This proves (i).
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For the proof of (ii), we have

D= Mellexll?
k=1 k=1

n

Z<S€k, ek>
> lew: fo)l?

14=1

Il
e
i M: i
o

Interchanging the sums and using that {ek}Zzl is an orthonormal basis for
V finally gives (ii). For the proof of (iii), the assumptions imply that the
set of eigenvalues {\,}}_, consists of the frame bound A repeated n times;
thus the result follows from (ii). O

Corollary 1.1.13 Let {fi}}", be a frame for V. Then the condition num-
ber for the frame operator is equal to the ratio between the optimal upper
frame bound and the optimal lower frame bound.

1.2 Frames in C"

The natural examples of finite-dimensional vector spaces are
R" ={(c1,¢0,...,¢cn) | i €R, i=1,...,n}
and
C" ={(c1,¢2,...,¢n) | c; €C,i=1,...,n}

the latter is equipped with the inner product
n —
{erdior {ditioy) =D erdy

k=1

and the associated norm

[{ertiall =

This corresponds to the definitions in R™, except that complex conjugation
and modulus are not needed in the real case. We will describe the theory
for bases and frames in C™, but easy modifications give the corresponding
results in R™. If, for example, {fx}}", is a frame for C", then the 2m
vectors consisting of the real parts, respectively the imaginary parts, of the
frame vectors will be a frame for R™ (Exercise 1.11); in particular, if the
vectors { fr}}"; have real coordinates, they constitute a frame for R™. On
the other hand a frame for R" is automatically a frame for C™; we ask the
reader to prove this in Exercise 1.12.
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The canonical basis for C" consists of the vectors {d;}}_,, where d;
is the vector in C™ having 1 at the k-th entry and otherwise 0. We will
consequently identify vectors in C™ with their representation in this basis.

From elementary linear algebra, we know many equivalent conditions for
a set of vectors to constitute a basis for C™. Let us list the most important
characterizations:

Theorem 1.2.1 Consider n vectors in C™ and write them as columns in
an n X n matriz,

A1 Az - A

A21 Aa2 - - Ao,
A = . . . . .

)\nl )\n2 : : >\nn

Then the following are equivalent:
(i) The columns in A (i.e., the given vectors) constitute a basis for C™.
(i) The rows in A constitute a basis for C™.

(iii) The determinant of A is non-zero.

(iv) A is invertible.
(v) A defines an injective mapping from C"™ into C™.

(vi) A defines a surjective mapping from C™ onto C™.

(vii) The columns in A are linearly independent.

(viii) A has rank equal to n.

Recall that the rank of a matrix F is defined as the dimension of its
range Rp. We also remind the reader that any basis can be turned into
an orthonormal basis by applying the Gram—Schmidt orthogonalization
procedure.

We now turn to a discussion of frames for C™. Note that we consequently
identify operators V' : C" — C™ with their matriz representations with
respect to the canonical bases in C™ and C™. Letting {ej}}_, denote the
canonical orthonormal basis in C" and {é;}}" ; the canonical orthonormal
basis in C™, the matrix representation of V' is the m x n matrix, where the
k-th column consists of the coordinates of the image under V of the k-th
basis vector in V, in terms of the given basis in W. The jk-th entry in the
matrix representation is (Vey, €;).

In case {fr}}", is a frame for C", the pre-frame operator 7' defined in
(1.4) maps C™ onto C", and its matrix with respect to the canonical bases
in C" and C™ is
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I
=\ f fo - fm |, (1.15)
I
i.e., the n x m matrix having the vectors fj. as columns.

Since m vectors can at most span an m-dimensional space, we necessarily
have m > n when {f;}7, is a frame for C", i.e., the matrix T has at least
as many columns as rows.

We now show that frames { fi } 7", for C" naturally appear by projections
of certain bases in C"™ onto C™, i.e., by removal of some of the coordinates:

Theorem 1.2.2 Let {fi}}*, be a frame for C™. Then the following holds:

(i) The vectors fi can be considered as the first n coordinates of some
vectors gi in C™ constituting a basis for C™.

(11) If {fu}i is tight, then the vectors fy are the first n coordinates of
some vectors gy in C™ constituting an orthogonal basis for C™.

Proof. Let {fi}7, be an arbitrary frame for C”. Then m > n. Consider
the mapping

F:Ct'—C™, Fx={(z,fu)}iz.

F is the adjoint of the pre-frame operator T'. The matrix for F' with respect
to the canonical bases is the m xn matrix where the k-th row is the complex
conjugate of f, i.e.,

_E_
— f -

— fm -
If Fo =0, then 0 = ||Fz||> = >, [{z, fx)|?. Since span{fy}7, = C", it
follows that = 0, so F' is an injective mapping. We can therefore extend
F to a bijection F' of C™ onto C™: for example, still letting {J;}7, be
the canonical basis for C™, let {¢x}}L, ., be a basis for the orthogonal
complement of R in C™ and extend F' by the definition Féy = o, k=

n+1,n+2,...,m. The matrix for F' is an m X m matrix, whose first n
columns are the columns from F":
3 - A =1 1
F=1 - - | ¢ny1 - on
- fm - | | ! |

Since F is surjective, the columns span C™. The rank of the rows equals
the rank of the columns, so also the rows in F' span C™, and they are
linearly independent. Thus, they constitute a basis for C™.
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If {fr}7o, is a tight frame for C" with frame bound A and {d5}}_, still
denotes the canonical basis for C", Proposition 1.1.4 shows that

<TT*5Z,5]'> S A(Sjyl, j,l:].,...,n.

(I'T*6;,05) is the j, I-th entry in the matrix representation for 77, so this
calculation shows that the n rows in the matrix representation (1.15) for
T are orthogonal, considered as vectors in C™. By adding m — n rows we
can extend the matrix for 7" to an m X m matrix in which the rows are
orthogonal. Therefore the columns are orthogonal. O

Geometrically, Theorem 1.2.2 means that if {f;}}", is a frame for C",
then there exist vectors {hx}}; in C™ ™ such that the columns in the
m X n matrix

I
fl f2 T fm

I (1.16)
hi hy - + hnp

o

constitute a basis for C™.
For a given m x n matrix A, the following proposition gives a condition
for the rows constituting a frame for C".

Proposition 1.2.3 For an m x n matriz

)\11 /\12 T /\1n

>\21 >\22 c /\Zn
A= . . .. . ,

)\ml )\m2 T )\mn

the following are equivalent:

(i) There exists a constant A > 0 such that
n 2 n n
AY el < IMerdioll®, Ve ioy € €.
k=1

(ii) The columns in A constitute a basis for their span in C™.

(#ii) The rows in A constitute a frame for C™.

Proof. Denote the columns in A by g¢1,...,g,; they are vectors in C™.
By definition, (i) means that for all {c,}}_, € C",

n
AZ ek <
k=1

2
: (1.17)

n

Z Cr gk

k=1
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which is equivalent to {gx}}_, being a basis for its span in C" (use an ar-
gument like in the proof of Proposition 1.1.2). On the other hand, denoting

the rows in A by f1,..., fm, (i) can also be written as
N\ 2
1

n n 6
AZ |Ck|2 < Z (fre, . > ) V{ck}Z:l e C",
k=1 k=1

n

which is equivalent to (iii). O

Example 1.2.4 As an illustration of Proposition 1.2.3, consider the
matrix

1 0
A= 0 1
1 0

0

It is clear that the rows < (1) > , ( 1

) , ( (1) ) constitute a frame for C2.

1 0

The columns 01, 1 constitute a basis for their span in C3, but
1 0

the span is only a two-dimensional subspace of C3. ]

As an immediate consequence of the proof of Proposition 1.2.3, we have
the following useful fact:

Corollary 1.2.5 Let A be an m X n matriz. Denote the columns by
91,y gn and the rows by f1,..., fm. Given A, B > 0, the vectors { fr,} 7",
constitute a frame for C™ with bounds A, B if and only if

n n
AZ|Ck|2 < chgk
k=1 k=1

2 n
<BY el V{er}io € C™.
k=1

Example 1.2.6 Consider the vectors

0 0 0 x/% _

1 1
s |, “vs |, 1],] 0O |,

2 2 0 1
3 3 6

oot

(1.18)

g o
=
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in C3. Corresponding to these vectors, we consider the matrix

|
o O H%
Wl
=
wino

SSO o o
ol
29}

The reader can check that the columns {gk}zzl are orthogonal in C° and
all have length \/g . Therefore

3 5 3
chgk = §Z|Ck|2
k=1 k=1

for all ¢q,co,c3 € C. By Corollary 1.2.5, we conclude that the vectors
defined by (1.18) constitute a tight frame for C* with frame bound 2. The
frame is normalized. U

2

For later use, we state a special case of Corollary 1.2.5; we ask the reader
to provide the proof in Exercise 1.13.

Corollary 1.2.7 Let A be an m x n matriz. Then the following are
equivalent:

(i) A*A =1, the n x n identity matriz.
(i) The columns gi,...,gn in A constitute an orthonormal system in C™.

(iii) The rows fi,..., fm in A constitute a tight frame for C™ with frame
bound equal to 1.

1.3 The discrete Fourier transform

When working with frames and bases in C”, one has to be particularly
careful with the meaning of the notation. For example, we have used fy
and gi to denote vectors in C", whereas ¢ in general is the k-th coordinate
of a sequence {c;}}_; € C™, i.e., ¢ is a scalar. In order to avoid confusion,
we will change the notation slightly in this section. The key to the new
notation is the observation that to have a sequence in C" is equivalent to
having a function

f:A{L...,n} =G
the j-th entry in the sequence corresponds to the j-th function value f(j5).
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Our purpose is to consider a special orthonormal basis for C™. Given
f € C™, we denote the coordinates of f with respect to the canonical
orthonormal basis {dy }_; by {f(j)}j—;. For k = 1,...,n, we define vectors
er € C" by

1 L.
() = %e%rz(]—l)(k—l)/”’ i=1,....,n; (1.19)

that is

1
627‘(‘1‘(](:71)/71

1 6471"£(k:71)/n ] . 190
€ = % y =1,...Nn. ( . )

e27ri(n—1)(k—1)/n

Theorem 1.3.1 The vectors {ey}y_, defined by (1.19) constitute an
orthonormal basis for C™.

Proof. Since {ey}}_, are n vectors in an n-dimensional vector space, it
is enough to prove that they constitute an orthonormal system. It is clear
that |legx|| = 1 for all k. Now, given k # ¢,

1 n 1 n—1 )
ek,eﬁ _ EZ 2mi(j—1)(k—1) /n —27mi(j—1)(£=1)/n _ E ZeQﬂ'ZJ(k—Z)/n

Using the formula (1 —.%')(1 VST _|_1.n—1> =1—z" withz = eQTri(k—é)/n7
we get

11— (627ri(k7£)/n)n
<ek7 €é> = E 1— eZTri(k—e)/TL

=0. |

The basis {ej}}_, is called the discrete Fourier transform basis. Using
this basis, every sequence f € C" has a representation

f:i<faek>ek ZZf 727r7,€ 1)(k— 1)/
k=1 \/_

k=1/¢=1

Written out in coordinates, this means that

_ZZJC 72772(4 1)(k— 1)/ne27ri(j71)(k71)/n

k=1+¢=1

Zf 2772(] O®=D/n 5 -1, ... n.
=1¢=1

f@)
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Applications often ask for tight frames because the cumbersome inversion
of the frame operator is avoided in this case, see (1.9). It is interesting that
overcomplete tight frames can be obtained in C" by projecting the discrete
Fourier transform basis in any C™, m > n, onto C™:

Proposition 1.3.2 Let m > n and define the vectors { fi}7, in C™ by

1
1 827r72(k71)/m
Jk=—F1= : . k=1,2,...,m.

eQﬂ'i(n—l)(k—l)/m

Then {fi}7, is a tight overcomplete frame for C™ with frame bound equal
to one, and ||fi|| = /%= for all k.

Proof. Let {d;}}_; be the canonical basis for C", and let {ej}}L, be the
discrete Fourier transform basis for C™, i.e.,

1
e27r7,'(k71)/m

1 .
€k = ﬁ e2mi(n—1)(k=1)/m

e27'r1‘(m71)(k}71)/m

Identifying C™ with a subspace of C™, the orthogonal projection of e; onto
C™ is Peg = fx; now the result follows from Exercise 1.14. O

It is important to notice that all the vectors fj in Proposition 1.3.2 have
the same norm. If needed, we can therefore normalize them while keeping
a tight frame; we only have to adjust the frame bound accordingly. We
formulate the result as an existence result, but it is important to keep in
mind that we actually have an explicit construction:

Corollary 1.3.3 For any m > n, there exists a tight frame in C"
consisting of m normalized vectors.

Example 1.3.4 The discrete Fourier transform basis in C* consists of the
vectors

—_
=

[N}

I -
R

[\

—

[\

|

—
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Via Proposition 1.3.2, the vectors

2(1)2(0)2(4) 2 (%),

constitute a tight frame in C2. with frame bound one. The vectors have
length 1/4/2. Changing the length of the vectors, i.e., considering the

vectors
50505050

we obtain a tight frame with frame bound 2, consisting of normalized
vectors. O

1.4 Pseudo-inverses and the singular value
decomposition

It is well-known from linear algebra that not all matrices have an inverse.
Keeping in mind how useful inverses are, it is natural to search for some
types of “generalized inverses” in case no inverse exists; they should capture
at least some of the nice properties.

The right definition of a generalized inverse depends on the properties
we are interested in, and we shall only define the so-called pseudo-inverse.
Given an m X n matrix F, we consider it as a linear mapping of C" into
C™. F is not necessarily injective, but by restricting F to the orthogonal
complement of the kernel N, we obtain an injective linear mapping

E:Nz —»C™

E and F have the same range, Rz = Rg; thus F considered as a mapping
from Nz to Rp has an inverse,

(E)"':Rp — Ng.
We can extend (EN')_1 to an operator ET : C™ — C™ by defining
Elly+2)=(E) Yyifye Rg,z € Re. (1.21)
With this definition,
EE'z =z, Vo € Rp. (1.22)

The operator E' is called the pseudo-inverse of E. From the definition,
we immediately have that

Ngt =Rg =Ng-, Rgi =Np = Rp-. (1.23)

We state two characterizations of the pseudo-inverse:
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Proposition 1.4.1 Let E be an m X n matriz. Then

(i) Et is the unique n x m matriz for which EEY is the orthogonal
projection onto Ry and ETE is the orthogonal projection onto Ryt .

(ii) ET is the unique nxm matriz for which EEY and ETE are self-adjoint
and

EE'E=F, ETEET = E'.
Proof. We first prove the equivalence between the conditions stated in

(i) and (ii). If a matrix ET satisfies (i), it immediately follows that (ii) is
satisfied. On the other hand, if (ii) is satisfied, then

(EEY)? = EETEE' = EET.

Since EET is self-adjoint, it follows that EE' is the orthogonal projection
onto Rppi. Finally, the identity EETE = E shows that Rggt = Re. The
proof that ETE is the orthogonal projection onto R+ is similar. Thus (i)
is satisfied.

We now prove the equivalence between the properties in Proposition
1.4.1 and the definition (1.21) of the pseudo-inverse. First we note that
with our definition of the pseudo-inverse, the conditions in (i) are satisfied;
the main ingredients in the following argument are the relations (1.22) and
(1.23). In fact, if y € Rg, then EETy = y; and if y € R5 = N, then
EFETy = 0. This proves that EET is the orthogonal projection onto Rz.
Also, if y € R, = N, then ETEy = 0; and if y € Ry, y = E'fa for some
x, then

E'Ey=E'EE'x = E'x — EY(I - EE")z = ETx = y.

Here we used that I — EET is the orthogonal projection onto RE = Npt.
We have now proved that ETFE is the orthogonal projection onto R .

To conclude, we only have to prove that if a matrix ET satisfies (i) and
(ii), then it fulfills the requirements in the definition of the pseudo-inverse,
i.e., (1.21) is satisfied. First, we note that (ii) implies that

E* = (EE'E)* = (E'E)*E* = ETEE*;
this shows that
Nz =Rpg- C Ryt
Now, if y € R, then we can find x € N such that y = Ex; thus
Ely=E'Ex=0=(E)'Ex = (E)'y.
Finally, if z € R = Ng-, then by (i), EETz = 0; using (ii),
E'z=EEE"z=0. O

The pseudo-inverse gives the solution to an important minimization
problem:
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Theorem 1.4.2 Let E be an m X n matriz. Given y € Rg, the equation
Ex =y has a unique solution of minimal norm, namely x = E'y.

Proof. By (1.22), we know that x := E'y is a solution to the equation
Ex = y. All solutions have the form = = Efy + z, where z € Ng. Since
E'y € N&, the norm of the general solution satisfies that

l2]1* = [1Ey + 2|* = [Tl + |21

This expression is minimal when z = 0. 0

Historically, (i) and (ii) in Proposition 1.4.1 were given as definitions of a
“generalized inverse” by Moore, respectively Penrose. For this reason, the
pseudo-inverse is frequently called the Moore—Penrose inverse.

For computational purposes, it is important to notice that the pseudo-
inverse can be found using the singular value decomposition of E. We begin
with a lemma.

Lemma 1.4.3 Let E be an m X n matriz with rank r > 1. Then there

exist constants o1,...,0, > 0 and orthonormal bases {ux}},_, for Rg and
{ve}_, for Rg- such that
Evk = OkUk, k= 1,...,7”'. (124)

Proof. Observe that E*FE is a self-adjoint n x n matrix; by Theorem
1.1.8 this implies that there exists an orthonormal basis {vs}}_, for C”
consisting of eigenvectors for E*E. Let {\;}}!_, denote the corresponding
eigenvalues. Note that for each k,

Ak = Mel|ve]? = (E*Evg, vp) = || Evg]]* > 0.
The rank of E is given by
r=dimRg = dimRg-;
since R+ = Ny, we have
R+ = Re+g = span{E*Evy } ., = span{\gvy }1—;- (1.25)

Thus, the rank is equal to the number of non-zero eigenvalues, counted with
multiplicity. We can assume that the eigenvectors {vy }_, are ordered such
that {vx}},_, corresponds to the non-zero eigenvalues. Then (1.25) shows
that {vi}},_, is an orthonormal basis for R g-. Note that for k > r, we have
||Evg||* = (E* Bk, vg) =0, i.e.,

Ev, =0, k>r. (1.26)
Defining

U, Eug, k=1,...,nr,

1
=
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we therefore obtain that {uy}}_, spans Rg; and it is an orthonormal basis

for R because for all k,l =1,...,r we have
(ug,uy) = LL(Ev;{;,Evl)
VA VA
= L(E*Evk,vﬁ

VAR

[ Nk
= TI;<U1€7U1>

= Ok

Thus, the conditions in Lemma 1.4.3 are fulfilled with

OkZ\/Tk,k=1,...,T. 0

Lemma 1.4.3 leads to the singular value decomposition of E:

Theorem 1.4.4 Every m X n matric E with rank r > 1 has a
decomposition

D 0 X
E-U(0 O)V’ (1.27)
where U is a unitary m X m matriz, V is a unitary n X n matriz, and

0 0
matriz with positive entries o1, . ..,o0. in the diagonal.

( Do ) is an m X n block matriz in which D is an r X r diagonal

Proof. We use the proof of Lemma 1.4.3. Let {vy}}_, be the orthonormal
basis for C™ considered there, ordered such that {vj}}_, is an orthonormal
basis for Rg-. Let V be the n x n matrix having the vectors {vy}}_, as
columns. Extend the orthonormal basis {u}},_, for R to an orthonormal
basis {uy}7-, for C™ and let U be the m x m matrix having these vectors
as columns. Finally, let D be the r x r diagonal matrix having oy,...,0,
in the diagonal. Via (1.24) and (1.26),

EV = ( ouy - - opu. 0 - - 0 )
D 0
. ( b0 ) |
Multiplying with V* from the right gives the result. O
The numbers o71,...,0, are called singular values for E; the proof of

Lemma 1.4.3 shows that they are the square roots of the positive eigenvalues
for E*F.
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Corollary 1.4.5 With the notation in Theorem 1.4.4, the pseudo-inverse
of E is given by

D1 0
T *
E V( 0 0 )U , (1.28)
Dfl
where ( 0 0 is an n x m block matriz in which D~ is the r x r
matriz having 1/oq,...,1/0,. in the diagonal.

Proof. We check that the matrix Ef defined by (1.28) satisfies the
requirements in Proposition 1.4.1(ii). First, via (1.27),

D 0 D! 0
T _ * *
g = o (2 ) ( 0 )

1 0 X
- u(g )0

which shows that EET is self-adjoint. The proof that ETE is self-adjoint is
similar. Furthermore, using the derived expression for EET,

1 0 D 0

T * *

s = 010 )ou( D 0)y
= FE.

Similarly, one can verify that ETEET = BT, O

Let us return to the setting where {fx}}", is a frame for C" with pre-
frame operator T : C™ — C™. The calculation of the frame coefficients
amounts to finding the pseudo-inverse 7'

Theorem 1.4.6 Let {fi}7, be a frame for C", with pre-frame operator
T and frame operator S. Then

T = {(f, 57 fi)}ite, VfeC™ (1.29)

Proof. Let f € C™. Expressed in terms of the pre-frame operator T, the
equation f = >"", ¢k fr, means that T{c;}7"; = f. The result now follows
by combining Theorem 1.1.5 and Theorem 1.4.2. |

One interpretation of Theorem 1.4.6 is that when {fj }7, is a frame for
C", the matrix for T is obtained by placing the complex conjugate of the
vectors in the canonical dual frame {S~! f,}7, as rows in an m X n matrix:

ey
—STfy—
T — .

S
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In operator terms, (1.29) means that
T =T*(TT*)7 1,

a formula that is known to hold generally for the pseudo-inverse of an
arbitrary bounded surjective operator 7T

The singular value decomposition gives a natural way to obtain coeffi-
cients {c}", such that f =>"7" ¢ fr. Let {fi}}, be an overcomplete
frame for C" with pre-frame operator 7" : C™ — C". Considered as a
matrix, 7' is an n X m matrix, and we know that m > n. Since T is sur-
jective, its rank equals n, so according to Theorem 1.4.4 its singular value
decomposition is

T:U( D 0 )V*.
Note that D is now an n X n matrix; ( D 0 ) is an n X m matrix, U is

an n X n matrix, and V' is an m X m matrix. Given any (m —n) X n matrix
F and any f € C", we have that

D1\,
(5 o

U(D 0 )V*V( b )U*f

= UIU*f
1.

This means that we can use the coefficients
m Dil *
wha = v( %)y

for the reconstruction of f, regardless how the entries in the matrix F'
are chosen. By Corollary 1.4.5, the choice F' = 0 leads to the pseudo-
inverse, which, as noted already in Theorem 1.1.5, is optimal in the sense
that the £2-norm of the coefficients is minimized. However, there are many
cases where other properties than minimal ¢?-norm are more relevant. The

matrix
D1 y
v( : )U

is frequently called a generalized inverse of T.

1.5 Applications in signal transmission

Mathematically, the option of having overcompleteness in a frame makes
the concept more flexible than that of a basis: we have more freedom, which
enhances the chance that we can construct systems having prescribed prop-
erties. The overcompleteness is also useful in practice, e.g., in the context
of signal transmission. We will explain this in more detail below.
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Modern communication networks act by transporting packets of data.
Each packet contains the “essential information,” i.e., the data we want to
transmit, as well as a collection of “control parameters.” The purpose of
these extra parameters is to check that the data are delivered correctly: in
case an error occurs, no packet will be delivered at all. It is clear that if
there are no relationships between the various packets, the data belonging
to a lost packet cannot be recovered. However, if there is some redundancy
built into the system, i.e., relationships between the information in the
packets, there is some hope that at least parts of the missing data can be
recovered.

Mathematically, one can model the packets to transmit as frame coef-
ficients. Thus, a packet that is not delivered amounts to removal of an
element from the frame. If the frame was a basis, it would no longer be
a basis after removal of an element; however, if it is overcomplete, it is
possible that it remains a frame after deletion of an element.

In practice, one might lose more than one packet, i.e., more than one
frame element. Thus, we are facing the question of how to construct frames
that are stable toward removal of more than one element.

Let us formulate the relevant mathematical question in terms of frames
in C™. A frame for C™ needs to contain at least n elements. Thus, how can
we construct a frame {f;}7", for C",m > n, such that the set remains a
frame after removal of m — n arbitrary elements? We now show that the

m

frames { fx}}"; obtained in Proposition 1.3.2 behave optimally:

Proposition 1.5.1 Consider the frame { fi};"_, for C" defined in Propo-
sition 1.8.2. Any subset containing at least n elements of this frame forms
a frame for C".

Proof. Consider an arbitrary subset {kq, ko, ...k} C {1,2,...,m}. Plac-
ing the vectors { fx, }7_, as rows in an n x n matrix and letting z := e?>7%/™
we obtain that

—fp— 1 627ri(k1—1)/m L €2m‘(k1_1)(n_1)/m
—f]:— 1 1 e2milke—1)/m . . o2wi(k2—1)(n—1)/m
I - Um
—frn— 1 e2milka—1)/m . g2mi(kn—1)(n—1)/m
1 -1 o o Sk=D(n-1)
1 k=1 . Z(k‘z—l)(n—l)

1 an,1 L Z(knfl)(nfl)
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this is a Vandermonde matrix with determinant

1 e A, .
—7= 1 =S
ig=1,i#j
Thus, {fx, }"; is a basis for C" by Theorem 1.2.1. |

Not all frames behave as well as the one in Proposition 1.3.2: regardless
how many elements a frame has, it might happen that the removal of a
single particular element destroys the frame property (Exercise 1.17). If
we have information on the lower frame bound and the norm of the frame
elements, we can provide a criterion for how many elements we can (at
least) remove. We ask the reader to provide the proof, see Exercise 1.18.

Proposition 1.5.2 Let {f;}7", be a normalized frame for C" with lower
frame bound A > 1. Then, for any index set I C {1,...,m} with |I| < A,
the family { fx}xgr is a frame for C™ with lower bound A —|I|.

Theorem 1.1.12 shows that if { f }7*, is a tight normalized frame for C”,
then Proposition 1.5.2 applies if |I| < .

In the context of signal transmission, the overcompleteness of frames
has a very useful noise-suppressing effect. We will first give an intuitive
explanation and return to a more detailed statistical argument afterwards.
Let us assume that we want to transmit the signal f belonging to a vector
space V from a transmitter A to a receiver R. If both A and R have
knowledge of a frame {fj}7", for V, this can be done if A transmits the
coefficients {(f, fr)}}";; based on knowledge of these numbers, the receiver
R can reconstruct the signal f using the frame decomposition

F= A 1S fie
k=1

Now assume that R receives a noisy signal, i.e., a perturbation

{f, fr) + er}ie
of the correct coefficients. Based on the received coefficients, R will claim
that the transmitted signal was

m

(fsfu)+en) S e = Z<fafk>s_1fk+s_lzckfk
k=1 k=1

k=1 =

= f+57! chfk;
=1

this differs from the correct signal f by the term S~ >°0" | ex fr. I { e } 72,
is overcomplete, the pre-frame operator T{cj}7"; = Y - ¢k fr has a non-
trivial kernel, implying that parts of the noise contribution might add up
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to zero and cancel. This will never happen if {f;}}", is an orthonormal
basis! In that case

- 1
NS™ el = =

so (at least intuitively) each noise contribution will make the reconstruction
worse.

The above arguments can be refined using statistical models for noise.
Following [36], we will use this to analyze how one should choose the frame
{fx}7, in order to obtain the maximal noise-suppressing effect. Let us
again assume that A4 transmits the coefficients {(f, fx)}7~, to the receiver
R, and that R receives a noisy signal {(f, fx) + 7k }7~,. In contrast with
the simplified setting above, we now consider each noise component 7y as a
random variable; we will assume that each 7 has mean zero and variance
o?, and that 7, and 7, are uncorrelated for k # ¢. Letting E denote the
mean, these assumptions can be expressed as

Eln] =0, Elmpne = 00k, k,0=1,...,m. (1.30)

As above, based on the coefficients {(f, fx) + &}, the receiver will
reconstruct the signal as

F=Y_WE M) +m) S e =F+>_ S i
k=1 k=1
Thus, the difference between the reconstructed signal f and the original
signal f is
F=F=>_mS"fi.
k=1

Remember that f — f is a vector with n coordinates, which depend on the
random variables 7. The associated mean-square error MSE is defined by

1
MSE := —E||f ~ P

Now, inserting the expression for f — f shows that

MSE = —E(f-ff-f)
— %E ZZT)MM(Sflfk,Sflfﬁ
k=1 /(=1

- % SOS Elnend(S i, ST o).

k=1+¢=1
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Via the assumptions (1.30), this implies that

1 m m
MSE =~ 0%6e(S™ fu, S fe) = —aQZHS el (1.31)

k=1/¢=1

We now show that among all normalized frames containing a fixed number
of elements, this expression is minimized for tight frames. We will use the
following well-known lemma.

Lemma 1.5.3 Let {ar}}_, be a sequence of positive numbers. Then the
harmonic mean of the sequence is smaller than or equal to the arithmetic
mean, i.e.,

Zak
Zk 1 ap

The inequality is an equality if and only if all the ay are equal.

Theorem 1.5.4 Consider normalized frames {fi}7, for R™, where
n,m € N are fized. Among all such frames {fi}7,, the MSE is minimal
if and only if the frame is tight. The attained minimal value is

MSE = 52 (1.32)
m

Proof. Let Ai,...,\, denote the eigenvalues for the frame operator S
associated with {f}7 . By Theorem 1.1.12,

S =S lA2 = m. (1.33)
k=1 k=1

The frame {S™!f;}7, has S™! as frame operator, and this operator has
the eigenvalues A;*,..., A\ 1. Now, (1.31) together with Theorem 1.1.12
imply that

1, — 1 e 1
MSE = =52 “LRIP =202y —. 1.34
S oo ;HS Tell -t ;Ak (1.34)

Our goal is now to minimize the expression in (1.34) under the constraint
(1.33); equivalently, we want to mazimize the expression

1
1
k=1 3¢
under the condition that > ;,_; Ay = m. According to Lemma 1.5.3, this
happens if and only if all eigenvalues Ay are equal, i.e., for

M= k=1,....m
n



30 1. Frames in Finite-dimensional Inner Product Spaces

This implies that {fx}}", is a tight frame with frame bound m/n. The
attained minimal value of the mean-square error is

I o= 1 1
MSE = —022— = —crznﬁ = 202. O
no £ 1)% n m m

The expression (1.32) shows that for a fixed value of n € N, the MSE
decreases when the number of elements in the frame increases, i.e., for
higher redundancy. In this sense, the redundancy in a frame helps to reduce
the mean-square error.

1.6 Exercises

1.1 Prove that the adjoint of the pre-frame operator T in (1.4) is given
by the expression in (1.5).

1.2 Prove Proposition 1.1.4. (Hint: use that if U is a linear self-adjoint
map on V for which (Uz,z) =0 for all x € V, then U = 0; see
Lemma 2.4.3.)

1.3 Show that every frame { fx}}", for a finite-dimensional vector space
V' contains a subset that is a basis for V.

1.4 Can a frame in a finite-dimensional space contain infinitely many
elements?

1.5 Let {fi}rer be a frame for a finite-dimensional vector space V' and
assume that || fx|| is bounded below. Prove that I is finite. (w.l.o.g.
you may assume that V' =R"™ and that || fx|| = 1, Vk; explain why
if you want to use this fact!)

1.6 Find a non-canonical dual frame associated with the frame
considered in Example 1.1.6.

1.7 Construct a frame {fj}7, for C? for which there exists f € C?
such that the coefficients {dy }}"_; in Theorem 1.1.10 are not unique.

1.8 Let {e1,ea} be the canonical orthonormal basis for C2 and consider
the frame {fx}3_, = {e1,e2,€1 + €2}.

(i) Find the coefficients with minimal /?>-norm among all sequences
: 3
{ex}i_, for which ey = Y7, ek f-
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(ii) Find the coefficients {c,(:)}%zl and {c](f)}%zl that minimize the
¢'-norm in the representation of e; and ey, respectively.

(iii) Clearly, e1 + e3 = Zizl(cg) + cff))fk; but is {c,(:) + c,(f) pa
minimizing the ¢!-norm among all sequences representing
e1 +ea?

1.9 Prove Corollary 1.1.11.

1.10 Let {ex}}_; be an orthonormal basis for V. Prove that any family
{gx}}_, of vectors in V for which

n 1/2
R = (ZHek—ngz) <1
k=1

is a basis for V. (Hint: use

n n n
Z Ck9k = chek - ch(ek = 9k)
k=1 k=1 k=1
to prove that 22:1 crkgr 7 0 whenever at least one ¢, is non-zero.)

1.11 Assume that {f}7~, is a frame for C™. Prove that the 2m vectors
consisting of the real parts, respectively the imaginary parts, of
the frame vectors constitute a frame for R".

1.12 Show that a frame for R™ is also a frame for C".
1.13 Prove Corollary 1.2.7.

1.14 Let {fx}}", be a frame for V' with bounds A, B and let P denote
the orthogonal projection of V' onto a subspace W. Prove that
{Pfir}i, is a frame for W with frame bounds A, B.

1.15 Let {fx}}, be a normalized tight frame. Prove that the frame
bound A is at least 1, and that A = 1 if and only if {fi}}", is
an orthonormal basis.

1.16 Let {fi}7, be a frame for an n-dimensional vector space V', and
let B denote the optimal upper bound. Prove that

m
B<Y |Ifill> <nB.

k=1
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1.17 (i) Find a frame in C? with 10 elements, having the property that

1.18

1.19

1.20

1.21

1.22

removal of a single element might destroy the frame property.

(ii) Let {fx}7, be a frame for C", m > n. Under which condition
on f1 will it happen that removal of f; destroys the frame
property?

Prove Proposition 1.5.2.

Prove that for any n € N, the polynomials {1,x,...,z"} are
linearly independent in the vector space C(0,1).

Consider the polynomials {1, z,2%} as functions on the interval
[0,1], and let V = span{1,x,2?}. Equip V with the inner product

1
(f.g) = /O (@) @)da.

Find an orthonormal basis for V.

Let {\r}7_; be a sequence of real numbers. Assume that Ay # A;
for k # j. Let I C R be an arbitrary non-empty interval, and
consider the complex exponentials {ei’\”}};:l as functions on 1.
Prove that the functions {e“‘k”}};=1 are linearly independent.

Let {A\x}}_, be a sequence of real numbers.

(i) Prove that {cos A\yz}}_, are linearly independent in C'(—1,1) if
and only if |A\g| # |);] for k # 3.

(ii) Prove that {sin Apz}}!_, are linearly independent in C'(—1,1)
if and only if all A are non-zero and |Ag| # |\;| for k # j.

(iii) Under which conditions on sequences { g }i_, {1, are
the functions

{cos \px}i_q U {sinppz}is,
linearly independent in C(—1,1)?

(iv) Replace the interval |—1, 1] by an arbitrary non-empty interval
and generalize (i), (ii), and (iii).
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Infinite-dimensional Vector Spaces
and Sequences

After the introduction to frames in finite-dimensional vector spaces in
Chapter 1, the rest of the book will deal with expansions in infinite-
dimensional vector spaces. Here great care is needed: we need to replace
finite sequences {fx}}?_, by infinite sequences {fx}%2,, and suddenly the
question of convergence properties becomes a central issue. The vector
space itself might also cause problems, e.g., in the sense that Cauchy se-
quences might not be convergent. We expect the reader to have a basic
knowledge about these problems and the way to circumvent them, but
for completeness we repeat the central themes in Sections 2.1-2.4. Sec-
tion 2.5 deals with pseudo-inverse operators; this subject is not expected
to be known and is treated in more detail. Section 2.6 introduces the so-
called moment problems in Hilbert spaces. In Sections 2.7-2.9, we discuss
the Hilbert space L?(R) consisting of the square integrable functions on
R and three classes of operators hereon, as well as the Fourier transform.
The material in those sections is not needed for the study of frames and
bases on abstract Hilbert spaces in Chapter 3 (except Section 3.5 and Sec-
tion 3.6) and Chapter 5, but it forms the basis for all the constructions in
Chapters 7-11.

2.1 Normed vector spaces and sequences

A central theme in this book is to find conditions on a sequence {f:}
in a vector space X such that every f € X has a representation as a

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_2,
(© Springer Science+Business Media, LLC 2008
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superposition of the vectors fr. In most spaces appearing in functional
analysis, this cannot be done with a finite sequence { f}. We are therefore
forced to work with infinite sequences, say, { fx }72 |, and the representation
of f in terms of {f}72, will be via an infinite series. For this reason, the
starting point must be a discussion of convergence of infinite series. We
collect the basic definitions here together with some conventions.

Throughout the section, we let X denote a complex vector space. A
norm on X is a function || - || : X — [0, oo[ satisfying the following three
conditions:

(i) l[z]| =0« z =0;
(ii) [laz|| = |af ||z]|, Ve € X, a € C;
(iii) [lz +yl| < [lz]] + llyll, Vz,y € X.
In situations where more than one vector space appear, we will frequently
denote the norm on X by ||-||x. If X is equipped with a norm, we say that

X is a normed vector space. The opposite triangle inequality is satisfied in
any normed vector space:

o=yl = | llell =yl 1, @,y € X. (2.1)
We say that a sequence {zx}72, in X
(i) converges to x € X if
||z — xk|| — 0 for k — oo;
(ii) is a Cauchy sequence if for each € > 0 there exists N € N such that
[|zr — 2;|| < € whenever k,1 > N.

A convergent sequence is automatically a Cauchy sequence, but the op-
posite is not true in general. There are, however, normed vector spaces in
which a sequence is convergent if and only if it is a Cauchy sequence; a
space X with this property is called a Banach space.

Imitating the finite-dimensional setting described in Chapter 1, we want
to study sequences {f }7°, in X with the property that each f € X has a
representation f = Zzozl ¢ fr for some coefficients ¢, € C. In order to do
so, we have to explain exactly what we mean by convergence of an infinite
series. There are, in fact, at least three different options; we will now discuss
these options.

First, the notation { fj};2, indicates that we have chosen some ordering
of the vectors fy,

J1, fos fay ooy Joos T, - -

We say that an infinite series > oo ¢i fi is convergent with sum f € X if

= crf

k=1

— 0 asn — oo.
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If this condition is satisfied, we write
F=Y crhr. (2.2)
k=1

Thus, the definition of a convergent infinite series corresponds exactly to
our definition of a convergent sequence with z,, = > ;_, ¢ fx.

Above we insisted on a fixed ordering of the sequence {fi}72,. It is
very important to notice that convergence properties of Zzo:l ¢k fr not
only depend on the sequence {f;}7°, and the coefficients {c;}72, but also
on the ordering. Even if we consider a sequence in the simplest possible
Banach space, i.e., a sequence {a;}72, in C, it can happen that > =, ax
is convergent but that Zzozl aq (k) s divergent for a certain permutation o
of the natural numbers (Exercise 2.1). This observation leads to the second
definition of convergence. If { f;}32 is a sequence in X and Y77, foa is
convergent for all permutations o, we say that Y .- | fi is unconditionally
convergent. In that case, the limit is the same regardless of the order of
summation.

Finally, an infinite series Y, | fx is said to be absolutely convergent if

o0
> lIfll < oo
k=1

In any Banach space, absolute convergence of Y ;- fx implies that the
series converges unconditionally (Exercise 2.2), but the opposite does not
hold in infinite-dimensional spaces. In finite-dimensional spaces, the two
types of convergence are identical.

A subset Z C X (countable or not) is said to be dense in X if for each
f € X and each € > 0 there exists g € Z such that

Ilf —gll <e

In words, this means that elements in X can be approximated arbitrarily
well by elements in Z.

For a given sequence { f } 72, in X, we let span{ f } 7, denote the vector
space consisting of all finite linear combinations of vectors fj. The definition
of convergence shows that if each f € X has a representation of the type
(2.2), then each f € X can be approximated arbitrarily well in norm by
elements in span{f,}7° |, i.e.,

spam{ fi}i2, = X. (2.3)

A sequence {fx}¢2, having the property (2.3) is said to be complete or
total. We note that there exist normed spaces where no sequence {f}7
is complete. A normed vector space, in which a countable and dense family
exists, is said to be separable.

When we speak about a finite sequence, we mean a sequence {cy}7°
where at most finitely many entries ¢, are non-zero.
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2.2 Operators on Banach spaces

Let X and Y denote Banach spaces. An linear map U : X — Y is called an
operator, and U is bounded or continuous if there exists a constant K > 0
such that

|Uz|ly < K ||z||x, V2 € X. (2.4)

Usually, it will be clear from the context which norm we use, so we will
write || - || for both || - || x and || - ||y. The norm of the operator U, denoted
by ||U]|, is the smallest constant K that can be used in (2.4). Alternatively,

U] = sup {[|Uz|| : =€ X, [[z]] = 1}.

If Uy and U, are operators for which the range of Us is contained in the
domain of Uy, we can consider the composed operator U, Us; if Uy and Us
are bounded, then also U;Us is bounded, and

UL Us|| < [[TA]] [|Uz]|- (2.5)

Now consider a sequence of operators U, : X — Y, n € N, which
converges pointwise to a mapping U : X — Y| i.e.,

U,v - Ux, asn — oo, Vr € X.

We say that U,, converges to U in the strong operator topology. The Banach—
Steinhaus Theorem, also known as the wuniform boundedness principle,
states the following:

Theorem 2.2.1 Let U, : X — Y, n € N, be a sequence of bounded op-
erators, which converges pointwise to a mapping U : X — Y. Then U is

linear and bounded. Furthermore, the sequence of norms ||U,|| is bounded,
and ||U]| < liminf ||U,].

An operator U : X — Y is invertible if U is surjective and injective. For a
bounded, invertible operator, the inverse operator is bounded:

Theorem 2.2.2 A bounded bijective operator between Banach spaces has
a bounded inverse.

In case X =Y, it makes sense to speak about the identity operator I on
X. The Neumann Theorem states that an operator U : X — X is invertible
if it is close enough to the identity operator:

Theorem 2.2.3 If U : X — X is bounded and ||I — Ul|| < 1, then U is
invertible, and

Ut= i([ —U)k. (2.6)

k=0
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Furthermore,

1

MM< —
W= T

Note that (2.6) should be interpreted in the sense of the operator norm,
i.e., as

N

U=y (I-U)*

k=0

— 0as N — oo.

2.3 Hilbert spaces

A special class of normed vector spaces is formed by inner product spaces.
Recall that an inner product on a complex vector space X is a mapping
(-,-): X x X — C for which

(1) (az + By, 2) = az,2) + By, 2), Vo,y,2 € X, o, B € C;
(i) (z,y) = (y, ), Va,y € X;
(iii) (z,z) >0, Vz € X, and (z,2) =0 < = = 0.

Note that we have chosen to let the inner product be linear in the first
entry. It implies that the inner product is conjugated linear in the second
entry. Frequently, the opposite convention is used in the literature.

A vector space X with an inner product (-,-) can be equipped with the
norm

2| := /T2, @ € X.

If X is a Banach space with respect to this norm, then X is called a Hilbert
space. We reserve the letter H for these spaces. We will always assume that
H is non-trivial, i.e., that H # {0}. The standard examples are the spaces
L?(R) and ¢*(N) discussed in Section 2.7.

In any Hilbert space H with an inner product (-,-), Cauchy—Schwarz’
inequality holds: it states that

[z o) <l lyll, v,y €™

Two elements x,y € H are orthogonal if (x,y) = 0; and the orthogonal
complement of a subspace U of H is

Ut={zecH: (z,y) =0, Vy € U}.

The above definitions and results are valid whether H is finite-
dimensional or infinite-dimensional. Also note that norms and inner
products are defined in a similar way on real vector spaces (just replace
the scalars C by the real scalars R).
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We state a few elementary results concerning Hilbert spaces that will be
used repeatedly during the book. The proof of the first is left to the reader
as Exercise 2.3.

Lemma 2.3.1 For a sequence {x};°, in a Hilbert space H the following
are equivalent:

(1) {xk}2, is complete.

(i1) If (x,x1) =0 for all k € N, then x = 0.

Among the linear operators on a Hilbert space, a special role is played

by the continuous linear operators U : H — C. They are called functionals
and are characterized in Riesz” Representation Theorem:

Theorem 2.3.2 Let U : H — C be a continuous linear mapping. Then
there exists a unique y € H such that Uz = (z,y) for all z € H.

The uniqueness of the element y € H associated with a given functional
has the following important consequence.

Corollary 2.3.3 Let ‘H be a Hilbert space. Assume that x,y € H satisfy
that

(x,2) = (y,2), Vz € H.
Then x = y.

Finally, we note that the norm of an arbitrary element x € H can be
recovered based on the inner product between x and the elements in the
unit sphere in H:

Lemma 2.3.4 For any x € 'H,

|z|| = sup [{z,y)].
llyll=1

2.4 Operators on Hilbert spaces

Let U be a bounded operator from the Hilbert space (K, (-, )x) into the
Hilbert space (H, (-, )%). The adjoint operator is defined as the unique
operator U* : H — K satisfying that

(x,Uy)y, = (U z,y), Ve € H,y € K.

Usually, we will write (-, ) for both inner products; it will always be clear
from the context in which space the inner product is taken.

We collect some relationships between U and U™; the proofs can be found
in, e.g., Theorem 4.14 and Theorem 4.15 in [60].
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Lemma 2.4.1 Let U : K — H be a bounded operator. Then the following
holds:

(i) [|U[] = [|U*]], and |[UU*|| = ||U]>.

(i1) Ry is closed in H if and only if Ry~ is closed in K.

(iii) U is surjective if and only if there exists a constant C' > 0 such that

Uyl = C llyll, vy e H.

In the rest of this section, we consider the case K = H. A bounded
operator U : H — H is unitary if UU* = U*U = [. If U is unitary, then

(Uz,Uy) = (z,y), Y,y € H.

A bounded operator U : H — H is self-adjoint if U = U*. When U is
self-adjoint,

Ul = sup [(Uz,z)|. (2.7)

[lzll=1

For a self-adjoint operator U, the inner product (Uz,x) is real for all
x € H. One can introduce a partial order on the set of self-adjoint operators
by

U, <U; & <U1$,(E> < <U2£L',£E>, Vo € H.

Using this order, one can work with self-adjoint operators almost as
with real numbers. For example, under certain conditions it is possible to
“multiply” an operator inequality with a bounded operator. The precise
statement below can be found in [43]:

Theorem 2.4.2 Let Uy,Us,Us be self-adjoint operators. If U; < Us,
Us > 0, and Uz commutes with Uy and Us, then U Uz < UsUs.

An important class of self-adjoint operators consists of the orthogonal
projections. Given a closed subspace V' of H, the orthogonal projection of
‘H onto V is the operator P : H — H for which

Pr=z, z€V, Pt=0 zeV*.
If {ex}72, is an orthonormal basis for V, the operator P is given explicitly
by

oo

Pz = Z(Js, eryer, * € H.

k=1

In case H is a complex Hilbert space and U is a bounded operator on H,
a direct calculation gives that

AUr,y) = Ul ty)z+y) — U —y),z-y)
+i(U(z +iy), . + iy) — i(U(x —iy),x —iy). (2.8)
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In particular, we can recover the inner product in H from the norm by
Hz,y) = lz+yll® = llz =yl +illz +iyll* —i [l —iy|?, 2,y € K,

a result that is known as the polarization identity.

Lemma 2.4.3 Let U : H — H be a bounded operator, and assume that
(Uzx,x) =0 for all x € H. Then the following holds:

(i) If H is a complex Hilbert space, then U = 0.
(ii) If H is a real Hilbert space and U is self-adjoint, then U = 0.

Proof. If H is complex, we can use (2.8); thus, if (Uz,z) = 0 for all z € H,
then (Uz,y) =0 for all 2,y € H, and therefore U = 0.

In case H is a real Hilbert space, we must use a different approach. Let
{ex}72, be an orthonormal basis for . Then, for arbitrary j,k € N,

0 = (Uler+ey),ex+ej)
= (Uex,er) + (Uej, e5) + (Uex, €5) + (Uej, ex)
= (Ueg,ej) + (e;,Uey)
= 2(Uej,en);
therefore U = 0. O

Note that without the assumption U = U*, the second part of the lemma
would fail; to see that, let U be a rotation of 90° in R2.

A bounded operator U : H — H is positive if (Uz,z) > 0, Vo € H. On
a complex Hilbert space, every bounded positive operator is self-adjoint.
For a positive operator U, we will often use the following result about the
existence of a square root, i.e., a bounded operator W such that W2 = U:

Lemma 2.4.4 FEvery bounded and positive operator U : H — H has
a unique bounded and positive square root W. The operator W has the
following properties:

(i) If U is self-adjoint, then W is self-adjoint.
(i) If U is invertible, then W is also invertible.

(ii) W can be expressed as a limit (in the strong operator topology) of a
sequence of polynomials in U, and commutes with U.

2.5 The pseudo-inverse operator

It is well-known that not all bounded operators U on a Hilbert space H
are invertible: an operator U needs to be injective and surjective in order
to be invertible. We will now prove that if an operator U has closed range,
there exists a “right-inverse operator” U in the following sense:
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Lemma 2.5.1 Let 'H,K be Hilbert spaces, and suppose that U : K — H
15 a bounded operator with closed range Ry . Then there exists a bounded
operator UT : H — K for which

UUTe =z, Vz € Ry. (2.9)

Proof. Consider the restriction of U to an operator on the orthogonal
complement of the kernel of U, i.e., let

U:= Upnt ‘N — H.
Clearly, U is linear and bounded. U is also injective: if Uz = 0, it follows
that € Nt N Ny = {0}. We now prove that the range of U equals the

range of U. Given y € Ry, there exists € K such that Uz = y. By writing
T = x1 + 22, where 1 € NiF, z2 € Ny, we obtain that

Uz =Uzxy = Uz +x2) =Ux = y.
It follows from Theorem 2.2.2 that U has a bounded inverse
U 'Ry — N
Extending U1 by zero on the orthogonal complement of Ry we obtain a

bounded operator UT : H — IC for which UUTz = z for all x € Ry . O

The operator U' constructed in the proof of Lemma 2.5.1 is called the
pseudo-inverse of U. In the literature, one will often see the pseudo-inverse
of an operator U with closed range defined as the unique operator UT
satisfying that

Nut =R, Ryt =Ni, and UU'z = z,2 € Ry; (2.10)
this definition is equivalent to the above construction (Exercise 2.4). We
collect some properties of UT and its relationship to U.

Lemma 2.5.2 Let U : K — H be a bounded operator with closed range.
Then the following holds:
(i) The orthogonal projection of H onto Ry is given by UUT.
(ii) The orthogonal projection of KC onto R+ is given by UTU.
(i4i) U* has closed range, and (U*) = (UT)*.
(iv) On Ry, the operator Ut is given explicitly by
Ut =ur(uu)h (2.11)

Proof. All statements follow from the characterization of U in (2.10).
For example, it shows that

UU' =T on Ry and that UUT = 0 on N+ = RE;
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this gives (i) by the definition of an orthogonal projection. The proof of
(ii) is similar. That Ry- is closed was stated already in Lemma 2.4.1; thus
(U*)T is well defined. That (U*)T equals (UT)* follows by verifying that
(UT)* satisfies (2.10) with U replaced by U*. Finally, UU* is invertible as
an operator on Ry, and the operator given by

U*(UU*)"! on Ry, and 0on Ry
satisfies the conditions (2.10) characterizing U'. O

The pseudo-inverse gives the solution to an important optimization
problem:

Theorem 2.5.3 Let U : K — H be a bounded surjective operator. Given
y € 'H, the equation Uz = y has a unique solution of minimal norm, namely
x=UTy.

The proof is identical with the proof of Theorem 1.4.2.

2.6 A moment problem

Before we leave the discussion of abstract Hilbert spaces, we mention a
special class of equations, known as moment problems. For the purpose of
the current book, they are only needed in Section 7.4.

The general version of a moment problem is as follows: given a collec-
tion of elements {zy}72 ; in a Hilbert space H and a sequence {ay}32, of
complex numbers, can we find an element x € H such that

(x,xr) = a, for all k € N?
We will only need a special moment problem:

Lemma 2.6.1 Let {z;}I_, be a collection of vectors in H and consider
the moment problem

R 22
Then the following are equivalent:
(i) The moment problem (2.12) has a solution x.
(ii) If Zszl crxr = 0 for some scalar coefficients ¢y, then ¢; = 0.
(iii) x1 ¢ span{xy .

In case the moment problem (2.12) has a solution, it can be chosen of the
form x = chvzl dixy for some scalar coefficients dy,.
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Proof. Assume first that (i) is satisfied, i.e., (2.12) has a solution x. Then,
if Z,iv:l iy, = 0 for some coefficients {cx Y, we have that

N N
0=(z,> crwr) =Y crlz, ) =,
k=1 k=1

i.e., (ii) holds. Now assume that (ii) is satisfied. Then z1 ¢ span{z;}_,.
Let P denote the orthogonal projection of H onto span{zy}_,, and put
@ =x; — Pxy. Then

(p,21) = (21 = Pr1,21 — Pay) + (21 — Pay, Pry) = ||z — Paa]]? #0,
and (@, zr) =0 for k =2,..., N. Thus, the element

ri=—
|21 — Py ?
solves the moment problem (2.12), i.e., (i) is satisfied. The equivalence of

(ii) and (iii) is clear. In case the equivalent conditions are satisfied, the
construction of x in (2.13) shows that = € span{zy }5_,. O

(2.13)

2.7 The spaces LP(R), L?*(R), and ¢*(N)

The most important class of Banach spaces is formed by the LP-spaces,
1 < p < . Before we define these spaces, we will remind the reader about
some basic facts from the theory of integration. The proofs and further
results can be found in any standard book on the subject, e.g., [59].

We begin with Fatou’s Lemma. For our purpose, it is enough to consider
the case of the Lebesgue measure on the real axis R, equipped with the
(Borel-) measurable sets:

Lemma 2.7.1 Let f, : R — [0,00], n € N be a sequence of measurable
functions. Then the function liminf,,_. . f,, is measurable, and

/ liminf f,(z) de < liminf Jn(z) da.

Lebesgue’s Dominated Convergence Theorem is the main tool to inter-
change limits and integrals:

Theorem 2.7.2 Suppose that f, : R — C, n € N is a sequence of mea-
surable functions, that f,(x) — f(x) pointwise as n — oo, and that there
exists a positive, measurable function g such that |fn] < g for alln € N
and ffooo g(z)dx < oo. Then f is integrable, and

lim h fulx)de = /OO f(z)dx.

n—oo
— 00
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A null set is a measurable set with measure zero. A condition holds
almost everywhere (abbreviated a.e.) if it holds except on a null set.

We are now ready to define the Banach spaces LP(R) for 1 < p < cc.
First, we define L>°(R) as the space of essentially bounded measurable
functions f : R — C, equipped with the essential supremums-norm. For
1 <p< oo, LP(R) is the space of functions f for which |f|? is integrable
with respect to the Lebesgue measure:

LP(R) := {f :R — C | f is measurable and /

— 00

)l de <o .

The norm on LP(R) is

i=(/" If(w)pdx)l/p.

To be more precise, LP(R) consists of equivalence classes of functions that
are equal almost everywhere, and for which a representative (and hence all)
for the equivalence class satisfies the integrability condition. In order not
to be too tedious, we adopt the standard terminology and speak about
functions in LP(R) rather than equivalence classes.

The case p = 2 plays a special role: in fact, the space

L*(R) = {f R — C | f is measurable and/ dx<oo}

is the only one of the LP(R)-spaces that can be equipped with an in-
ner product. Actually, L?(R) is a Hilbert space with respect to the inner
product

/ flx dx f.g € L*(R).

In L?(R), Cauchy—Schwarz’ inequality states that for all f,g € L*(R),

[ s < ([~ swre)” ([ awea)”

The spaces L?(£2), where € is an open subset of R, are defined similarly.
According to the general definition, a sequence of functions {gy}z, in
L?(Q) converges to g € L*(9) if

1/2
llg — 9k||—(/ lg(z |2d$> —0as k — oo.

Convergence in L? is very different from pointwise convergence. As a
positive result, we have Riesz” Subsequence Theorem:
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Theorem 2.7.3 Let QO C R be an open set, and let {gi} be a sequence in
L2(Q) that converges to g € L*(2). Then {gi} has a subsequence {gn, }3,
such that

g(z) = lim gy, (v)

k—oo

for a.e. x € Q.

The result holds no matter how we choose the representatives for the
equivalence classes. This is typical for this book, where we rarely deal with a
specific representative for a given class. There are, however, a few important
exceptions. When we speak about a continuous function, it is clear that we
have chosen a specific representative, and the same is the case when we
discuss Lebesgue points. By definition, a point y € R is a Lebesgue point
for a function f if

e—0 € 1
—1e

1 [vtae
lim — — dx = 0.
/y F) - f(o)] da

If f is continuous in y, then y is a Lebesgue point (Exercise 2.5). More
generally, one can prove that if f € L'(R), then almost every y € R is a
Lebesgue point.

It is clear from the definition that different representatives for the same
equivalence class will have different Lebesgue points. For example, every
y € R is a Lebesgue point for the function f = 0; changing the definition
of f in a single point y will not change the equivalence class, but y will no
longer be a Lebesgue point. See Exercise 2.5 for some related observations.

The discrete analogue of L?(R) is ¢2(I), the space of square sumable
scalar sequences with a countable index set I:

52(1) = {{xk}ke[ ‘ T € (C, Z |$k|2 < OO} .

kel

The definition of the space ¢2(I) corresponds to our definition of L?(R)
with the set R replaced by I and the Lebesgue measure replaced by the
counting measure. £2(I) is a Hilbert space with respect to the inner product

ek doed) = 3 o
kel

in this case, Cauchy—Schwarz’ inequality gives that

Z TEYk

kel

2

< Z || Z lyel?, {@ntrer, {yrtrer € (D).

kel kel

We will frequently use the discrete version of Fatou’s lemma:
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Lemma 2.7.4 Let I be a countable index set and f,, : I — [0,00], n € N,
a sequence of functions. Then

Zlirr_l}inf fu(k) < lirr_l)infz fn(k).

kel kel

2.8 The Fourier transform and convolution
For f € L'(R), the Fourier transform f : R — C is defined by

() 1:[ f(z)e 2™V dz, v € R.

Frequently, we will also denote the Fourier transform of f by Ff.

If (L' N L?)(R) is equipped with the L?(IR)-norm, the Fourier transform
is an isometry from (L' N L?)(R) into L3(R). If f € L?(R) and {fr}32, is
a sequence of functions in (L' N L?)(R) that converges to f in L?-sense,
then the sequence { fk}zozl is also convergent in L?(R), with a limit that is
independent of the choice of {f}72 . Defining

f:: lim fk
k—o00

we can extend the Fourier transform to a unitary mapping of L?(R) onto
L?(R). We will use the same notation to denote this extension. In particular,
we have Plancherel’s equation:

(f.9) = (f.9), ¥f,g € L*(R), and ||| = ||f]I. (2.14)

If f € L*(R), then f is continuous. If the function f as well as f belong
to L1(R), the inversion formula describes how to come back to f from the
function values f(7v), see [2]:

Theorem 2.8.1 Assume that f, f € L*(R). Then
flz) = / f()eX™ ™ dy, ae. x € R. (2.15)

If f is continuous, the pointwise formula (2.15) holds for all x € R. In
general, it holds at least for all Lebesgque points for f.

Given two functions f, g € L'(R), the convolution f*g : R — C is defined
by

fxaly) = / fly —x)g(x)dz, y € R.
The function f * g is well defined for all y € R and belongs to L'(R). If

f € LY(R) and g € L*(R), the convolution f * g(y) is well defined for a.e.
y € R and defines a function in L?(R).
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The Fourier transform and convolution are related by the following
important result.

Theorem 2.8.2 If f,g € L'(R), then f/*\g(fy) = f(Y)§(y) for all v € R;
if f € LY(R) and g € L*(R), the formula holds for a.e. v € R.

2.9 Operators on L*(R)

In this section, we consider three classes of operators on L?(R) that will play
a key role in our analysis of Gabor frames and wavelets. Their definitions
are as follows:

Translation by a € R, T, : L*(R) — L*(R), (T.f)(x) = f(x —a); (2.16)
Modulation by b € R, Ey : L*(R) — L*(R), (Epf)(z) = 2™ f(x); (2.17)
1
Dilation by a £ 0, D, : L*(R) — L*(R), (Dof)(z) = N FE). (218)
a a

A comment about notation: we will usually skip the parentheses and
simply write T, f(z), and similarly for the other operators. Frequently, we
will also let Ej, denote the function z — 27 We collect some of the most
important properties for the operators in (2.16)—(2.18):

Lemma 2.9.1 The translation operators satisfy the following:
(i) T, is unitary for all a € R.
(ii) For each f € L*(R), the mapping y — T, f is continuous from R to
L?(R).
Similar statements hold for Ey,b € R, and D, a # 0.

Proof. Let us prove that the operators T, are unitary. Since

(Tuf.g) /fx—a (@) da =/f o +a)da
= (f,T-a9), Vf,g € L*(R),

we see that T) = T_,. On the other hand, T is clearly an invertible
operator with 7! =T, so we conclude that T, ! = T*.

To prove the continuity of the mapping y — 7}, f, we first assume that
the function f is continuous and has compact support, say, contained in the
bounded interval [c, d]. For notational convenience, we prove the continuity

in yo = 0. First, for y €] — %, 1] the function

¢(x) =Ty f(x) = Ty f(x) = flz —y) — f(z)
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has support in the interval [—% +c,d+ %] Since f is uniformly continuous,
we can for any given € > 0 find § > 0 such that

|f(x —y) — f(x)] <€ for all z € R whenever |y| < J;
with this choice of §, we thus obtain that

14d 1/2
T, f —Tyfll = (/ |f<x—y>—f<x>2da:>

7%4»6
< evd—c+1.

This proves the continuity in the considered special case. The case of an
arbitrary function f € L?(R) follows by an approximation argument, using
that the continuous functions with compact support are dense in L?(R)
(Exercise 2.6). The proofs of the statements for Ej and D, are left to the
reader (Exercise 2.7). O

Chapters 9-11 will deal with Gabor systems and wavelet systems in
L?(R); both classes consist of functions in L?(R) that are defined by com-
positions of some of the operators T,, Ej, and D,. For this reason, the
following commutator relations are important:

T.Eyf(z) = e T™MET,f(z) =™ f(z —a), (219)
1 r b
TyDof(x) = DiTysof(zx) = mf(g - 5)7 (2.20)
_ 1 Tixzb/a E _
DaEbf(x) - \/HGQ f(a) - EgDaf(x) (221)

In wavelet analysis, the dilation operator D/, plays a special role, and
we simply write

Df(x) :=2Y2f(2z).
With this notation, the commutator relation (2.20) in particular implies
that
T, D? = DiTy;), and DTy, = Ty, D7, j,k € Z. (2.22)
We will often use the Fourier transformation in connection with Gabor

systems and wavelet systems. In this context, we need the commutator
relations

FT,=FE_F, FE,=T,F, FD,=D;,,F, FD=D'F. (2.23)
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Exercises

Find a sequence {ay}72; of real numbers for which Y ;7 | ax is
convergent but not unconditionally convergent.

Let {f1}72, be a sequence in a Banach space. Prove that absolute
convergence of Y 7, fi implies unconditional convergence.

Prove Lemma 2.3.1.

Prove that the conditions in (2.10) are equivalent to the
construction of the pseudo-inverse in Lemma 2.5.1.

Here we ask the reader to prove some results concerning Lebesgue
points.

(i) Assume that f : R — C is continuous. Prove that every y € R is
a Lebesgue point.

(i) Prove that 2 = 0 is not a Lebesgue point for the function X[0,1]-

(iii) Let f = xq. Prove that every y ¢ Q is a Lebesgue point and
that the rational numbers are not Lebesgue points.

Complete the proof of Lemma 2.9.1 by showing the continuity of
the mapping y — T, f for f € L*(R).

Prove the statements about Ej, and D, in Lemma 2.9.1.

Prove the commutator relations (2.23).



Bases

Bases play a prominent role in the analysis of vector spaces, as well in the
finite-dimensional as in the infinite-dimensional case. The idea is the same
in both cases, namely to consider a family of elements in the considered
space such that all vectors can be expressed in a unique way as a linear
combination of these elements. In the infinite-dimensional case, the situa-
tion is complicated: we are forced to work with infinite series, and different
concepts of a basis are possible, depending on how we want the series to
converge. For example, are we asking for the series to converge with re-
spect to a fixed order of the elements (conditional convergence) or do we
want it to converge regardless of how the elements are ordered (uncondi-
tional convergence)? In Hilbert spaces, unconditional convergence can be
obtained by considering Bessel sequences, so in Section 3.1 we analyze such
sequences in detail. In Section 3.2, we discuss the most important proper-
ties of orthonormal bases in Hilbert spaces; we expect the reader to have
some basic knowledge about this subject. A slight (but useful) modification
leads to the definition of Riesz bases, which are treated in detail in Sec-
tion 3.3. In Section 3.4, Riesz bases and Bessel sequences are described in
terms of the so-called Gram matrix. Concrete examples of bases in function
spaces are given in Sections 3.5 and 3.6, where the basic theory for Fourier
series is revisited (again this subject is expected to be known), and Gabor
bases as well as wavelet bases for L?(R) are introduced. These sections
form the background for Chapters 7-11. Section 3.7 gives a short introduc-
tion to Schauder bases in Banach spaces. Finally, Section 3.8 presents the
sampling problem and relates it to bases in a particular Hilbert space.

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_3,
© Springer Science+Business Media, LLC 2008
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3.1 Bessel sequences in Hilbert spaces

The rest of the book will deal with infinite-dimensional vector spaces; thus,
we need to consider expansions in terms of infinite series. The purpose of
this section is to introduce a condition which ensures that the relevant
infinite series actually converge.

Let H be a separable Hilbert space, with the inner product (-, -) chosen
to be linear in the first entry. Recall from Section 2.1 that when speaking
about a sequence { fr}72, in H, we mean an ordered set, i.e.,

{fitizs =A{f1, fo, .- }-

That we have chosen to index the sequence by the natural numbers is
just for convenience: soon, we will see that all results hold with arbitrary
countable index sets and the elements f;, ordered in an arbitrary way.

Lemma 3.1.1 Let {f}3°, be a sequence in 'H, and suppose thaty ;- , cx fx
is convergent for all {c;}32, € (*(N). Then

T:0(N)—H, T{cx}32, =Y erfr (3.1)

k=1

defines a bounded linear operator. The adjoint operator is given by

T*:H — C(N), T°f = {(f. fi)}i: (3-2)

Furthermore,
DL S < ITIP AP, F e M. (3.3)
k=1

Proof. Consider the sequence of bounded linear operators

T, : C(N) = H, To{a )i, ==Y cnfr.

k=1
Clearly, T,, — T pointwise as n — 00, so by Theorem 2.2.1 the map T
defines a bounded linear operator. In order to find the expression for 7,
let f € H and {c,}32, € £*(N). Then
(£ T{er} i)y = (£ ofidn = Y _(f f)er (34)
k=1 k=1

We mention two ways to find T* f from here.

(1) The convergence of the series Y ;- (f, fx)e for all {c,}5°, € (3(N)
implies that {(f, fx)}32, € ¢*(N); see for example [43], page 145. Thus we
can write

(fiT{ex}iZi)y = U F e e
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and conclude that

T°f = {{fs fr) iz

(2) Alternatively, when T": £?(N) — H is bounded, we already know that
T* is a bounded operator from H to ¢?(N). Therefore, the k-th coordinate
function is bounded from H to C; by Riesz’ representation theorem, T*
therefore has the form

T°f ={(f 9%}
for some {gi},.; in H. By definition of 7%, (3.4) now shows that

Z<f7 gk>a = Z<fa fk>a7 V{Ck}zoﬂ S ZQ(N)v f cH.
k=1 k=1

It follows from here that gi = f.
The adjoint of a bounded operator T is itself bounded, and ||T|| = ||T*||-
Under the assumption in Lemma 3.1.1, we therefore have
1T fI12 < 171 NIFI1P, Vf € X,

which leads to (3.3). O

Sequences { f}72, for which an inequality of the type (3.3) holds will
play a crucial role in the sequel.

Definition 3.1.2 A sequence {fr}32, in H is called a Bessel sequence if
there exists a constant B > 0 such that

STUL P < BIfIP, Vf e n. (3.5)

k=1

Any number B satisfying (3.5) is called a Bessel bound for {f;}72,. The
optimal bound for a given Bessel sequence { f}7°, is the smallest possible
value of B > 0 satisfying (3.5). Except for the case f;, = 0, Vk € N, the
optimal bound always exists.

Theorem 3.1.3 Let { fi,}72, be a sequence in H and B > 0 be given. Then
{fx}32, is a Bessel sequence with Bessel bound B if and only if

oo
T:{ek}isy — > crlf
k=1

defines a bounded operator from ¢*(N) into H and ||T|| < VB.

Proof. First assume that {f;};2, is a Bessel sequence with Bessel bound
B. Let {c,}32, € ¢*(N). First we want to show that T{c,}72, is well-
defined, i.e., that >, ¢, fi is convergent. Consider n,m € N,n > m.
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Then

n

> ek

k=m+1

n m
> o= cxtw
k=1 k=1

Using Lemma 2.3.4 and Cauchy—Schwarz’ inequality, it follows that

n m

D enfi =Y el

k=1 k=1

n

(> erfrrg)

k=m+1

sup Y Jer(frs 9)|

lgll=1 574

n 1/2 n 1/2
( > |Ck|2> sup < > |<fk79>|2>

k=m+1 llgll=1 k=m+1

n 1/2
\/§< > |ck|2> .

k=m+1

= sup
llgll=1

IA

IN

IN

Since {cx}72, € (3(N), we know that {d>°;_, \ck\2}zo=1 is a Cauchy se-
quence in C. The above calculation now shows that {3>°;_; cxfr} ., is a
Cauchy sequence in H and therefore convergent. Thus T{cy}7, is well-
defined. Clearly T is linear; since ||T{cx}72,|| = supy g =1 {T{ck}721, 9)],
a calculation as above shows that T' is bounded and that ||T|| < VB.

For the opposite implication, suppose that T' defines a bounded opera-
tor with ||7]| < v/B. Then Lemma 3.1.1 shows that {f,}?, is a Bessel
sequence with Bessel bound B. O

It is a consequence of Lemma 3.1.1 that if we only need to know that
{fx}32, is a Bessel sequence and the value for the Bessel bound is irrelevant,
we can just check that the operator 1" is well defined:

Corollary 3.1.4 If {fi}2, is a sequence in H and Y, cpfr is
convergent for all {c;}72, € (*(N), then {fx}32, is a Bessel sequence.

The Bessel condition (3.5) remains the same, regardless of how the ele-
ments {fj}72, are numbered. This leads to a very important consequence
of Theorem 3.1.3:

Corollary 3.1.5 If {fx}32, is a Bessel sequence in H, then Y ;- cxfi
converges unconditionally for all {c}32, € ¢*(N).

Thus a reordering of the elements in {f5}72, will not affect the series
21?;1 ¢ fr when {ck}z"zl is reordered the same way: the series will converge
toward the same element as before, see Exercise 3.2. For this reason we
can choose an arbitrary indexing of the elements in the Bessel sequence; in
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particular, it is not a restriction that we present all results with the natural
numbers as index set. As we will see in the sequel, all orthonormal bases,
Riesz bases, and frames are Bessel sequences.

It is enough to check the Bessel condition (3.5) on a dense subset of H:

Lemma 3.1.6 Suppose that {fi}7°, is a sequence of elements in H and
that there exists a constant B > 0 such that

Y UL < BIfIP

k=1
for all f in a dense subset V of H. Then {fi}72, is a Bessel sequence with
bound B.

We leave the proof to the reader (Exercise 3.3). See Exercise 3.4 for a result
in the same spirit.

3.2 General bases and orthonormal bases

We are now ready to introduce one of the central themes, namely, bases
in Hilbert spaces. In particular, we will discuss orthonormal bases, which
are the infinite-dimensional counterparts of the canonical bases in C". Or-
thonormal bases are widely used in mathematics as well as physics, signal
processing, and many other areas where one needs to represent functions
in terms of “elementary building blocks.”

Definition 3.2.1 Consider a sequence {ey}7° | of vectors in H.

(i) The sequence {er}2 is a (Schauder) basis for H if for each f € H
there exist unique scalar coefficients {ci(f)}3>, such that

= clfer (3.6)
k=1

(ii) A basis {ex}72, is an unconditional basis if the series (3.6) converges
unconditionally for each f € H.

(i11) A basis {ex}32 is an orthonormal basis if {ey}32 is an orthonormal
system, i.e., if

1if k=3,
0if k+#j.

Note that an orthonormal system {ej}7°, is a Bessel sequence. In fact,
if {cx}5e, € £2(N) and m,n € N,n > m, then

n m 2 n
E Crek — E CLCk E CLCk
k=1 k=1

k=m+1

(ex,ej) = Ok,j = {

2 n

= 2 lals

k=m-+1
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as in the proof of Theorem 3.1.3 this implies that > -, cxey is convergent,
and that

o0 2 o0
S| =Dlanl
k=1 k=1

By Lemma 3.1.1, this shows that {ey}72, is a Bessel sequence.
The next theorem gives equivalent conditions for an orthonormal system
{ex}72, to be an orthonormal basis.

Theorem 3.2.2 For an orthonormal system {ey}?2 |, the following are
equivalent:

(1) {er}2, is an orthonormal basis.

(i) f=>p1(f ex)ex, VfEH .
(i) (f.g) = >5=1(f-ex)ler9), Vf,g € H.
(iv) 352, Kfoen)? = [[fI[?, Vf € H.

(v) span{ex}i, =M.

(vi) If (f,er) =0, Vk € N, then f =0.

Proof. For the proof of (i) = (ii), let f € H. If {ex}>, is an orthonormal
basis, there exist coefficients {cx}3° ; such that f =Y 7 cxer. Given any
7 € N, we have

0 [e%s}
<f7 ej> = <ch6kaej> = chakd = ¢y,
k=1 k=1

and (ii) follows. (iii) is an obvious consequence of (ii), and (iv) is a special
case of (iii). The implication (iv) = (v) follows from Lemma 2.3.1; in fact,
if f € H is perpendicular to all ex,k € N, then (iv) shows that f = 0.
The implication (v) = (vi) also follows from Lemma 2.3.1. For the proof
of (vi)= (i), let f € H. Since {ex}32, is a Bessel sequence, we know that
g = > poq(f.ex)er is well defined; furthermore, (f — g,e;) = 0 for all
j€N,soby (vi), f=9g=> r ([ ex)ex. To prove that {e,}2, is a basis,
we only need to show that no other linear combination of {ej}7°, can be
equal to f, and this follows by the argument we used to prove that (ii)
follows from (i). O

The equality in (iv) is called Parseval’s equation. Via Corollary 3.1.5, we
obtain the following important consequence of Theorem 3.2.2:

Corollary 3.2.3 If {ey}32, is an orthonormal basis, then each f € H has
an unconditionally convergent expansion

f=> (fex)en (3.7)
k=1
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The expansion property (3.7) is the main reason for considering
orthonormal bases. Fortunately, they exist in all separable Hilbert spaces:

Theorem 3.2.4 FEvery separable Hilbert space H has an orthonormal
basis.

Proof. Since H is assumed separable, we can choose a sequence { f;}7° ; in
‘H such that span{ fi}7>, = H. By extracting a subsequence if necessary,
we can assume that for each n € N, f,, 11 ¢ span{fi}7_,. By applying
the Gram-Schmidt process to {fx}7>,, we obtain an orthonormal system
{ex}2, in H for which span{e}72 | =span{ fr}>, = H. O

Usually, the mere existence of orthonormal bases is not enough: we need
to be able to construct them. In the Hilbert space ¢?(N), we have an
orthonormal basis given by a particularly simple expression:

Example 3.2.5 For k € N, let e; be the sequence in £2(N) whose k-th
entry is 1, and all other entries are zero. Then {e;}7° is an orthonormal
basis for ¢2(N); it is called the canonical orthonormal basis. We will often
denote this special basis by {d;}72 ;. O

In practice, orthonormal bases are certainly the most convenient bases to
use: we will later see that, for other types of bases, the representation (3.7)
has to be replaced by a more complicated expression. Unfortunately, the
conditions for {e;}72, being an orthonormal basis are strong, and often
it is impossible to construct orthonormal bases satisfying extra conditions.
We discuss this in more detail in Chapter 4. Note also that it is not always
a good idea to use the Gram—Schmidt orthonormalization procedure to
construct an orthonormal basis from a given basis: it might destroy special
properties of the basis at hand. For example, the special structure of Gabor
bases and wavelet bases (to be discussed later) will get lost.

Based on Theorem 3.2.4, we can prove that every separable Hilbert space
can be identified with ¢?(N):

Theorem 3.2.6 Every separable infinite-dimensional Hilbert space H is
isometrically isomorphic to (*(N).

Proof. Let {ex}?°, be an orthonormal basis for H. We have already
observed that Y 77, cxey is convergent for all {c,}72, € ¢*(N). Further-
more, each f € H has a unique expansion with ¢2-coefficients, namely
f = > (f ex)er. Letting {d}7;>, be the canonical orthonormal basis for
??(N), we can define the operator

U:H—*N), U (Z Ck:ek> = ch5ka {en}p2, € P(N).
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Then U maps H bijectively onto ¢2(N). For f € H,f = Y.{f, ex)er, we
have

WUFIP = 11D (S en)dill®
= D [fen)
= |IfII%
thus U is an isometry. (|

The following theorem characterizes all orthonormal bases for H starting
with one arbitrary orthonormal basis.

Theorem 3.2.7 Let {ex}72, be an orthonormal basis for H. Then the
orthonormal bases for H are precisely the sets {Uey}32,, where U : H — 'H
s a unitary operator.

Proof. Let {f;}32, be an orthonormal basis for H. Define the operator

Uit =K, U (Y ewer) =D ki {ahizs € V).

Then U maps H boundedly and bijectively onto H, and fr = Ue. For
fyg € H,write f = (f,ex)er and g = > (g, ex)ex; then, via the definition
of U and Theorem 3.2.2,

(UUf,9) = (Uf,Ug)
Z(f’ek>fkaz<g’ek>fk>
= > (fen)(g.ex) = (£,9).

This implies that U*U = I. Since U is surjective, it follows that U is
unitary. On the other hand, if U is a given unitary operator, then

(Uek,Uej) = (U Uey, ej) = (ex, €j) = Ok, js

ie., {Uek}p2, is an orthonormal system. That it is a basis follows from
Theorem 3.2.2 and the fact that U is surjective. |

Condition (iv) in Theorem 3.2.2 has an interpretation in terms of frames,
see Definition 5.1.3. Without assuming that {ex};>, is an orthonormal
system, it implies that {e;}72; is an orthonormal basis if the vectors are
normalized (we ask the reader to provide the proof, see Exercise 3.5):

Proposition 3.2.8 Assume that {ey}7>, is a sequence of normalized
vectors in 'H and that

S e = IIfII% VS € H.
k=1

Then {er}7°, is an orthonormal basis for H.
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3.3 Riesz bases

In Theorem 3.2.7, we characterized all orthonormal bases in terms of uni-
tary operators acting on a single orthonormal basis. Formally, the definition
of a Riesz basis appears by weakening the condition on the operator:

Definition 3.3.1 A Riesz basis for H is a family of the form {Uex}2,,
where {e}72 | is an orthonormal basis for H and U : H — H is a bounded
bijective operator.

A Riesz basis {fi}72, is actually a basis; this follows from the proof of
Theorem 3.3.2, which we state now. Note that the expansion (3.8) of ele-
ments f € H in terms of a Riesz basis is more involved than the expression
(3.7) we obtained via orthonormal bases:

Theorem 3.3.2 If {f,,}72, is a Riesz basis for H, then { fi.}72 is a Bessel
sequence. Furthermore, there exists a unique sequence {gi},_, in H such
that

F= (fgu)fr, Vf €H. (38)
k=1

The sequence {gi}r-, is also a Riesz basis, and the series (3.8) converges
unconditionally for all f € H.

Proof. According to the definition, we can write {fx}32, = {Uer},,
where U is a bounded bijective operator and {ej }?° ; is an orthonormal ba-
sis. Let now f € H. By expanding U ! f in the orthonormal basis {e;}3° ,,
we have

U™ f=> (U fex)er =D (f, k)ek.
k=1 k=1

Therefore, with g := (U~ 1)*eg,

M8

f=U0U"1'f = (f, (U Y er)Uey

k=1

I
Mg T

k=1

Since the operator (U~')* is bounded and bijective, {gy},—, is a Riesz
basis by definition.
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For f € H,
STUL P =D [ Uer)* = (U] (3.9)
k=1 k=1
< U AP
WU [1£12 (3.10)

This proves that a Riesz basis is a Bessel sequence. Thus, the series (3.8)
converges unconditionally by Corollary 3.1.5. We complete the proof by
showing that the sequence {gy },-, constructed in the proof is the only one
that satisfies (3.8). For that purpose, we first note that if

F=> e = de()f (3.11)
k=1 k=1

for some coefficients ci(f) and di(f), then necessarily cx(f) = dg(f) for
all k& € N; this follows by applying the operator U ! on both sides of the
equality and using that {e;}?°; is known to be a basis. This argument
shows that a Riesz basis actually is a basis. Now we only have to show that
if {gk}re; and {hy}32, are sequences in ‘H such that

f = Z<f7gk>fk = Z<f7 hk>fk7 Vf € H7 (312)
k=1

= k=1

then gr = hy, for all k& € N. However, due to the argument above, (3.12)
implies that for all k& € N,

<fvgk> = <f7hk>> Vf S H;

the desired result now follows from Lemma 2.3.3. O

The unique sequence {gi},., satisfying (3.8) is called the dual Riesz
basis of {fr}7 . Let us find the dual of {gj};—;. In the notation used in
the proof of Theorem 3.3.2, we have that the dual of {f;}7?2, = {Uer}72,
is given by {gx}re; = {(U" ) er}72; thus, the dual of {gx},-, is

{(@H) ™) e} = (Ual, = ik

That is, {fx}72, and {gx},-, are duals of each other. For this reason, we
frequently speak about a pair of dual Riesz bases. In particular, this implies
a symmetric version of (3.8), see (3.13). Furthermore, a Riesz basis and its
dual Riesz basis satisfy an important orthogonality relationship. We state
the result right after the following definition.

Definition 3.3.3 Two sequences {f}72, and {gk}r—; in a Hilbert space
are biorthogonal if

(fr>95) = k.-
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The proof of the next result is left to the reader (Exercise 3.6).

Corollary 3.3.4 For a pair of dual Riesz bases {fi}72, and {gi},, the
following holds:

(i) {fr}72, and {gi},-, are biorthogonal.
(ii) For all f € H,

oo

= (Frgr)fr=D_(f frdar. (3.13)
k=1

k=1

Already in the proof of Theorem 3.8, we saw that a Riesz basis is a
Bessel sequence. For later use, we now show that it also satisfies some kind
of “opposite inequality”:

Proposition 3.3.5 If {f}72, = {Uex}32, is a Riesz basis for H, there
exist constants A, B > 0 such that

ANFIP <D UL P < BIIFIP, Vf € H. (3.14)

k=1
The largest possible value for the constant A is W, and the smallest

possible value for B is ||U|]?.

Proof. That a Riesz basis {Ue,}72, is a Bessel sequence with optimal
upper bound ||U]|? follows already from the estimate in (3.10). The result
about the lower bound is a consequence of (3.9) and the following estimate:

AT =@ Tl < NOH T = OO - 0

We now aim at an equivalent characterization of Riesz bases. For this
purpose, we need the lemma below.

Lemma 3.3.6 Let H, K be Hilbert spaces, and let {hy}72 | be a sequence in
H,{gr}rey asequence in K. Assume that {gi},- , is a Bessel sequence with
bound B, that {hi}3, is complete in H, and that there exists a constant

A > 0 such that
2
A Z |Ck|2 S HZ Ckth (315)

for all finite scalar sequences {cy}. Then

U (Z ckhk) = chgk ({ck} finite)

defines a linear bounded operator from span{hy}3° , into span{gy},., and
U has a unique extension to a bounded operator from H into IC; the norm

of U as well as its extension is at most 1/%.
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Proof. By the assumption (3.15), every h € span{h;};2, has a unique
representation h = > ¢ hy, with {c } finite; it follows that U is well defined
and linear. Given a finite sequence {c;},

o (Zem)l = (Sl
< BY lal

B 2
< 7 e
Thus U is bounded. Because {hy}72 ; is assumed to be complete, U has an
extension to a bounded operator on H. The rest is standard. O

The next theorem gives an equivalent condition for { fj }32; being a Riesz
basis. Condition (ii) will be used throughout the book and is, in fact, by
several authors used as the definition of a Riesz basis.

Theorem 3.3.7 For a sequence {fy}7>, in H, the following conditions
are equivalent:

(1) {fr}3, is a Riesz basis for H.

(1t) {frx}p2, is complete in H, and there exist constants A,B > 0 such
that for every finite scalar sequence {cy}, one has

O HZCkkaQ <B> |l (3.16)

Proof. (i)=-(ii). Assume that {f}}?° is a Riesz basis, and write it in the
form {Uey }72 , as in the definition. Note that as a consequence of Theorem
3.3.2, {fi}p2, is complete. Given any finite scalar sequence {cx},

et = [ (S < 01 [ Sewe =  Sis

and

[Sewed][ = [l (Sewer) | < o= [ e[

from which we deduce that

1 2
e o lenl” < || endil | < 101 Y len

(ii)=-(i). The right-hand inequality in (3.16) implies that {fx}3>, is a
Bessel sequence with bound B (Exercise 3.8). Choose an orthonormal basis
{ex}2, for H, and extend by Lemma 3.3.6 the mapping Uey, := fi to a
bounded operator on H. In the same way, extend V fi := ej to a bounded
operator on ‘H. Then VU = UV =1, so U is invertible; thus {fi}32, is a
Riesz basis. |
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A sequence {fi}72, satisfying (3.16) for all finite sequences {c,}32, is
called a Riesz sequence. By Theorem 3.3.7, a Riesz sequence {f}72, is a
Riesz basis for span{ fx}7°,, which might just be a subspace of H. Note
that if the condition (3.16) is satisfied for a family {fx}3>,, then it is
clearly satisfied for any subsequence of {fi}7° . This leads to the following
important consequence of Theorem 3.3.7.

Corollary 3.3.8 FEvery subfamily of a Riesz sequence is a Riesz sequence.

If (3.16) holds for all finite scalar sequences {c}, then it automatically
holds for all {c;}32, € (*(N) (Exercise 3.8). If {fx}?, is a Riesz basis,
numbers A, B > 0 that satisfy (3.16) are called lower Riesz bounds, respec-
tively, upper Riesz bounds. They are clearly not unique, and we define the
optimal Riesz bounds as the largest possible value for A and the smallest
possible value for B.

If (3.16) holds with A = B =1, the sequence {f;}72, is orthonormal:

Proposition 3.3.9 Assume that spand fr};>, = H and that

HZC’J’“HQ =5 el (3.17)

for all finite scalar sequences {ci}. Then {fi}7, is an orthonormal basis

for H.

Proof. The assumptions imply by Theorem 3.3.7 that {f}72, is a Riesz
basis for H, so by letting {ex}7°, be an orthonormal basis for H, we can
write {fi}72, = {Uex}32, for an appropriate bounded invertible operator

U. Then, for all {c}32, € £(N),
U (Z Ckek>
k=1

o0 o0
S olel? =D et
k=1 k=1

It follows from here that [|[U|| = [[U~!|| = 1; by Proposition 3.3.5, we
conclude that

2 2

ST FOl? = IFIP, Vf € H.

k=1

The assumption (3.17) implies that ||fx|| = 1 for all k£ € N; we now obtain
the result via Proposition 3.2.8. |

So far, we have focused on theoretical properties of Riesz bases in general
Hilbert spaces; we will return to more concrete results about Riesz bases
in subspaces of L?(R) in Chapter 7.
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3.4 The Gram matrix

The conditions for a sequence {fx}%2; being a Bessel sequence or a Riesz
basis can conveniently be expressed in terms of the so-called Gram ma-
trix. In this section, we introduce this matrix and prove some of its main
properties.

If {fr}2, is a Bessel sequence, we can compose the pre-frame operator
T and its adjoint T*; hereby we obtain the bounded operator

T*T : 2(N) — A(N), T"T{cx}3, = {<Zcef€vfk>}

=1 k=1

Letting {ex}32, be the canonical orthonormal basis for ¢*(N), the jk-th
entry in the matrix representation for T*T is

(T*Tey,e;) = (Tex, Tej) = (fr, fi)-

Identifying T*T with its matrix representation, we write

T°T = {{fr, £i)}jh=1-

The matrix {(fy, f;)}5%=, is called the Gram matriz associated with
{fx}32,, and the above argument shows that it defines a bounded operator
on (?(N) when {f5}72, is a Bessel sequence. In principle, one can consider
the Gram matrix associated with any sequence {f}72, in H, but if we
want it to define a bounded operator on £2(N), we cannot avoid the Bessel
condition:

Lemma 3.4.1 For a sequence {fr}72, in H, the following are equivalent:
(i) {fx}p2, is a Bessel sequence with bound B.

(1) The Gram matriz associated with { f}72 | defines a bounded operator
on (?(N), with norm at most B.

Proof. The implication (i) = (ii) follows from the arguments above to-
gether with the norm estimate ||T|| < v/B in Theorem 3.1.3. Now assume
that (ii) is satisfied, and let {c;}32, € ¢*(N). Then

I8

Jj=1

fk)f]

k=1

<B*) el (3.18)
k=1
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Given arbitrary n,m € N,n > m,

zckfkfzckfk = Z ek fr
k=1 k=1 k=m+1
2
n n
= X adn D af)
k=m+1 j=m+1
2
n n
= 1> T > alfeh)
Jomtl  kemdl

2

n n n
< [ S er] [ ]S atn
j=m+1 j=m+1 |k=m+1

where Cauchy—Schwarz’ inequality was used on the sum over j in the last
step. Via (3.18) applied to the finite sequence

( 70707cm+lvcm+27"' 7C’n7070a"')a

2 2

n n o0 n
SN it < DO DD el fi)
j=m+1 |k=m+1 j=1 |k=m+1
n
< B Y ol
k=m+1
Altogether we arrive at
dafe=) afel| B ) Il
k=1 k=1 j=m+1

It follows that >~ ¢x fi is convergent and, by repeating the argument,

1/2
o0

chfk

k=1

<VB(> gl

j=1

By Theorem 3.1.3, we now conclude that {fz}72; is a Bessel sequence with
bound B. 0

Proposition 3.4.3 will give a sufficient condition for {fx}72, being a
Bessel sequence. The proof uses Schur’s Lemma:

)
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Lemma 3.4.2 Let M = {M;;}35_, be a matriz for which My = My, ;
for all j,k € N, and for which there exists a constant B > 0 such that

Z| ikl < B, VjeN.

Then M defines a bounded operator on (*(N) of norm at most B.

Proof. Let {c;}32, € ¢(*(N). The assumptions imply that M{c,}72,
is well defined as a sequence indexed by N, whose j-th coordinate is
S ore M ke, It is, however, not immediately clear that this sequence
belongs to ¢2(N). Abusing the notation, it is enough to show that the map

{di}rzr — {di ez, M{ck}rZi)ezv) (3.19)

is a continuous linear functional on ¢?(N). In fact, this implies that
MA{ci}32, belongs to the dual of ¢2(N), which is ¢?(N) itself. Now, for

{dk}iil € 2(N),

Z j,kCdj

AN

Z:Z\ jkCrds]

S5 (Ml 2lenl) (130020, 1) = ()

j=1k=1

Using Cauchy—Schwarz’ inequality,

(x) < ZZ Mjpl lex]?
j=1k=1

1/2 1/2

D IMk| |dy?
j=1k=1
1/2

B (Z |Ck2> > ld;)?
k=1 j=1

This shows that (3.19) indeed defines a continuous linear functional on
?2(N), so M maps ¢?(N) into £2(N). Also,

IM{ck}ill = sup [({di}i2y, M{ck}iZs)eea|
H{di}lI=1

oo 1/2
k=1

which shows that M is bounded with norm at most B, as desired (see
Exercise 3.9 for a question about the proof). O

IN

An application of Schur’s lemma gives a sufficient condition for the Gram
matrix defining a bounded operator on ¢*(N), and thus for {fx}°, being
a Bessel sequence. For the proof, we just have to refer to Lemma 3.4.1:
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Proposition 3.4.3 Let {fi}72, be a sequence in H and assume that there
exists a constant B > 0 such that

D 5 ) < B, VieN.
k=1

Then {fi}32, is a Bessel sequence with bound B.

Compared with the Bessel condition (3.5), Proposition 3.4.3 has the
advantage that it only involves inner products between the elements in
{fx}32,; that is, only a countable number of conditions must be verified,
whereas the Bessel condition has to be checked for all f € H.

We will now present a further equivalent condition for a sequence { f }7
being a Riesz basis, expressed in terms of the Gram matrix.

Theorem 3.4.4 For a sequence {fy}7>, in H, the following conditions
are equivalent:

(1) {fr}32, is a Riesz basis for H.

(1) {fx}3Z, is complete, and its Gram matriz {{fy, f;)}55=, defines a
bounded, invertible operator on (*(N).

(i11) {fr}32, is a complete Bessel sequence, and it has a complete
biorthogonal sequence {gk}z’;l that is also a Bessel sequence.

Proof. (i)=-(ii). Write again {fx}72, = {Uex}>, as in the definition of
a Riesz basis. For any k,j7 € N,

(i f3) = (Uex, Uej) = (U Uey; ¢5)

e., the Gram matrix is the matrix representing the bounded invertible
operator U*U in the basis {ey}72 ;.

(ii)=-(i). Assume that (ii) is satisfied. Then Lemma 3.4.1 together with
Theorem 3.1.3 shows that the upper condition in (3.16) is satisfied. Let
G denote the operator on *(N) given by the Gram matrix {{fx, f;)}55—-
Given a sequence {cj}72, € £%(N), the j-th element in the image sequence

Gler}i is Do peq (fks f5)ck. Thus

(Clayizidadiz) = D0 ey
j=1k=1

o 2

zckfk

k=1

Thus G is positive, and a similar calculation shows that G is self-adjoint.
Let V denote the positive square-root of GG, cf. Lemma 2.4.4. Then the
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above calculation gives that

chfk - ||V{Ck}k 1|| ||V 1||2 Z|Ck|2
k=1

Now the result follows from Theorem 3.3.7.

(i) = (iii). A Riesz basis is clearly complete. Now, Corollary 3.3.4 shows
that the Riesz basis and its dual Riesz basis form a biorthogonal system;
and by Proposition 3.3.5, both are Bessel sequences.

(iii) = (i). Every f € span{ f;}72, has a representation f = ¢ fj for
a finite sequence {cj}, and under the assumptions in (iv) it is unique: if
f =" cufu, then ¢, = (f, gx). Letting {e,}72, be an orthonormal basis
for H, we can therefore define an operator

V :span{ fy}i2, — H, Vzckfk = chek-

Writing f € span{fi}72; as f = D> _(f, gk) fx, and letting C' denote a Bessel
bound for {gj},-,, we have

VAP = |[S2¢f anen|
= > ol

C IfI1-

By completeness of {fz}7°;, V has an extension to a bounded operator on
‘H. Since the assumptions in (iv) are symmetric in f; and g, we can also
extend the linear map

W :span{g}rey — H, Wchgk = chek

to a bounded operator on H.
Consider finite linear combinations of {fx}7°; and {gx},-,, say,

F=>cxfrs 9= drgy-

Because {f}72; and {gi},-, are biorthogonal, we have

(Vf,Wg) = <ch€k,zdk€k>=zck@=<ﬁg>

by continuity and completeness we therefore have (V f, Wg) = (f, g) for all
f,9 € H. Thus, for any h € H,

1Al[* = (h,h)y = (Vh,Wh) < [[VAI| [[W]] [|A]l.

It follows that V is injective. V is also surjective: in fact, given g € H, we

can write g = > o (g,ex)er = V (3101 {(g, ex) fr) - Since fr, = V" ley, we
conclude that {f}7°, is a Riesz basis. O

IN

The optimal Riesz bounds can be characterized in terms of the operators
appearing in the proof of Theorem 3.4.4:
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Proposition 3.4.5 Let {fr}72, = {Uer}i2, be a Riesz basis for H, and
let G : (2(N) — (2(N) be the Gram matriz. Then the optimal Riesz bounds
are
1 1

= = and B =||U|* = [|G]|.

NU=H2 G|
Proof. The bounds involving U follow directly from the proof of Theorem
3.3.7. Also, by Lemma 2.4.1,

IGII =Tl = [|U||* and |G| = [T 0) 7] = |[U~ "]

A

That the optimal upper Riesz bound equals ||G|| was also proved in Lemma
3.4.1. O

Note that the same optimal bounds involving U were obtained in the
inequalities in Proposition 3.3.5.

3.5 Fourier series and trigonometric polynomials

Let us now consider some concrete orthonormal bases for the function
spaces L?(R) and L2(I) for a given interval I C R. Here we will need to use
other index sets than the natural numbers; as we have seen in Corollary
3.1.5, Bessel sequences can be ordered any way we want without affecting
the convergence of the relevant series expansions, so we can apply all results
presented so far without problems.

The starting point is Fourier series. We expect the reader to be familiar
with the basic theory, so we only give a short overview.

Fourier series can be associated with functions in any space L?(I), where
I is a bounded interval in R. For our purpose, it will be convenient to
consider functions in L?(0,1/b), where b > 0. Since the functions

er(z) == b2k L e (3.20)

constitute an orthonormal basis for L2(0,1/b), every f € L?(0,1/b) has an
expansion

=Y (ferer. (3.21)
kEZ

We will usually expand the functions f directly in terms of the functions
{e2mikbz, 7 rather than {eg}rez. Thus, we arrive at

FO) = e 0, (3.22)

kEZ

where
1/b ,
cr=b"2(fer) =0 f(x)e 2mikbe gy, (3.23)
0
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The expansion (3.22) is called the Fourier series of f, and the numbers
{ck }kez are the Fourier coefficients.
The exact meaning of the Fourier expansion (3.22) is that

n ) 1/b
f - Ck627rzkb(-) _ /

k=-n L2(0,1/b)

1/2

n 2
f(ﬂj)* Z Ck627rikbm dax

k=—n

— 0 asn — oo.

Convergence in L?(0,1/b)-sense is different from pointwise convergence, so
we cannot claim that (3.22) holds for a given x € [0,1/b] without extra
assumptions. For an arbitrary function in L?(0,1/b), the Fourier series
converges pointwise almost everywhere; conditions implying convergence
for all x are presented in the following well-known result.

Theorem 3.5.1 Assume that f € L*(0,1/b) is continuous, periodic with
period 1/b, and that the Fourier coefficients {ci }rez € (1 (Z). Then

f(a:) _ cheZ‘n—ik’bx’
keZ

pointwise for all x € R.

Parseval’s equation, see Theorem 3.2.2, gives us an important relation-
ship between a given function f € L2(0,1/b) and its Fourier coefficients

{ek}rez:

1/b
b/o () Pda = Jex]*. (3.24)

kEZ

We now state a lemma, which is an immediate consequence of the
functions {ej}72, in (3.20) being an orthonormal basis for L2(0,1/b).

Lemma 3.5.2 Let f,g € L?(0,1/b) for some b > 0, and consider two

Series erpansions
f= E ager, 9= E brer,
kEZ kEZ

with ey given by (3.20) and {ay}kez, {bk }rez € (*(Z). Then

<fag> = Zaka~

kEZ

A %—periodic function f : R — C can equally well be considered as a
function in L*(0,1/b) as in L*(—5;, 57); the latter choice will sometimes
be more convenient, e.g., in our discussion of sampling problems in Section

3.8. For reasons of periodicity, all definitions and results in this section still

apply if we consider our functions as members in LQ(—%, ﬁ) instead of
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L?(0,1/b), but we can also choose to exchange all the integrals over ]0,1/b]
with integrals over | — %, %[; for example, the expression for the Fourier
coefficients in (3.23) takes the form

1
36 .
c,="> f(x)e 2R gy, (3.25)
—
In the following example, we show how to construct an orthonormal
basis for L?(R) based on the orthonormal basis {€?"%%}, ., for L2(0,1).
The example gives an introduction to a special system of functions, Gabor

systems, which will be discussed in detail in Chapter 9.

Example 3.5.3 Let x|o,1] denote the characteristic function for the inter-
val [0,1]. Then {e?™**x(o1j(z)}recz is an orthonormal basis for L*(0,1);
by translation, we see that for each n € Z, the space L?(n,n + 1) has the
orthonormal basis

{eQﬂik(z—n) — {eQTrikr

X[041](% — 1) }rez X(0,1)(z — 1) }rez.

Putting these bases together, we conclude that L?(R) has the orthonormal
basis
{627”]”)([0,1] (x o n)}k’nez )

Note that all elements in the basis consist of translated versions of x| 1
that have been modulated, i.e., multiplied with a complex exponential func-
tion; using the operators introduced in Section 2.9, we can write the basis
as {ErTng}knez, where g = X[o,1)- Bases of the form {E.T,g}xnez are
called Gabor bases. Calculations with Gabor bases are convenient because
of their coherent structure, i.e., the fact that the elements in the basis ap-
pear by the action of a family of operators, namely FyT,,k,n € Z, on the
single function g. We will consider some of the limitations on such bases in
Chapter 4 and extensions to frames in Chapter 9. |

In concrete applications, a Fourier expansion will always need to be trun-
cated to a finite sum. A function f that is a finite linear combination of
the type

N2
flz) = Z cpe?™ T for some ¢ € C, Ny, No € Z, Ny > N, (3.26)
k=N,

is called a trigonometric polynomial. A trigonometric polynomial f can
also be written as a linear combination of functions sin(27wkx), cos(2mkx),
in general with complex coefficients. It will be useful later to note that if
the function f in (3.26) is real-valued and the coefficients ¢, are real, then
f is a linear combination of functions cos(2wkx) alone:
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Lemma 3.5.4 Assume that the trigonometric polynomial f in (3.26) is
real-valued and that the coefficients ¢ € R. Then

N2

f(z) = Z cx cos(2mkz). (3.27)

k=N,

We leave the short proof to the reader. Note that we need the assumption
that ¢, € R: for example, the function

1 1

_ = 2mix
f@) = g;e 2%

is real-valued but does not have the form (3.27).

For later use, we also mention that a positive-valued trigonometric poly-
nomial with real coefficients has a square root (in the sense of (3.30) below),
which again is a trigonometric polynomial. For convenience, we formulate
the result for a slight rewriting of the series (3.27):

—2ME — sin(27w),

Lemma 3.5.5 Let [ be a positive-valued trigonometric polynomial of the
form

N
f(z) = ch cos(2rkx), ¢ € R. (3.28)
k=0

Then there exists a trigonometric polynomial

N
gx) =Y dye®™*" with dy € R, (3.29)
k=0
such that
l9(z)]* = f(x), Yz € R. (3.30)

A constructive proof can be found in [26]. Note that by definition, the
function g in (3.29) is complex-valued, unless f is constant; actually, despite
the fact that f is assumed to be positive, there might not exist a positive
trigonometric polynomial g satisfying (3.30). See Exercise 3.10.

3.6  Wavelet bases

Wavelet bases constitute another important class of bases. We will only
give a short overview and refer to the many excellent wavelet books for
more information (see for example [64] for an elementary treatment or [26],
[65] for more advanced presentations).
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Given a function ¢ € L?(R) and j,k € Z, let
Vin(@) =292z — k), z € R. (3.31)

In terms of the translation operators T and the dilation operator D
introduced in Section 2.9, we have that

ik = DTy, j k€ Z.

If {1} }jkez is an orthonormal basis for L(R), the function ¢ is called a
wavelet. The first example of such a function appeared a long time before
the systematic study of wavelet bases began around 1985:

Example 3.6.1 The Haar function is defined by

1 if 0<z <4,
Y(@)=4q -1 if $<o<]1, (3.32)
0  otherwise.

Already in 1910, it was proved by Haar that the functions {¢; 1} kez
constitute an orthonormal basis for L?(R) for this choice of 1. For the
orthonormality, one can argue as follows. If we first consider v, and ¥; s,
i.e., elements with the same dilation parameter, then

(i, Vi) = (D! Tiah, D! Tip) = (T, Tirh) = S g

Now assume that j' # j, say, 7/ > j. The commutator relations (2.22) give
that

(Yjp,jrpr) = (DITytp, DY Thaap)
= (T D79 T, )
= <Dj7j,Tfk/2j—j’+k¢a77[}>-

The function Dj_j/Tfk,Qj,j/Jrkq,b has support in the interval

I = [0 (k2 k), 2 (k2 k4 1)]
= [k +2" Tk, —K + 2" (k+1)].
The length of I is 2j1_j, which can take the values 2,4,8,...... Now,

the support of ¥ has length 1 and is contained in an interval on which
DV T _495-5 444 is constant (make a picture!); it follows that

(Vj s jk) = /

— 00

o0

(D7 T s ) (@) () di = 0,

For the proof of the basis property, we refer to [26] or [41]. O

In 1986, Mallat and Meyer introduced multiresolution analysis as a
general tool to construct wavelet orthonormal bases:
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Definition 3.6.2 A multiresolution analysis for L?(R) consists of a se-
quence of closed subspaces {V;}jcz of L*(R) and a function ¢ € Vy, such
that the following conditions hold:

(i) - ViCVoCVi---.

(ii) O;V; = LA(R) and N;V; = {0}.
(iii) f € V; & [x — f(22)] € Vj.
(i) feVy=Tef € Vo, Vk € Z.

(v) {Tkd}rez is an orthonormal basis for V.

When (i) is satisfied, we say that the spaces V; are nested. This is a very
convenient property in for example approximation theory, especially when
there is an easy recipe for moving around between the spaces V. The
latter property is also guaranteed by Definition 3.6.2 because (iii) implies
that V; = D7Vp, i.e., that all of the spaces V; are scaled versions of Vj.

If we want to approximate a function f € L?(R) via a multiresolution
analysis, the natural starting point is to search for an approximation within
a certain Vj-space. In case no element in this space approximates f well
enough, we choose a larger j-value; then we obtain a better approximation,
and it is taken from a space that is just a scaled version of the previous
space.

We will now describe how a multiresolution analysis can be used to
construct an orthonormal basis for L?(R). Assume that the conditions in
Definition 3.6.2 are satisfied. For j € Z, we let W, denote the orthogonal
complement of V; in Vj ;. Letting (); denote the orthogonal projection onto
W;, it follows from (i) and (ii) that each f € L?(R) has a representation

f=22,c2Qjf, where Q; fLQj f for j # j; that is,
L*(R) =D W;. (3.33)

JEZ
The spaces W satisfy the same dilation relationship as Vj, i.e.,
Y e Wy & [z — w(2x)] € W;. (3.34)

In order to obtain an orthonormal basis {¢;};jkez for L*(R), it is now
enough to find ¢ € Wy such that {¢(- — k) }xez is an orthonormal basis for
Wo; via the dilation property (3.34) and (3.33), this implies that {1, 1}, xez
is an orthonormal basis for L?(R). We will now explain how to find a
suitable function . First, the condition ¢ € V;, C V; implies by (iii) that

1

D7 l¢ e V.
\/? ¢ 0
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Because {T_r@}rez is an orthonormal basis for Vp, there exist coefficients
{ck trez € (3(Z) such that
1

D1y = T .é. 3.35
7 o ;ch K (3.35)

We will now rewrite (3.35) in terms of the Fourier transform of ¢. Let
Ey(z) = ™ 1 € R,

as in Section 2.9. Now, applying the Fourier transform on both sides of
(3.35), the commutator relations in (2.23) imply that

1 ~ R
—D¢p = FELo.
% ¢ kzezck 5

Defining the 1-periodic function Ho := ), _, cxEk, this can be written as

$(2y) = Ho(7)$(7), ae. y€R. (3.36)

The equation (3.36) is called a scaling equation or refinement equation.
Now, it turns out that with a certain choice of a 1-periodic function Hy,
the function ¢ defined via

b(27) = Hi(7)$(7) (3.37)

generates a wavelet orthonormal basis {D7Tj1}; kez. One choice of Hy is
to take

1 )
Hi(3) = Holy + 5)e ™.

Note that (3.37) leads to an explicit expression of the function ¢ in terms
of the given function ¢:

Lemma 3.6.3 Assume that (3.37) holds for a I-periodic and bounded
function Hy with Fourier expansion Hy = ZkeZ cpEy. Then

=V2) DT yd(x) =2 cxd(2z+k), a.e. s €R. (3.38)

keZ keZ

In particular, if Hy is a trigonometric polynomial, Hy (z) = Zk N crpe?mihT

then

No
=2 Z DT p(z) =2 Y crp(2w+ k), Yo € R, (3.39)
k= N1 k= Nl

Proof. We can rewrite (3.37) as
D(7) = Hi(7/2)9(7/2);
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formulated in terms of the Fourier series for H; and the dilation operator
D, this means that

Fy

V2> erEp D Fo

kEZ

V2 kB FDo.

keZ

Now, using the commutator relations in Section 2.9,

Fy = ﬂchkak/z&é

keZ

\/5]: Z CkDT,k(ﬁ.

kEZ

O

The Haar basis considered in Example 3.6.1 can be constructed via the
multiresolution analysis defined by

¢ = X[0,1[3

V; ={f € L*(R) : f is constant a.e. on 277k, 277 (k + 1)[, Vk € Z}.
In terms of the function ¢, the Haar function in (3.32) is
1 1
V2 V2

The Haar function is a special case of a spline wavelet. In fact, one can
consider higher-order splines N,, (see Section 6.1 for the definition) and
define associated multiresolution analyses, which leads to wavelets of the
type

(4 P10 — —=91,1- (3.40)

W(x) = Z ek Np (22 — k). (3.41)

kEZ

These wavelets are called Battle-Lemarié wavelets. The coefficients {cx }rez
are calculated in, e.g., [26]; except for the case n = 1, all coefficients ¢, are
non-zero, which implies that the wavelet ¢ has support equal to R. However,
the wavelets have exponential decay.

The Daubechies wavelets are the most well-known constructions based
on the multiresolution analysis setup. For each N € N, the construction
yields a wavelet ¢» with N vanishing moments, having compact support on
the interval [0, 2N — 1]. One can prove that with the given support size, no
more vanishing moments can be obtained for any wavelet coming from a
multiresolution analysis. The smoothness of these wavelets increases with
N. These wavelets are not given by an explicit formula; see [25] or [64] for
a more detailed description.
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However, not all wavelets can be constructed via multiresolution analysis.
It is shown, e.g., in [41], that a function ¢ € L?(R) is a wavelet if and only
if [|¢|] = 1 and the equations

> ()P

jez
. (3.42)
Z P (27(y+¢q)) =0 for all odd integers ¢
=0

hold for a.e. v € R. Among all wavelets, the wavelets generated from a
multiresolution analysis are characterized by the equation

ZZ| PRIy +E)? =1, ae yER,

j=1kez

a result that is also proved in [41].

Let us now return to the multiresolution analysis setup. As we have seen,
the conditions in Definition 3.6.2 determine the spaces V; uniquely; in fact,
Vo = span{Ti¢} ez, and, via the condition (iii),

V; = span{ D’ Ty.¢}kez. (3.43)

On the other hand, assuming that ¢ is a given function such that {Tx¢}rez
forms an orthonormal basis for its closed linear span, we only have to verify
the conditions (i) and (ii) in order to show that ¢ and the spaces V; in
(3.43) form a multiresolution analysis. It turns out that these conditions
are satisfied under very weak assumptions. Let us state a general result
obtained by de Boor, DeVore, and Ron [5]:

Lemma 3.6.4 Let ¢ € L?(R) and define the spaces V; by (3.43). Then the
following holds:

(i) N;V; = {0}.

(11) Assume that the spaces V; in (3.43) are nested. If

6l >0 (3.44)
on a neighborhood of 0, then U;V; is dense in L*(R).

Thus, if (3.44) is satisfied, all what we need is a condition ensuring that
the spaces V; are nested. But under a weak condition, this also follows
from the assumption that {Tx¢}rcz forms an orthonormal basis for its
closed linear span. In fact, it is enough to assume that {T;¢}recz forms a
Bessel sequence; this extension will play a role in Chapter 11.
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Lemma 3.6.5 Assume that ¢ € L*(R) and that {Txy¢}rez is a Bessel
sequence. Define the spaces V; by (3.43). Then the following holds:

(i) If v € L?(R) and there ezists a bounded 1-periodic function Hy such
that ¢(27) = Hi(7)¢(y), then ¢ € V1.

(ii) If there exists a bounded 1-periodic function Hy such that

¢(27) = Ho(7)9(7)s (3.45)
then V; C Vi for all j € Z.

Proof. If the conditions in (i) are satisfied, the expression for the function
1 in Lemma 3.6.3 shows that ¢» € Vj. This proves (i). For the proof of
(ii), we note that, via (i), ¢ € V4; since Vi is closed and invariant under
integer-translations, it follows that V5 C Vi. A scaling now implies that
V; € Vi for all j € Z. O

Via Lemma 3.6.4 and Lemma 3.6.5, we obtain the following;:

Theorem 3.6.6 Let ¢ € L2(R), and assume that |¢| > 0 on a neighbor-
hood of 0. Assume further that (3.45) is satisfied for a bounded 1-periodic
function Hy. Define the spaces V; by (3.43). Then the following holds:

(1) If {Txd}rez is an orthonormal system, then ¢ and the spaces V; form
a multiresolution analysis.

(1) If {Tx¢}rez is a Bessel sequence, then the spaces V; satisfy the
conditions (i)-(iv) in Definition 3.6.2.

The instrumental condition (3.45) is satisfied, e.g., if ¢ is a B-spline. We
introduce the B-splines in Chapter 6, and ask the reader to verify the scaling
equation for these functions in Exercise 6.4.

3.7 Bases in Banach spaces

We now give a short introduction to bases in Banach spaces, as defined by
Schauder in 1927.

Definition 3.7.1 Let X be a separable Banach space. A sequence of vec-
tors {exr}72, belonging to X is a (Schauder) basis for X if, for each f € X,
there exist unique scalar coefficients {ci(f)}52, such that

f= ch(f)ek. (3.46)
k=1
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If the series (3.46) converges unconditionally for each f € X, we say that
{ex}32, is an unconditional basis.

A Banach space having a basis is necessarily separable. Most of the known
separable Banach spaces have a basis; the first example of a separable
Banach space not having a basis was constructed by Enflo in 1972.

It is clear that a basis for X is complete and consists of non-zero vectors.
Adding an extra condition leads to a characterization of bases:

Theorem 3.7.2 Let {ex}2, be a complete family of non-zero vectors in
X. Then the following are equivalent.

(i) {er}s2, is a basis for X.

(i) There exists a constant K such that for all m,n € N with m < n,

m n
E CkEL E CLEL
k=1 k=1

for all scalar-valued sequences {cy}72 ;.

<K (3.47)

Proof. Suppose that {ex}72, is a basis. Then each f € X has a unique
expansion f =Y 7| cxey, and

< 00. (3.48)

m
E CLCk
k=1

Note that if |[|f]|| = 0, then ||>°;—, ckex|| = 0 for all m € N; it follows
that ¢, = 0 for all kK € N, and f = 0. One can check (Exercise 3.12) that
[l - ||| satisfies the other conditions for a norm on X, and that X is a
Banach space with respect to this norm. By definition of ||| - |||, we have
N < IS, Vf € X, meaning that the identity operator is a continuous
and injective mapping of (X, ||| - |||) onto (X,| - [|). By Theorem 2.2.2, it
follows that this operator has a continuous inverse, i.e., that there exists
a constant K > 0 such that |||f]|| < K ||f]| for all f € X. In particular,
fixing an arbitrary n € N and considering f = Y_}'_, cxer, we obtain (3.47).

For the implication (ii)=-(i), assume that a complete family {e}°,
of non-zero vectors satisfies (3.47). We begin by showing an inequality
that will be used in the proof. Consider any f € X with an expansion
J =>"ro ckey; then, for any choice of i € N and m > i, (3.47) shows that

If[I] := sup
meN

7 1—1 i i—1
il llesll = || ewer =D crer|| < || enen|| + || cren
k=1 k=1 k=1 k=1
m m
< K chek + K chek
k=1 k=1
m
= 2K || cxex (3.49)

k=1
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Now let A denote the vector space consisting of all f € X, which can be
expanded as f = > 77 cpep for some coefficients {cj}72 ;. We will prove
that A = X; because {ex}2, is assumed to be complete, we know that
A is dense in X, so it is enough to prove that A is closed. Let f € X,
and choose a sequence {fi}j21 C A such that f; — f as j — oo. Write

=> ey ck Jex. for appropriate coefficients {C(J)},‘;"Zl. By (3.49), for each
) 6 N and all n > m > i, we have for all j,¢ € N that

e = O el < 2K |15 () — ) en (3.50)
k=1
< ok 3 (- d)a
k=1
< ( Y +||fj—f||>
+2K° <|f fell + || fe = ch e )
k=1
Given € > 0, choose N € N such that
€ .
I~ I < gog for j 2 N
Letting n — oo, it follows from the above estimate that
169 — D) |les]| < e for all i €N, j, ¢ > N, (3.51)
and, via the intermediate step (3.50),
2K Z(cg)—cgf)) ex|| <eforallmeN, j,£> N. (3.52)
k=1

For each i € N, the sequence {CEZ)}Q?; is convergent by (3.51), say, CZ@) — ¢

as £ — oo. Letting £ — oo in (3.51) and (3.52), we obtain that
6 —¢] |les]| < e foralli €N, j > N, (3.53)

and

2K zm: (clgj) — ck> e

k=1

<eforallmeN, j>N. (3.54)

Now, for given m € N and all j € N|

> aker|| < NF =1l
k=1
+ |ijC,(€j)6 + ((j)fck>ek
k=1 k=1
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We will now show that Y -, cxey converges to f. In fact, for a given € > 0,
we can choose N € N so that (3.54) holds. By fixing a sufficiently large
value for j > N, we obtain that ||f — f;|| < €; after that, we can obtain

that Hfjfz;;” 1Ck Der

‘ < e by choosing m € N sufficiently large. Thus

c2+ )

If - cheku<2e+ T

2K

for m sufficiently large. We conclude that f = Y7 | ckey, ie., f € A as
desired. To prove that {e,}?2, is a basis, we only need to show that if
> ore, cker = 0, then ¢ = 0 for all k € N. This again follows from (3.49).
In fact, if Y 7o | cxer = 0, then for each ¢ € N and all n > i,

n
leil llel| < 2K ||D crex
k=1
from here we obtain that ¢; = 0 by letting n — oo. ]

Given a basis {ex}72,, it is clear that the coefficients {cp(f)}?2, in
(3.46) depend linearly on f. The mappings f — ci(f) are called coefficient
functionals. As a consequence of Theorem 3.7.2; they are continuous:

Corollary 3.7.3 The coefficient functionals {c}72 | associated with a ba-
sis {ex}p2, for X are continuous and are thus elements in the dual X*. If
there exists a constant C > 0 such that ||ex|| > C for all k € N, then the
norms of {ci}72, are uniformly bounded.

Proof. We will use (3.49) from the proof of Theorem 3.7.2. Given f € X,
write f =7, ¢x(f)ex. Then, for any i € N and all n > i,

Z c(f)ex
k=1

lei(N)] [lesl| < 2K

Letting n — oo, we obtain that

K
e(f)] < |\2_|| 171l 0

The concept of biorthogonal sequences in Hilbert spaces has a natural ex-
tension to Banach spaces. In fact, a sequence {f;}72, in X and a sequence
{gr}rey in X* are said to be biorthogonal if

1 if k=j,

0 if k#j. (8.55)

ar(f5) =0k = {

This leads to an extension of Corollary 3.3.4; we leave the proof to the
reader (Exercise 3.13).
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Corollary 3.7.4 Suppose that {e;}?° , is a basis for X. Then {ex}7>, and
the coefficient functionals {c}72, constitute a biorthogonal system.

Let us consider the (Schauder) bases in the special case where the under-
lying space is a Hilbert space. It turns out that Theorem 3.3.2 generalizes
to such bases, except that we do not automatically obtain unconditional
convergence:

Theorem 3.7.5 Assume that {ex}7>, is a basis for the Hilbert space H.
Then there exists a unique family {gy}r—, in H for which

= (fgr)er, Vf M. (3.56)
k=1

{gr}req is a basis for H, and {e;}2, and {gi};-, are biorthogonal.

Proof. By Corollary 3.7.3, the coefficient functionals {cx}72, associated
with {ex}72, are continuous; using Riesz’ representation theorem, Theorem
2.3.2, there exists a unique family {gx},-, in H such that

ce(f) = (figr), Vf € H.
Therefore

F=> (fgrer Vf M.
k=1

We leave it to the reader to verify that no other family {g;},—, can sat-
isfy (3.56) and that {e;}7°, and {g)},-, are biorthogonal. The fact that
{gr}r—, is a basis for H follows from the fact that a Hilbert space is
reflexive; see, e.g., Section 1.7 in [62]. O

The basis {gi}r, satisfying (3.56) is called the dual basis, or the
biorthogonal basis, associated with {ey}72 .

We mention that one can characterize Riesz bases in terms of bases
satisfying extra conditions:

Lemma 3.7.6 A sequence {fi}72, is a Riesz basis for H if and only if it
is an unconditional basis for H and

0< irzifok” < sup || fi|] < oo.
k

Lemma 3.7.6 was originally proved by Kothe and Lorch and has been
rediscovered many times. We refer to [52] for a proof.
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3.8 Sampling and analog—digital conversion

A short and not yet precise formulation of the sampling problem is: How
can we recover a function f : R — C if we only know a countable set of
function values {f(\x)}rer? Formulated this way the problem is ill-posed:
there are infinitely many functions that take the same prescribed values
on a given countable set, so we need to impose some condition on the
function f for the problem to make sense. Traditionally, this is done by
requiring f to belong to a certain function space. A classical example is
to consider a space of band-limited functions, i.e., functions for which the
Fourier transform has compact support. Let us consider the Paley—Wiener
space PW , defined by

PW = {fELQ(R) . supp f C [—;,;]} (3.57)
As always when dealing with L2-functions, the Paley—Wiener space really
consists of equivalence classes of functions; however, due to the fact that
the Fourier transform of these functions has compact support, each of these
equivalence classes contains a continuous function.
We will now show that the Paley—Wiener space has an orthonormal basis
consisting of translates of a single function. Define the sinc-function by

. sin(rz) - f 5 £ )
mm@_{l Y ifr=o.

Shannon’s Sampling Theorem states that any continuous function in the
Paley—Wiener space can be fully recovered from its samples at the integers:

Theorem 3.8.1 The functions {sinc(-—k)}rez form an orthonormal basis
for PW. If f € PW is continuous, then

f@) =Y f(k)sinc(x — k),

kEZ

with convergence of the symmetric partial sums in L*(R) and pointwise for
all x € R.

Proof. The proof is based on classical Fourier analysis as described in
Section 3.5. Because of our definition of the Paley—Wiener space, it will be
convenient to work with Fourier series in the space L?(—1/2,1/2) rather
than L2(0,1).

We first show that the functions {sinc(- — k)}rez form an orthonormal
sequence in L?(R). We know that the functions {eg’rik(‘)X]_1/271/2[(-)};662
form an orthononormal sequence in L?(R); taking the Fourier transform of
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these functions, we arrive at

, vz .
F (62”““(')X]—1/2,1/2[<->) () = / AR eTE T gy

—1/2
1/2

_ / e—2ﬂi(’y—k)rd$
—1/2

1/2

- [ /

—2mi(y — k) w12

= sinc(y — k).

Because the Fourier transform is unitary, this implies that the functions
{sinc(- — k) }rez are orthonormal as well.
Suppose that f is continuous and that f € L'(R) N PW. On the interval

] —1/2,1/2] we can expand f in a Fourier series,

f() _ che%rik(-)’

kEeZ

where

1/2 R )
o= [ Foe i, (3.58)
—1/2

Recall that the partial sums of the Fourier series converge in the norm of
L2(—1/2,1/2), i.e.,

1/2
L

Note that because we are dealing with a finite interval, convergence in L?
implies convergence in L', so

1/2
L.
Because supp f - [—%, %], the expression for ¢ in (3.58) implies by Theo-

rem 2.8.1 that ¢, = f(—k). Using Theorem 2.8.1 once more, we arrive at
the following formula, valid pointwise for all x € R:

N 2

fo) - 3 et

n=—N

dy —0as N — oo.

~ N .
f(’Y)_ Z Cke27rzk'y

n=—N

dy — 0as N — oc. (3.59)

oo , 1/2 ‘ A
f(CE) — / f(’y)ezmmd’y _ / (Z f(k)e%rzk'y) e27rzz'yd,_y'
o kez

—1/2
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Because of (3.59), we can interchange the order of summation and
integration; thus, for all z € R,

f(;v) _ Zf /1/2 27Ti(w+k)7d/y

1 1/2
_ Z f |: 27Ti(m+k)'y

kEZ 2mi(w + k) y=—1/2

= Zf ) sinc(z + k)

kEZ

= Zf sinc(x — k).

keZ

The series converges in L2(R) as well: in fact, since {sinc(- — k)}rez is an

orthonormal system,
Y fR)sine- — k)| = [ > [fR)2,
[n|>N In|>N

Hf— Z f(k)sinc(- — k)

which converges to 0 as N — oo because {f(k)}rez € (2(Z) (we just saw
that they are Fourier coefficients). Finally, that {sinc(- — k) }rez forms an
orthonormal basis for PW follows from the fact that all equivalence classes
in PW contain a continuous function. ]

Note that, via an appropriate scaling, the result in Theorem 2.8.1 can be
extended to functions whose Fourier transform has support in an arbitrary
fixed interval (Exercise 3.15).

We note that the Paley—Wiener space just is one particular Hilbert space,
in which it makes sense to speak about sampling. In fact, assuming that
¢ € L?(R) is a continuous function for which

Z 16 Xk, k+1(llo0 < 00,

keZ

the Hilbert space

H = {Zwﬂkqﬁ : {ertrez € 42(2)}

keZ

consists of continuous functions. Thus, point-evaluations of functions in H
make sense. A Hilbert space of this form is called a shift-invariant space.
Shannon’s sampling theorem can be considered as a special case of sampling
in shift-invariant spaces; see the survey paper [1] for more information.
The principle in Shannon’s sampling theorem is the basis for all modern
communication. Most signals appearing in practice depend on a continu-
ous variable (very often, the time). Processing of such a signal is facilitated
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greatly if it can be stored and handled in terms of a sequence of samples.
As a concrete case, consider a piece of music. In principle, all frequencies
might appear, but the human ear can only hear frequencies belonging to
a certain range (at most up to 20.000 Hz). Thus, we can remove the high
frequencies and consider the resulting signal as band-limited. Via an appro-
priate scaling, Theorem 2.8.1 shows that this signal can be recovered from
its samples at sufficiently dense equidistant time intervals. This principle is
used in CD players and other places where a conversion of an analog signal
to a digital signal is needed.

3.9 Exercises

3.1 Assume that {f}72; is a Bessel sequence with bound B. Prove that
(i) || fx]|? < B for all k € N;
(ii) if || f¢||> = B for some k € N, then fLf; for all j € N\ {k}.

3.2 Assume that {fi}72, is a Bessel sequence, and let {c;}$2, € ¢?(N).
The purpose of this exercise is to give a direct proof of the fact that
Zzozl ¢k fr is independent of the indexing of the sequences.

(i) Show that for any f € H, the series >, cx(fx, f) is absolutely
convergent.

(ii) Show that for any permutation o of the natural numbers,
o oo
O et £) = O oty fotys )
k=1 k=1

(Hint: use that absolute convergence in C implies unconditional
convergence).

(iii) Conclude that for any permutation o of the natural numbers,

Z crfr = Z Co (k) fo(k)-
k=1 k=1

3.3 Prove Lemma 3.1.6.

3.4 Prove that if {f;}7°, is a sequence in a Hilbert space H and
D [fo fu)? < 00, Y EH,
k=1

then {fr}72, is a Bessel sequence.
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3.5 Prove Proposition 3.2.8.
3.6 Prove Corollary 3.3.4

3.7 Prove that the upper and lower conditions in (3.16) are unrelated:
there exists a sequence { fj}7°, satisfying the upper condition for
all finite sequences {c;}72, but not the lower condition; and vice
versa.

3.8 Let {fx}32, be a sequence in a Hilbert space H. Prove that

(i) If there exists B > 0 such that

Hzckkaz <BY |l

for all finite sequences {cy}, then Y 7- | ¢ fi converges for all
{ep 52, € F2(N) and {f;}32, is a Bessel sequence with bound B.

(ii) If (3.16) holds for all finite scalar sequences {c}, then it holds
for all {c,}22, € £2(N).

(i) If {fx}72, is a Riesz basis, then

Z cfr is convergent < {c;, 152, € £2(N).
k=1

3.9 Consider the proof of Lemma 3.4.2. Where is the assumption
M; = My ;

used?

3.10 Consider the positive trigonometric polynomial
f(x) =1+ cos(2mz).
Find by direct calculation all trigonometric polynomials
g(x) = do + d1*™", dy,d; € R,
for which |g(2)|? = f(x).
3.11 Let {ex}?2; be an orthonormal basis for a Hilbert space H, and
define {fx}72, by fr = +ex, k € N.

(i) Prove that {fx}3, is a basis for H, and find the biorthogonal
system {9k},

(ii) Prove that the coefficient functionals associated with {f;}7°
are not uniformly bounded.
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(iii) Show that there exists {c;}32, € £2(N) for which Y77 | crgk
is divergent.

3.12 Consider the proof of Theorem 3.7.2. Show that (3.48) defines a
norm and that X is a Banach space with respect to that norm.

3.13 Prove Corollary 3.7.4.

3.14 Let {e,}72,; be a basis for H and {gi},.; the associated biortho-
gonal system. Show that if {ej, } 7 | is a Bessel sequence with bound
B, then the following holds:

(i) 5 [IFI1? < 2252y [{fr90) %5 Vf € H.
(ii) % S lenl? <|1mey ckng2 for all finite sequences {cy } 32 ;.
3.15 Let f € L?(R) be a continuous function for which

supp f C [—a/2,a/2]
for some « > 0. Show that f can be recovered from its samples

{f(k/a)}rez via
f(z) = Zf(g)sinc(ax —k), x€R.

kEZ
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Bases and their Limitations

The next chapters will deal with frames, a generalization of the basis con-
cept. It is natural to ask why they are needed. Bases exist in all separable
Hilbert spaces, so why do we have to search for generalizations?

In this chapter, we will give some answers to this question. As we will
see, the main point is the missing flexibility: the conditions for being a basis
are so strong that

e it is often impossible to construct bases with special properties;
e even a slight modification of a basis might destroy the basis property.

In Section 4.1, we consider limitations in general Hilbert spaces and in the
context of Fourier series in L?(0,1). Section 4.2 relates the issue to Gabor
systems, and Section 4.3 deals with limitations within wavelet theory.

4.1 Bases in L*(0,1) and in general Hilbert spaces

The starting point for a more detailed discussion of the limitations of the
basis concept must be to clarify why we are at all interested in bases!
One reason is that a basis {e;} for a normed vector space X allows us to
represent every f € X as a (maybe infinite) linear combination of the basis
elements,

f= chek, (4.1)

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_4,
(© Springer Science+Business Media, LLC 2008
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with coefficients {c;} that depend linearly on f. We will refer to this by
saying that {e,}?2, has the expansion property. This property makes it
possible to reduce many questions about elements in X to the elements
{er} in the basis. For example, the action of a bounded operator U on f
can be found if we know the representation (4.1) and the action of U on

the basis {ey }:
Uf =U (Z ckek) = chUek.

Bases are characterized by the expansion property (4.1) with unique
coefficients {c,} associated with each f € X. One might ask whether
uniqueness is really needed? Our answer is no: it is usually enough to know
the existence of some usable coefficients, together with a recipe for finding
them.

In this chapter, we discuss some cases where (4.1) holds without {ey}
being a basis. We begin with the simple observation that if {e;} is a basis
for X and ¢ is an arbitrary element in X, then {ex} U {¢} is not a basis,
despite the fact that each f € X has representations of the form

= crex +do. (4.2)

The reason is that {e} U{¢} is no longer independent, i.e., several choices
for the coefficients {cx} and d are possible: one choice is to take d = 0 and
let {cx} be the coefficients representing f in the basis {ey }; another choice
is to take {ci} such that f — ¢ = > cpeg, and d = 1.

By this argument, the basis property is destroyed when an arbitrary non-
empty collection of vectors is added to {ex}, but the expansion property is
preserved.

At first glance, the above construction might appear artificial: why would
one like to add elements to a basis? One reason will be given in Section 5.9:
having more elements than needed for a basis turns out to have a certain
noise suppressing effect. Another reason is that we gain some freedom:
the coeflicients in (4.1) are unique, but in (4.2) we can choose between
several options. We can actually say even more. In fact, we have seen in
Theorem 3.3.2 and Theorem 3.7.5 that every basis has a unique dual basis;
the frames introduced in the next chapter lead to expansions of a similar
type, but usually with several possible choices for a dual. In Section 9.4,
we will use this freedom to construct particulary convenient duals.

Non-bases with the expansion property also appear naturally in function
spaces:

Example 4.1.1 Let us return to the orthonormal basis {ej}rez for
L?(0,1) considered in Section 3.5, i.e., the functions ey (z) = e*™***. Given
an open subinterval I C]0,1[ with |I| < 1, we can identify L?(I) with the
subspace of L?(0,1) consisting of the functions that are zero on ]0, 1[\I.
Hereby a function f € L2(I) is identified with a function (which we still
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denote f) in L*(0,1), which has the expansion

F=Y (fex)er in L*(0,1). (4.3)
kEZ
Because
2 N 9
F= 3 foeen - / |f(:c) — 3 (fr ek da
|k|<n L2(I) I k=—n
1 n 2
< _ \ 2mikx d
< /0 f0) = ¥ (heake z
— 0 asn — oo,
we also have
F=> (fex)er in L*(I). (4.4)
kEZ

That is, the (restrictions to I of the) functions {ej}rez also have the ex-
pansion property in L?(I). However, they are not a basis for L?(I)! To see
this, define the function

5 flz) iftxel,
f(m){1 if ¢l

Then f € L?(0,1) and we have the representation

F=Y (f ex)er in L*(0,1). (4.5)
kEZ
By restricting to I, the expansion (4.5) is also valid in L2(I); since f = f
on I, this shows that

F=Y (f.ex)er in L*(I). (4.6)
keZ

Thus, (4.4) and (4.6) are both expansions of f in L*(I), and they are
non-identical; the argument is that since f # f in L?(0, 1), the expansions
(4.3) and (4.5) show that

{(f,en)tnez # {{f, ex) rez.

The conclusion is that the restriction of the functions {eg}rez to I is
not a basis for L?(I), but the expansion property is preserved. In Example
5.5.5, we prove that {ej }rcz is a frame for L*([). O

In a finite-dimensional vector space X, we know that every family of vec-
tors that spans X contains a basis (Exercise 1.3). In an infinite-dimensional
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Hilbert space, the situation is dramatically different: one can prove the
existence of families of vectors { fi}7; such that

e cach f € H has an unconditionally convergent expansion

f= chfk with {cx}72, € (N);

k=1
e no subsequence of {f;}72, is a basis for H.

See [9] or [10]. Intuitively, this kind of example is difficult to under-
stand: it shows that we might have the expansion property for families
that have no relationship to a basis. This is also an argument for looking
for generalizations of bases.

4.2 Gabor bases and the Balian—Low Theorem

In concrete Hilbert spaces like L?(R), we are able to give explicit
constructions of bases, like the Gabor orthonormal basis

{627Tisz[0,1] (37 - n)}m,nEZ - {EmTrLX[O,l] (x)}m,nez
in Example 3.5.3. However, this example touches one of the limitations on
possible constructions of bases, as we will see now. Observe that the Fourier
transform of x[g 1] is given by

1 .
X[O,l] (’Y) _ / e 2mizy dr = e~ ™ 1117'("7.
0 ™y

The fact that x(o,1) is discontinuous, and the oscillations and slow decay
of XJo,1), makes the characteristic function unattractive from the point of
view of, e.g., time—frequency analysis. It is natural to ask whether more
suitable Gabor bases could be obtained by replacing the function x| 1) by
a smoother function ¢g? Unfortunately, one can prove that no continuous
compactly supported function g can generate a Gabor Riesz basis (see
Corollary 9.7.4).

Even if we give up the requirement that the function ¢ should have
compact support, the Balian—Low Theorem shows that there are limitations
on the properties g can have if we want {E,,T,,¢}m nez to be a Riesz basis:

Theorem 4.2.1 Let g € L*(R). If {EnTng}mnez is a Riesz basis for
L?(R), then

(/Z |ac9(x)2dm> (/o:o Iva(y))? d*y) = . (4.7)

In words, the Balian—Low theorem means that a function g generating a
Gabor Riesz basis cannot be well localized in both time and frequency. For
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example, it is not possible that ¢ and ¢ satisfy decay conditions like

c
lg(z) reR, |g(v)| < T2 €R,

< _ -
= 1+ a2’

simultaneously. The reader can find proofs of the Balian-Low theorem in
[25] and [41].

If fast decay of g and ¢ is needed, we have to ask whether we need all
the properties characterizing a Riesz basis or whether we can relax some
of them. The property we want to keep is that every f € L*(R) has an
unconditionally convergent expansion in terms of modulated and translated
versions of the function g; together with Lemma 3.7.6, this shows that we
do not gain anything by asking for {E,,T,,g}m nez being merely a basis
instead of a Riesz basis. However, it turns out that the (unconditionally
convergent) expansion property actually can be combined with g and §
having very fast decay: the part of the definition of a basis that has to be
given up is the uniqueness of such an expansion. This will bring us from
bases to frames. The exact definition will be given in the next chapter, and
frames having the Gabor structure will be the subject of Chapters 9-10.

4.3 Bases and wavelets

Wavelet orthonormal bases {%;1};jrez form another important class of
bases for L?(R). As discussed in Section 3.6, most of the important wavelet
bases are constructed via multiresolution analysis. Some of the properties
that are relevant for a basis {1 1}, ez are

e that v has a computationally convenient form, for example that 1 is
a piecewise polynomial (a spline);
e regularity of 1;

e symmetry (or anti-symmetry) of ¢, i.e., that

Y(x) = P(—x) or () = —p(—x), = € R;
e compact support of ¢, or at least fast decay;

e that ¢ has vanishing moments, i.e., that for a certain m € N,

o0
/ a'p(x)dr =0 for £=0,1,...,m. (4.8)
— 00

We will give a short description of the role played by these properties
and how they motivated the development of wavelet theory. First, a large
number of vanishing moments is important if we want to obtain smooth
wavelets. In fact, if ¢ is an m times differentiable function with bounded

derivatives with reasonable decay and {9} 1.} ; xez is an orthonormal system,
then (4.8) holds, see [26].
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Vanishing moments are also essential in the context of compression. As-
suming that {1 1 }; ez is an orthonormal basis for L?(R), every f € L*(R)
has the representation

F=> " im)in- (4.9)

J,kEZ

All information about f is stored in the coefficients {(f,%;x)};rez, and
(4.9) tells us how to reconstruct f based on knowledge of the coefficients.
However, in practice one cannot store an infinite sequence of non-zero num-
bers, so one has to select a finite number of the coefficients to keep. This
is usually done by thresholding: one chooses a certain ¢ > 0 and keeps only
the coefficients (f, ;) for which |(f,¢;x)| > e. Here the vanishing mo-
ments come in again. In fact, one can prove that if ¢ has a large number
of vanishing moments, then the coefficients (f,; ) decay fast for j — oo:

Theorem 4.3.1 Assume that the function v € L*(R) is compactly sup-
ported and has N — 1 vanishing moments, i.e., (4.8) holds with m = N — 1.
Then, for any N times differentiable function f € L*(R) for which f) is
bounded, there exists a constant C > 0 such that

[(fy k)| < C279N27I/2 5 k € 7. (4.10)

For a proof, we refer to [64]. Assuming that (4.9) is available, we obtain
an efficient compression of the signal f if we only keep the large coefficients
(f,%;k) and throw the rest away.

It turns out that Theorem 4.3.1 also plays an important role for the
wavelet constructions in Chapter 11. In fact, it turns out that the expansion
coefficients associated with a so-called tight wavelet frame have exactly the
same form as for an orthonormal basis. This implies that the estimate in
(4.10) again can be used to determine which coefficients to keep.

Compact support (or at least fast decay) of 1 is essential for the use
of computer-based methods, where a function with unbounded support al-
ways has to be truncated. For the same reason, we often want the support
to be small. The condition of ¢ being symmetric is less important (or even
irrelevant) in many contexts, but there are cases where it is a helpful prop-
erty; an example is image processing, where a non-symmetric wavelet will
generate non-symmetric errors, which are more disturbing to the human
eye than symmetric errors. The next result, which is also proved in [26],
shows that it is difficult to combine the classical multiresolution analysis
with the desire of having a symmetric wavelet 1:
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Proposition 4.3.2 Assume that ¢ € L*(R) is real-valued and compactly
supported, and let

Vi = span{ D’ Ty,¢}kez, j € Z.

Assume that (¢,{V;}) constitute a multiresolution analysis. Then, if the
associated wavelet 1 is real-valued and compactly supported and has either
a symmetry axis or an anti-symmetry axis, then 1 is necessarily the Haar
wavelet.

Thus, under the above assumptions, we are back at the function we want
to avoid! In Chapter 11, we will see how symmetry can be obtained at the
price of looking at frames rather than bases.

The limitations on the possible constructions of bases give theoretical
reasons to consider frames. In Section 5.9, we will describe cases where
bases actually exist, but where frames simply perform better.
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Frames in Hilbert Spaces

The main feature of a basis { fx } 3, in a Hilbert space H is that every f € H
can be represented as an (infinite) linear combination of the elements fi in
the basis:

F=> () - (5.1)

k=1

The coefficients ¢ (f) are unique. We now introduce the concept of frames.
A frame is also a sequence of elements {fj}72 ,in H, which allows every
f € H to be written as in (5.1). However, the corresponding coefficients
are not necessarily unique. Thus a frame might not be a basis; arguments
for generalizing the basis concept were given in Chapter 4.

Frames were introduced in 1952 by Duffin and Schaeffer in their funda-
mental paper [30]; they used frames as a tool in the study of nonharmonic
Fourier series, i.e., sequences of the type {e**},cz, where {\,}nez is
a family of real or complex numbers. In 1985, as the wavelet era began,
Daubechies, Grossmann, and Meyer [27] observed that frames can be used
to find series expansions of functions in L?(R) that are very similar to
the expansions using orthonormal bases. This was the time when many
mathematicians started to see the potential of the topic. In this chapter,
we present the general theory; the next chapters will go into detail with
specific constructions.

Section 5.1 and Section 5.2 are instrumental for a good understanding of
frames; here, their basic properties are presented, and the relationship be-
tween frames and Riesz basis is discussed. A reader who is mainly interested

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_5,
(© Springer Science+Business Media, LLC 2008
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in Gabor frames or wavelet frames might go direct to the relevant later
chapters in the book after reading these sections; in fact, the theory for
these frames is to a large extent independent of the results for general
frames. Section 5.3 deals with preservation of the frame property under the
action of various operators. Section 5.4 characterizes the frame property,
e.g., in terms of operators. Section 5.5 discusses various independency con-
ditions and presents further relations between frames and Riesz bases. In
Section 5.6, it is shown that the frame concept is stable, in the sense that
sufficiently small “displacements” of a frame again is a frame. These results
extend classical results known for bases. In Section 5.7, we characterize all
dual frames associated with a given frame. Section 5.8 gives a short intro-
duction to continuous frames. Finally, Section 5.9 relates frame theory to
signal processing and signal transmission.

5.1 Frames and their properties

We are now ready to give the central definition. Let H # {0} denote a
separable Hilbert space.

Definition 5.1.1 A sequence {f;}72, of elements in H is a frame for H
if there exist constants A, B > 0 such that

ANFIP <D UE P < BIfIP, VfeH. (5.2)

k=1

The numbers A and B are called frame bounds. They are not unique. The
optimal upper frame bound is the infimum over all upper frame bounds,
and the optimal lower frame bound is the supremum over all lower frame
bounds. Note that the optimal bounds actually are frame bounds.

The following lemma shows that it is enough to check the frame condition
on a dense set. The proof is left to the reader (Exercise 5.3).

Lemma 5.1.2 Suppose that {fi}7°, is a sequence of elements in H and
that there exist constants A, B > 0 such that

AFIP <D KL )l < B IFI1? (5.3)

k=1

for all f in a dense subset V' of H. Then {fi}32, is a frame for H with
bounds A, B.

A special role is played by frames for which the optimal frame bounds
coincide:
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Definition 5.1.3 A sequence {f,}7°, in H is a tight frame if there exists
a number A > 0 such that

STUE f)? = AllFIIP, Vf € R
k=1

The (exact) number A is called the frame bound.
It follows from the definition that if {f}72, is a frame for H, then

span{ fi } 21 = H;

in fact, if f € H is perpendicular to all fx, k € N, then (5.2) shows that
f = 0. We often need to consider sequences that are not complete in H;
they cannot form frames for H, but they can very well form frames for the
closed linear span of their elements. For the purpose of considering such
sequences, we need the following definition.

Definition 5.1.4 Let {fi}32, be a sequence in H. We say that {fr}72,
is a frame sequence if it is a frame for Span{ fi}72 ;.

Before we develop the theory for frames, we mention a few examples of
frames. They might appear quite “constructed,” but they are useful for the
theoretical understanding of frames. In Chapters 7-11, we consider frames
that are more interesting by themselves, for example frames in L?(R) having
Gabor structure or wavelet structure.

Example 5.1.5 Let {ex}72, be an orthonormal basis for H.

(i) By repeating each element in {e;}3°, twice, we obtain

{fk}zozl = {617 €1, €2, €2, "}a

which is a tight frame with frame bound A = 2. If only e; is repeated, we
obtain

{fk}zé“é = {617 €1, €2, €3, "}7
which is a frame with bounds A =1, B = 2.
(ii) Let
{fk}l?;l = {617 %625 %62’ %637 %633 %637 T };
that is, {fr}72, is the sequence where each vector %6@, ¢ € N, is repeated
¢ times. Then, for each f € H,

SO P = Z€|<f7%ee>l2=\|fll2-
k=1 (=1

So {fx}32, is a tight frame for H with frame bound A = 1.
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(iii) If I C N is a proper subset, then {ej}res is not complete in H and
cannot be a frame for H. However, {ej }rcr is a frame for span{ey }rer, i-e.,
it is a frame sequence. U

Since a frame {f}7>, is a Bessel sequence, the operator

T: KQ(N) —H, T{er}i2, = chfk (5.4)
k=1

is bounded by Theorem 3.1.3; T is called the pre-frame operator or the
synthesis operator. By Lemma 3.1.1, the adjoint operator is given by

T H — C(N), T*f = {{f, f)}iZ:- (5:5)

T* is called the analysis operator. Composing T' and T, we obtain the
frame operator

StH—=MH, Sf=TT"f=> ([ fu)fe. (5.6)
k=1

Note that because {f;}72, is a Bessel sequence, the series defining S con-
verges unconditionally for all f € H by Corollary 3.1.5. We state some of
the important properties of S:

Lemma 5.1.6 Let {fp}7°, be a frame with frame operator S and frame
bounds A, B. Then the following holds:
(i) S is bounded, invertible, self-adjoint, and positive.
(i) {S™1fx}32, is a frame with frame operator S=' and frame bounds
B~ AL
(iti) If A, B are the optimal frame bounds for {fi}72,, then the bounds
B~1 A~ are optimal for {S7 fr}32,.

Proof. (i) S is bounded, being a composition of two bounded operators.
By Theorem 3.1.3,

1SI1 = 17T\l = |7l N1T*|| = [ITI]* < B.

Because S* = (I'T*)* = TT* = S, the operator S is self-adjoint. The
inequality (5.2) means that

AlfII? < (S, f) < BIIfI]?, Vf € H,
or, in the notation from Section 2.2,
Al < S < BI, (5.7)

thus S is a positive operator. Furthermore,
B—A

0<I—-B'S< I,
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and consequently

B—-A
|1 -B~'s|| = S (I =B7'9)f, f)] <

By Theorem 2.2.3, this shows that S is invertible.

(ii) Because the operator S is self-adjoint, also S~! is self-adjoint. Note
that for f € H,

S UL ST )P Zl U )P
k=1

< 1.

IN

B[S~ f|]?

IN

B IS~ 1£11%.

That is, {S™1 fi}72; is a Bessel sequence. It follows that the frame operator
for {S™1f}72, is well defined. By definition, it acts on f € H by

Y ST ST e = Z Uffe = STISSTHf

k=1
- ST (58)
this shows that the frame operator for {S~!f;}?°, equals S=!. The op-

erator S~ commutes with both S and I, so using Theorem 2.4.2 we can
“multiply” the inequality (5.7) with S~1; this gives

B7lr<st< A1,
ie.,

BTHIAIP <(STU ) S ATHIAP, VS e
Via (5.8), this means that

B7||fI1? <Z|f, P < ATV, Vf e R

thus {S™1f,}72, is a frame with frame bounds B~1, A~

(iii) Let A be the optimal lower bound for {f;}7°,, and assume that the
optimal upper bound for {S™!f,}22, is C < A~!. By applying (ii) to the
frame {S™! fx}2°,, we obtain that {fx}72; = {(S™H) 1S~ fx}22, has the
lower bound C~1 > A, but this is a contradiction. Thus {S~!fx}?2°, has
the optimal upper bound A~'. The argument for the optimal lower bound
of {S™!fx}72, is similar. O

The frame {S™!fx}2°, is called the canonical dual frame of {fx}32.
The reason for the name will become clear soon; in fact, Theorem 5.1.7
will show that {S™1f;}72, plays the same role in frame theory as the dual
in the theory of bases, see Theorem 3.3.2 and Theorem 3.7.5.
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The frame decomposition, stated in (5.9) below, is the most important
frame result. It shows that if {f;}72, is a frame for H, then every element
in H has a representation as an infinite linear combination of the frame
elements. Thus it is natural to view a frame as some kind of “generalized
basis.”

Theorem 5.1.7 Let {fi}72, be a frame with frame operator S. Then

f= Z FS7 ) fry YfEH, (5.9)
and
F=Y A f)S  frs VF €. (5.10)

Both series converge unconditionally for all f € H.

Proof. Let f € H. Using the properties of the frame operator in Lemma
5.1.6,

oo

f=85"f= Z b e =D ST ) fe
k=1 k=1
Because {f5}32, is a Bessel sequence and {(f,S™!fx)}32, € (*(N), the
fact that the series converges unconditionally follows from Corollary 3.1.5.
The expansion (5.10) is proved similarly, using that f = S~1Sf. O

Theorem 5.1.7 shows that all information about a given vector f € H
is contained in the sequence {(f, S~ fr)}z2,. The numbers (f, S~!f) are
called frame coefficients.

Theorem 5.1.7 also immediately reveals one of the main difficulties in
frame theory. In fact, in order for the expansions (5.9) and (5.10) to be
applicable in practice, we need to be able to find the operator S~!, or at
least to calculate its action on all fi, k € N. In general, this is a major
problem. One way of circumventing the problem is to consider only tight
frames:

Corollary 5.1.8 If {fi}32, is a tight frame with frame bound A, then the
canonical dual frame is {A71 fi.}32,, and

F= g ST e Y €. (511)
k=1

Proof. If {f;}72, is a tight frame with frame bound A and frame operator
S, the definition shows that

o0

(Sf.f) =) If fu)l? = AllfI? = (Af. [), Vf e H.

k=1
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By Lemma 2.4.3, this implies that S = AI; thus, S~! acts by multiplication
by A~!, and the result follows from (5.9). O

By a suitable scaling of the vectors {f;}7°, in a tight frame, we can
always obtain that A = 1; in that case, (5.11) has exactly the same form as
the representation via an orthonormal basis, see (3.7). Thus, such frames
can be used without any additional computational effort compared with
the use of orthonormal bases.

Tight frames have other advantages. For the design of frames with pre-
scribed properties, it is essential to control the behavior of the canonical
dual frame, but the complicated structure of the frame operator and its in-
verse makes this difficult. If, for example, we consider a frame {fj}7°, for
L?(R) consisting of functions with exponential decay, nothing guarantees
that the functions in the canonical dual frame {S~!f;}?° | have exponen-
tial decay. However, for tight frames, questions of this type trivially have
satisfying answers. Also, for a tight frame, the canonical dual frame au-
tomatically has the same structure as the frame itself: if the frame has
wavelet structure or Gabor structure as described in Section 3.5 and Sec-
tion 3.6, the same is the case for the canonical dual frame. In contrast,
the canonical dual frame of a non-tight wavelet frame might not have the
wavelet structure; a concrete example is given later, see Example 11.1.2.

Later we will discuss another way to avoid the problem of inverting the
frame operator S. In fact, for frames { fx}3>, that are not bases, we prove
in Theorem 5.2.3 that one can find other frames {gj },-, than {S™'fi}7° ,,
for which

F=> (06 fr: VI €H. (5.12)

1

Such a frame {g},—, is called a dual frame of {fi}7 . Now, there is a
chance that even if the canonical dual frame is difficult to find, there exist
other duals that are easy to find! In Section 7.4 and Section 9.4, we discuss
such cases. For general frames in Hilbert spaces, all duals are characterized
in Section 5.7.

A note on terminology is in order. In Lemma 5.7.1, we prove that if
{gr}r—, is a dual frame of {f;}7° ,, then {f;}7°, is also a dual of {gj} -,
For this reason, we will usually call {f,}7>; and {gx},—, a pair of dual
frames or a dual frame pair when (5.12) holds.

Example 5.1.9 Let {e;}7; be an orthonormal basis for H and consider
the frame

{fk}zozl = {617 €1, €2, €3, --}a

see Example 5.1.5(ii). The canonical dual frame is given by

_ o 1 1
{S 1flc}k:1 = {561, 56176273& }
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As examples of non-canonical dual frames we mention

{gk}Zozl = {0’ €1, €2, €3, }

and

1 2
{gr}eey = {361’ 3615 €2, €3, -}

We leave the verifications to the reader (Exercise 5.8). O

We end this section with a warning. Misled by the situation in the finite-
dimensional setting, one could expect that if {f,}7°, is a sequence in H
for which span{ fi}{2, = H, then every f € H would have an expansion

F= citw
k=1

for certain scalar coefficients {c;}72 ;. However, in an infinite-dimensional
Hilbert space this does not necessarily hold. We give an example below.
The example will be used several times in the sequel, and we extend it
later in Example 5.5.6.

Example 5.1.10 Let {e;}72, be an orthonormal basis for 7 and define
fri=er+ers1, ke N
We will show that
(i) span{fi}iZ, = H;
(ii) {fr}32, is a Bessel sequence, but not a frame;
(iii) There exists f € H that cannot be written on the form > 2 ¢k fx
for any choice of the coefficients cy.
To prove that {f;}72, is complete, assume that f € H and that
(f, fr) =0 for all k € N.
Then (f,er) = —(f, ext1) for all k € N, implying that |(f, ex)| is a constant.
Since
Do lfenl? = IR < oo,
k=1

we conclude that (f,e;) =0, Vk, so f =0. Thus {fx}32, is complete.
We now prove that {f};2, is a Bessel sequence. For that purpose, we
will use that for any a,b € R, the inequality (a + b)? < 2(a? + b%) holds;
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the inequality is a consequence of 2ab < a? + b2, which again follows from
a? +b? — 2ab = (a — b)? > 0. Now, for any f € H,

o0

STifren+ens)? = > [(frewn) + (frensn)]?
k=1

=
I
—

([(Fsem) ] + 1(f, ensn)])”

< 22 (e +2 3 [(frensn)P
k=1 k=1

< 4P

NE

bl
Il
8>—A

This proves that {fx}72, is a Bessel sequence. However, {f,}7°, does not
satisfy the lower frame condition. To see this, consider the vectors
J
95 = Z(fl)nJrlenv JeN.

n=1

We note that ||g;||> = j for all j € N. Let us now calculate the inner
products (g;, fr). Considering a fixed j € N, we see that

0 it k> j:
(g7, fr) =(e1 —ea+ -+ (=1)Tej en + enp1) = < (=1)7H if k= j;
0 itk <.

Therefore

o0
Z| gjvfk =l== ||93||2-
k=1

Since this holds for all j € N, we see that {fx}7°, does not satisfy the
lower frame condition. We finally notice that, despite the fact that {fx}7,
is complete, there exists f € H that cannot be written as f = 220:1 cx [ for
any choice of the coefficients {c;}7° ;. As a concrete example, take f = e;.
O

5.2  Frames and Riesz bases

As we have seen, a frame {f}72, in a Hilbert space H has one of the main
properties of a basis: given f € H, there exist coefficients {c;}?2, € ¢%(N)
such that f = >, ¢ fr. This makes it natural to study the relationship
between frames and bases. In this section, we notice that all Riesz bases
are frames and characterize the frames that are actually Riesz bases.



106 5. Frames in Hilbert Spaces

Theorem 5.2.1 A Riesz basis {fr}72, for H is a frame for H, and the
Riesz basis bounds coincide with the frame bounds. The dual Riesz basis
equals the canonical dual frame {S™'f}72,.

Proof. By Proposition 3.3.5, a Riesz basis {f;}72, for H is also a frame
for H; if we also involve Proposition 3.4.5, we obtain the statement about
the bounds. The rest follows from the frame decomposition combined with
the uniqueness part of Theorem 3.3.2. U

A frame that is not a Riesz basis is said to be overcomplete; in the
literature, the term redundant frame is also used. Theorem 5.2.2 will explain
why the word “overcomplete” is used: in fact, if {f;}7°, is a frame that is
not a Riesz basis, there exist coefficients {c;}72, € ¢*(N) \ {0} for which

> efr=0. (5.13)
k=1

That is, for such frames there is some dependency between the frame
elements.

Theorem 5.2.2 Let {fi}32, be a frame for H. Then the following are
equivalent:

(i) {fx}p2, is a Riesz basis for H.
(ii) If > pey i fe = 0 for some {ck}32, € (*(N), then ¢, =0, Vk € N.

Proof.

(i)=(ii). Assume that {f;}?°, is a Riesz basis and that Y po; cpfe = 0
for a sequence {cg }52, € £2(N). Writing {f}72, = {Uex }32, for a certain
orthonormal basis for H and an appropriate bounded bijective operator H,
it follows that UZZozl crer = 0. Because U is injective, this implies that
Zzil crer = 0, and therefore ¢, = 0 for all k.

(ii)=>(i). Let {0k}, be the canonical orthonormal basis for £?(N). The as-
sumption (ii) assures that the pre-frame operator T" associated with { fx}7°
is injective, and T is also surjective because {fx}72, is a frame. Since
Tor = fi, Vk, the result follows from the definition of a Riesz basis. ]

Much more can be said about the relationship between frames and Riesz
bases — see Theorem 5.5.4. For now, we just notice that if {f,}7°, is an
overcomplete frame, then a given element f € H has many representa-
tions in terms of the frame elements f;, k& € N. In fact, for any sequence
{ep 52, € £2(N) \ {0} for which (5.13) holds, the frame decomposition
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shows that
F=Y 0SS = (£, S k) + ck) fi
k=1 k=1

We can actually go one important step further: we will now prove that
every overcomplete frame has other dual frames than the canonical. This
result should be compared with the uniqueness statement for Riesz bases
in Theorem 3.3.2.

Theorem 5.2.3 Assume that {fi}32, is an overcomplete frame. Then
there exist frames {gi }rey # {S™  fi}32 for which

F=> {f 060 fn, Vf €H. (5.14)
k=1

Proof. We split the proof in two cases and assume first that f, = 0 for
some ¢ € N; in this case S~!f; = 0. Letting g := S~ 'f, for k # ¢ and
choosing g, to be an arbitrary non-zero vector, the frame decomposition
shows that (5.14) holds, and {gx}r—; # {S™ ' fK}7 ;.

Now we consider the case where fj, # 0 for all £ € N. By Theorem 5.2.2,
there exists a sequence {cj}?2, € £2(N)\ {0} such that

0= Z Ck:fk~
k=1

For a certain ¢ € N we have ¢y # 0, and we can write
[
=— Y cifr
= kJk
ke

We now show that {f}rz¢ is a frame for H; we only have to prove that
{ fr } e satisfies the lower frame condition. In order to do so, observe that
for any f € H, Cauchy—Schwarz’ inequality shows that

2
P = |jzck<f, f)

Ly
< o |22| Y I )P
kA0 k£t

= CZ|f7fk 3

ke
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where C' := ﬁ Py lcx|. Letting A denote a lower frame bound for the
frame {fx}¢2, this implies that

AlIFIP < DA AP
k=1
= STUSL SR+ IS fOP

k0

< (1+O)> P

k£t

This shows that {fi}r2¢ indeed satisfies the lower frame condition.
Denoting the canonical dual frame of {fi}r2e by {gr}rze and defining

g¢ = 0, we have found a frame {gj},- , for which (5.14) holds; it is different

from the canonical dual of {f;}3°, because S~1f; # 0. O

All dual frames associated with a given frame {f;}7° | are characterized
in Section 5.7. At the moment, it is not clear that there are cases where it
is an advantage to consider a dual frame different from the canonical one;
such cases will appear in Section 7.4 and Section 9.4.

5.3 Frames and operators

Lemma 5.1.6 shows that if {f;}?2, is a frame, then {S™!f;}%2, is also
a frame. This is a special case of a much more general result: {U f;}32,
is actually a frame for a large class of operators U. For later reference,
we state some general versions of this result, where we assume that U is
a bounded operator with closed range Ry. We denote the pseudo-inverse
(see Lemma 2.5.1) of such an operator U by UT.

Proposition 5.3.1 Let {fi}3>, be a frame for H with bounds A, B, and
let U:H — H be a bounded operator with closed range. Then {U fy}72, is
a frame sequence with frame bounds A ||UT||72, B ||U|[%.

Proof. If f € H, then

YKL UMIP < BIUFIP < B U AP,

k=1

which proves that {Uf,}7°, is a Bessel sequence. For the lower frame
condition, let g € span{Uf}32,; we can write ¢ = Uf for some
f € span{f;}3°,. By Lemma 2.5.2, the operator UUT is the orthogonal
projection onto Ry and therefore self-adjoint. This implies that

g=Uf=UUYUf=U)UUS.
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Thus
lgll> < [WOH*|P U U£|I?
HUD* 2 e 2
< S ) UTUS £
k=1
= U fi)|?
k=1

Consequently, the lower frame condition is satisfied for all g € span{U fx}32 ;.
Via Lemma 5.1.2, we conclude that the condition holds on span{U fi}72 ,,
i.e., that {U fr}72, is a frame sequence. a

Exercise 5.13 shows that the conclusion in Proposition 5.3.1 might fail
if U does not have closed range. And even if U has closed range, it is not
enough to assume that {fj}7° is a frame sequence (Exercise 5.14).

Corollary 5.3.2 Assume that {fi}72, is a frame for H with bounds A, B
and that U : H — H is a bounded surjective operator. Then {U fi,}72, is a
frame for H with frame bounds A ||UT||~2, B ||U|J%.

In the next result, it is enough to assume that {f;}72, is a frame
sequence. We leave the proof to the reader (Exercise 5.15).

Lemma 5.3.3 If {fx}72, is a frame sequence with frame bounds A, B and
U:H — H is a unitary operator, then {U fi}72, is a frame sequence with
frame bounds A, B. If { fr}32, is a frame for H, then {U fi}32 is also a
frame for H.

The kind of stability discussed here can often be used to construct frames
with special properties. For example, it is important to notice that we to
every frame can associate a canonical tight frame with frame bound A = 1:

Theorem 5.3.4 Let {f;}32, be a frame for H with frame operator S.
Denote the positive square root of S~% by S™Y/2. Then {S7T1/2£.13°, is a
tight frame with frame bound equal to 1, and

F=> S V2 )8 2 f, VF €.
k=1

Proof. The existence of a unique positive square root of S~ follows from
Lemma 2.4.4. Since S~'/2 is a limit of a sequence of polynomials in S~!,
it commutes with S~! and therefore with S. Therefore every f € H can be
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written

f _ 571/25571/2]0

= > STV ST
k=1
oo
_ Z 1/2f 1/2fk-
k=1
This implies that
IAIPP = Z| STV I,

i.e., that {S™1/2£,}2° | is a tight frame with frame bound equal to 1. [

Orthogonal projections play a special role in many contexts. We state a
few relationships between frames and orthogonal projections.

Proposition 5.3.5 Let {fi}72, be a sequence in a Hilbert space H, and
let P denote the orthogonal projection of H onto a closed subspace V. Then
the following holds:

(1) If {fu}p2, is a frame for H with frame bounds A, B, then {Pfi}7,
is a frame for V with frame bounds A, B.

(11) If {fx}72, is a frame for V with frame operator S, then the orthogonal
projection of H onto V is given by

Pf=>(f,S""fi)fs, f €. (5.15)
k=1
The proof of (i) is left to the reader (Exercise 5.16), and the proof of (ii) is
identical to the proof of Theorem 1.1.11.

In Section 5.2, we saw that if {f;}%2, is an overcomplete frame, there
exist several sets of coefficients {c;}7°; € ¢*(N) for which f = >"77 | ¢ fx.
The frame coefficients {(f, S™!fx)}?2, have minimal ¢*-norm among all
sequences representing f:

Lemma 5.3.6 Let {fr}72, be a frame for H and let f € H. If f has a
representation f =Y ;- i fi for some coefficients {c}72,, then

S lerl? = STUAS TIPS e — (.57 )
k=1 k=1

The proof is identical to the proof of Theorem 1.1.5(iii). As a consequence
of Lemma 5.3.6, we obtain an explicit expression for the pseudo-inverse T'f
of the pre-frame operator. Recall that Tt is defined in Section 2.5.
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Theorem 5.3.7 Let {f;}72, be a frame with pre-frame operator T and
frame operator S. Then the pseudo-inverse of T is given by

TH:H — GN), TTf={{f.5 " fu) 22

Proof. In terms of the pre-frame operator 7', the equation f = >~ ¢k fx
means that T{cx}3>, = f. Now the result follows from Lemma 5.3.6
combined with Theorem 2.5.3. a

The optimal frame bounds can be expressed in terms of the operators T'
and S and their inverses/pseudo-inverses:

Proposition 5.3.8 The optimal frame bounds A, B for a frame {fi}32,
are given by

A= IS =(1TY72, B =ISI| = (1T

Proof. By definition, the optimal upper frame bound is given by

B= sup Z\ = sup (Sf. f) =IS|-
A=1 = [IF11=1

The last equality follows from S being self-adjoint. Also, S = TT* implies
that ||S]| = ||7T7| = ||T]|>

In order to prove the results about the lower frame bound, we use that
the dual frame {S™! f;}32, has frame operator S~! and the optimal upper
bound A~!' by Lemma 5.1.6. Thus, according to what we just proved, we
know that A= = |[|S~1||. Finally, via Theorem 5.3.7,

1S5~ _IISl\llp Z| (f, 7 f)l? _H?ﬁleTTf”z: |72 O
k=1 =

Because a frame {f;}72, might be overcomplete, it is possible that re-
moval of an element f; leaves us with a sequence {fj}rx; that is still a
frame. It turns out that whether this happens or not can be determined
based on the value of the frame coefficient (f;, S~ f;):

Theorem 5.3.9 The removal of a vector f; from a frame {fi}7>, for H
leaves either a frame or an incomplete set. More precisely, the following
holds:

(i) If (f;, S f;) # 1, then {fx}xzj is a frame for H;
(i) If (f;, S f;) =1, then {fx}xzj is incomplete.

Proof. Choose j € N arbitrarily. By the frame decomposition,

(o]

fi = {F5 ST ) f-

k=1
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Define, for notational convenience, ar, = (f;, S fi), s0 fj = > pey Qi [k
Clearly, we also have f; = >~ 0, [k, so Lemma 5.3.6 yields the following
relation between §; 5, and ay:

oo o0 o0
L= (6l D olanl? + ) lak — 65

k=1 k=1 k=1
laj1? + > larl? +la; — 12+ Jaxl®. (5.16)

oy oy
We consider the cases a; = 1 and a; # 1 separately. First, suppose that
a; # 1; then f; = ﬁ Zk# ay fr.. Exactly like in the proof of Theorem
5.2.3, this implies that {fx}r=; is a frame for H; this proves (i).
Suppose now that a; = 1. The calculation in (5.16) implies that

Dkt lak|> = 0, so that

arp = (ST f;, fx) =0 for all k # j. (5.17)

Since a; = (S7f;, f;) = 1 we know that S™!f; # 0. Thus we have found
a non-zero element S~!f; that is orthogonal to {fy}rzj, so {fi}lrez; is
incomplete. This proves (ii).

5.4 Characterization of frames

Let us for a moment go back to the definition of a frame. In order to
check that a sequence {fx}32, is a frame, we have to verify the existence
of a positive lower frame bound A and a finite upper frame bound B.
Intuitively, the lower frame condition is the most critical one to verify: bad
upper estimates on Y, [(f, fx)|? will sometimes force us to take a larger
value for B than necessary, but bad lower estimates can easily make it
impossible to find a value for A > 0 that can be used for all f € H. We
now give a characterization of frames in terms of the pre-frame operator.
It does not involve any knowledge of the frame bounds.

Theorem 5.4.1 A sequence {fi}72, in H is a frame for H if and only if
oo
T:{ar )il = ) onfr
k=1

is a well-defined mapping of £*(N) onto H.

Proof. First, suppose that {f;}7, is a frame. By Theorem 3.1.3, T is a
well-defined bounded operator from ¢2(N) into H, and by Lemma 5.1.6(i),
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the frame operator S = TT* is surjective. Thus T is surjective. For the
opposite implication, suppose that T is a well-defined operator from ¢?(N)
onto H. Then Lemma 3.1.1 shows that T is bounded and that {fx}2, is
a Bessel sequence. Let 7T : H — ¢2(N) denote the pseudo-inverse of 7. For
f € H, we have that

F=TTf = (T it

k=1
where (T f), denotes the k-th coordinate of T f. Thus
A1t = 10
= 1O (T rfrs HP

k=1

< Z|TTf Jel> D IS fol?
k=1 k=1

T LA D I fdl?
k=1

IN

We conclude that
(f, f)l? = If11%, Vf € H,
2 > [
i.e., that {fr}72, is a frame. O

For an arbitrary sequence {fx}3>; in a Hilbert space, span{ fx}7>, is
itself a Hilbert space, and Theorem 5.4.1 leads to a statement about frame
sequences:

Corollary 5.4.2 A sequence {f,}72 | in 'H is a frame sequence if and only
if the pre-frame operator is well-defined on (*(N) and has closed range.

In terms of the adjoint of the pre-frame operator we have:

Corollary 5.4.3 For a sequence {fi}7>, in H the following holds:
(i) {fe}p2y is a frame sequence if and only if
f e (U e (5.18)
defines a map from H onto a closed subspace of £*(N).

(11) If {fi}72, is a frame sequence, it is a frame for H if and only if the
map (5.18) is injective.
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Proof. The proof of (i) uses that a bounded operator has closed range if
and only if its adjoint operator has closed range, see Lemma 2.4.1. First,
assume that {f;}72, is a frame sequence. Then the pre-frame operator T
is well-defined and bounded, and the range Ry is closed. Therefore T,
i.e., the operator in (5.18), is well-defined, and has closed range. For the
opposite implication, if the operator in (5.18) maps H into ¢?(N), then
{fx}32, is a Bessel sequence (Exercise 3.4). Thus, the pre-frame operator
T is well defined and bounded; furthermore, if the range of the map in
(5.18) is closed, the same is true for T'. This implies by Corollary 5.4.2 that
{fx}32, is a frame sequence.

For the proof of (ii), we note that Ry = (Np+)™". Thus, if {fi}e2, is
a frame for H, then T™ is injective. On the other hand, if (5.18) defines
an injective mapping, then {f}72, is complete in H; thus, if {f,}7°, is a
frame sequence, it is a frame for H. O

Recall that Riesz bases for H are characterized as the families {Uey }72 ;,
where {e;}32, is an orthonormal basis for H and U : H — H is bounded
and invertible. We can now give a similar characterization of frames:

Theorem 5.4.4 Let {ey}72 | be an arbitrary orthonormal basis for H. The
frames for H are precisely the families {Uer}3>,, where U : H — H is a
bounded and surjective operator.

Proof. Let {d,}72, be the canonical basis for ¢*(N) and {e;}72, an
orthonormal basis for H. Let ® : H — ¢*>(N) be the isometric isomorphism
defined by ®ej, = d;. If {fi}72, is a frame, then the pre-frame operator
T is bounded and surjective, and 16, = fr. With U := T®, we have
{fi}2, ={Uex}2,, and U is bounded and surjective. That every family
{Uei}72, of the described type is a frame follows from Theorem 5.4.1 (see
Exercise 5.19). Alternatively, we can observe that

S UL Uer)? = [1U*f11%,
k=1
and refer to Lemma 2.4.1. O

Via Theorem 5.4.1, the question of existence of an upper and a lower
frame bound is replaced by an investigation of infinite series: we have to
check that Y ;7 cxfx converges for all {¢;}3, € ¢*(N) and that each
f € H can be represented via such an infinite series. The above conse-
quences of Theorem 5.4.1 do not involve the frame bounds either. We now
state a characterization of frames that keeps the information about the
frame bounds. The obtained result is probably most useful for theoretical
considerations; see the proof of Theorem 7.1.7 for an application.
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Lemma 5.4.5 A sequence {fi}32, in H is a frame for H with bounds
A, B if and only if the following two conditions are satisfied:

(i) {fr}p2, is complete in H.
(ii) The pre-frame operator T is well defined on (*(N) and

o (o)
AY el < IT{er}ial? < BY lenl?, V{en}pz, € Ni. (5.19)
k=1 k=1

In particular, {fi}52, is a frame sequence if and only if (ii) holds.

Proof. Theorem 3.1.3 gives the first part: the upper frame condition with
bound B is equivalent to the right-hand inequality in (5.19) (it is clear that
it is enough to check the condition for {cx}3°, € Ni). We therefore assume
that {fr}7°, is a Bessel sequence and prove the equivalence of the lower
frame condition with the two conditions formed by (i) and the left-hand
inequality in (5.19).

First, assume that { fx}32, satisfies the lower frame condition with bound
A. Then (i) is satisfied. Note that Ry« is closed because Ry is closed (the
latter is equal to H because {f}72, is a frame). Therefore

Ni =Ry = Rops,

i.e., Nt consists of all sequences of the form {(f, fx)}22,, f € H. Now,
given f € H,

0o 2
<Z|<f,fk>|2> =(SENP < ISHP AP
k=1
< ISAP 5 SN P
k=1

This implies that

AY WS < ISFIP = IT{, S ezl

k=1

as desired. For the other implication, assume that {f;}72, is complete
and that the left-hand inequality in (5.19) is satisfied. We first prove that
Rr = H. Since span{fi};>, C Rr, it is enough to prove that Ry is
closed. Let {y,} be a sequence in Rr that converges to some y € H. Take
a sequence {x,} in Ni such that y, = Tx,; then (5.19) implies that
{z,} is a Cauchy sequence. Therefore {z,} converges to some x, which
by continuity of 7' satisfies that Tx = y. Thus Ry is closed and hence
Rt = H. Let T denote the pseudo-inverse of T. By Lemma 2.5.2 and
(2.10), we know that the operator 77T is the orthogonal projection onto
./\/'Tl, and that TTT is the orthogonal projection onto Ry = H. Thus, for
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any {cx}32, € ¢%(N), the inequality (5.19) has the consequence that

AT T {en )32 |1P < ITTTT{en 72 1P = (| T{er o2 | (5.20)
Again by (2.10), we have Nt = R; therefore (5.20) implies that
ITH)* <A™

Using Lemma 2.5.2, we also have [|(T*)']|> < A7l But (T*)!T* is the
orthogonal projection onto

R(T*)T - R(T‘r)* - ./\/':,Jﬂ\ == RT = H,
so for all f € H,

AP = [Tt 112

IN

1
= T* 2
Il

1
- ZZKfakaz
k=1

This shows that {fj}7°, satisfies the lower frame condition as desired. O

5.5 Various independency conditions

From linear algebra in finite-dimensional vector spaces, we know that a
basis is a linearly independent set. Linear independence is also necessary
for an infinite set to be a basis in an infinite-dimensional Hilbert space,
but it is not sufficient. We now discuss some of the relevant independency
conditions in infinite-dimensional spaces and their relationships.
Definition 5.5.1 Let {fi};>, be a sequence in H. We say that

(1) {fr}32, is linearly independent if every finite subset of {fr}52, is
linearly independent;

(i) {fr}3o, is w-independent if whenever the series Y po cfr is con-
vergent and equal to zero for some scalar coefficients {ci}32,, then
necessarily c, = 0 for all k € N.

(i11) {fr}32, is minimal if f; & spanf fr}rz;, Vj € N.

The relationship between the definitions is as follows:

Lemma 5.5.2 Let {fi};2, be a sequence in H. Then the following holds:
(i) If { fr}72, is minimal, then {fi}72, is w-independent.
(11) If {fi}?2, is w-independent, then {fi}72, is linearly independent.

The opposite implications in (i) and (ii) are not valid.
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Proof. For the proof of (i), assume that {f}, is not w-independent.
Choose scalar coefficients {c,}72, with ¢; # 0 for some j, such that
e ckfr = 0; then f; = Dokt ?jk fr, implying that f; € span{fi}r;-
That is, { fx}72; is not minimal. The statement (ii) is obvious, and the fact
that the opposite implications are not valid is demonstrated by examples
in Exercise 5.22. 0

Recall from Theorem 3.4.4 that the existence of a complete biorthogonal
sequence is necessary for a sequence {f;}72; to be a Riesz basis. This
implies that {fx}32,; must be minimal:

Lemma 5.5.3 Let {fr}7°, be a sequence in H. Then the following holds:

(i) {fx}3>, has a biorthogonal sequence {gy}r—, if and only if {fi}>,
s manimal.

(it) If a biorthogonal sequence for {fi}72, exists, it is uniquely deter-
mined if and only if { fi}72, is complete in H.

Proof. For the proof of (i), suppose first that {f}3>, has a biorthogonal
o0 . .
system {gx},_,. Then, for any given j € N,

(fj>95) =1 and (fx,g;) = 0 for k # j.

Therefore f; ¢ Span{ fi}rzj, i-e., {fr}32, is minimal. For the other impli-
cation in (i), assume that {f;}72, is minimal. Given j € N, let P; denote
the orthogonal projection of H onto span{fi}ix;. Then it follows that
(I —Pj)f; #0, and

(fi; (I =Py) f3) = (Pif; + (I = Py) f;,(I = Py f;) = (I — P) f]]> # 0.
For k # j, clearly (fx, (I — P;)f;) = 0. Defining

gj == (I PJ)fJ27j€N’
(T = P5) fil
we obtain that {gx},-; is a biorthogonal system for {f;}7° ;.
For the proof of (ii), assume that {f;}?2, has a biorthogonal system
{gr}tre,- If {fu}2, is not complete, then it has several biorthogonal
systems. In fact, letting

Ho = 5pan{ fr}pZ,

we can replace {gx }re; by {gx + i}, for some hy, € Hg \ {0} and hereby
obtain a new biorthogonal system for { f; }7° ;. We leave it to the reader to
verify that if {f}7°, is complete, then the biorthogonality condition can
at most be satisfied for one family {gi},— ;- O

Depending on the frame at hand, it might happen that removal of a
particular element destroys the frame property, or that the frame property
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is preserved. A frame that ceases to be a frame when an arbitrary element
is removed is called an exact frame.

Lemma 5.5.2 shows that w-independence and minimality are two different
concepts. We now give some equivalent conditions for a frame to be a Riesz
basis; in particular, we prove that for a frame, w-independence is equivalent
to minimality.

Theorem 5.5.4 Let {fi}32, be a frame for H. Then the following are
equivalent.

(1) {fr}32, is a Riesz basis for H.

(ii) If > pey cifx = 0 for some {ck}32, € (*(N), then ¢, =0, Vk € N.
(i11) {fr}32, is an exact frame.

(iv) {fu}ie, and {S™'fx}32, are biorthogonal.

(v) {fe}32, has a biorthogonal sequence.

(vi) {fe}32, is minimal.

(vii) {fx}?2, is a basis.
(viii) {fx}52, is w-independent.
Proof.

Note that (i)<(ii) is proved in Theorem 5.2.2. To prove the rest of the
equivalences, we proceed with the following steps:

(a) ()= (ii);

(b) (iii)e(iv)e(v)e(vi);

(¢) (iv)=-(vii) and (vii)=-(ii);
(d) (i)=(viii) and (viil)=-(ii).

Step (a):

(i)=-(iil). Let {fx}22; be a Riesz basis. If an arbitrary element is re-
moved, the remaining family is not complete, and therefore not a frame;
thus {fx}32, is an exact frame.

Step (b):

(ili)=-(iv). Assume that {f;}7°, is an exact frame and fix j € N. Then

{fe}rj is not a frame, implying by Theorem 5.3.9 that

aj = (f;, 87 f;) = 1.
In the proof of Theorem 5.3.9, the condition a; = 1 was sufficient to derive
(5.17), which shows that (S~ f;, fi) = ;5. We conclude that {f;}?>; and
{S71fr 152, are biorthogonal.
(iv) = (v). Clear.
(v)=-(vi). This is proved in Lemma 5.5.3 (i).
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(vi)=-(iii). Assume that { fz}72 ; is minimal. Then, for an arbitrary j € N,
the family { fi}r+; is incomplete in H, and therefore not a frame for H.
Step(c): only the first of these implications needs an argument.

(iv)=>(vii). Assume that {f;}72, and {S™!fr}?2, are biorthogonal. By
the frame decomposition, we have that every f € H can be expressed as
f =30 (£, ST i) fe- In order to show that {f,}72, is a basis, it is
enough to show that this representation is unique. But if f = >"727 by fx
for some coefficients by, then

(f.S7 ) = <Zb fi S 1fk>zbj<fj751fk>bk'
j=1

Step (d): only the implication (i)=-(viii) needs an argument. But if
{fi}32, is a Riesz basis, Exercise 3.8 shows that >~ ¢k fx is convergent
if and only if {cx}52, € £*(N); now the result follows from the equivalence
between (i) and (ii). O

The next example is very illustrative: it exhibits a concrete frame, which
is overcomplete despite the fact that the elements are linearly independent.

Example 5.5.5 Let us return to Example 4.1.1, where we considered the
orthonormal basis {eg}rez = {€2"#*}rez for L2(0,1). Let I € [0,1] be a
proper subinterval, |I| < 1. We know that

Dol enl® = IIFIP, v € L2(0,1);

kEZ
identifying L?(I) with a subspace of L?(0, 1), it follows (Exercise 5.25) that
the restriction of the functions {ej }xez to I form a tight frame for L?(I).
We have already in Example 4.1.1 proved that it is overcomplete. However,
recall from Exercise 1.21 that {ej}rez is linearly independent. O

Example 5.5.5 points to a central property of frames: they can be over-
complete and linearly independent at the same time. The reason for this
is the difference between linear independence (i.e., independence of all fi-
nite subsets) and w-independence. For frames, the most suitable notion of
independence is that of w-independence.

Intuitively, we think about a frame as some kind of “overcomplete basis,”
so a natural question is the following: given a frame { f}32,, is it possible to
extract a basis {fx}res, J C N, from {fi}32,, i.e., does {fr}72, contain
a basis as a subset? A part of the answer is given already in Example
5.1.5(ii), which exhibits a concrete frame for which no subset forms a Riesz
basis (Exercise 5.4). The answer to the general question turns out to be
surprising: there even exist frames for which no subset is a Schauder basis.
The proof is much more involved that the above example — see [9] or [10].
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We now return to Example 5.1.10; we show that the sequence considered
there is minimal and we calculate its biorthogonal system.

Example 5.5.6 Let {ex}72, be an orthonormal basis for H and define
fri=er+ept1, keN

We will show that {f,}72, is minimal and that its unique biorthogonal
sequence {gi},-, is given by

(—1)j6j, k € N.

k
=1

gr = (=1)F
J
To prove that {f}7, is minimal, assume the opposite, i.e., that for some
JeN,
fi € span{fk}iz,

= span{el +e2,ea+€3,...,€5—1+€5,€6i41 +€512,... } (521)
We now consider the component of f; = ej+e;1 separately. From Example
5.1.10, we know that

ej+1 € Span{ejirlpl,
C Span{e; +ez,e2+e3,...,€j_1 +€j,€i11+€42,... 1

thus, (5.21) implies that
€; = fj — €541 S span{el + €9, €2 + €3,...,€j-1 + €5,€5+1 —+ €2, .- }

That would imply that we for any given ¢ > 0 could find coefficients {cx }{;i
and {dj }2_, for some N € N, such that

Jj—1 N
€ — ( crler + ert1) + de(€j+k + ej+k+1)> <e
k=1 k=1
But
Jj—1 N
€; — (Z Ck(ek + €k+1) + de(e]urk + 6j+k+1)> H
k=1 k=1
Jj—1
> |le — ch(ek + et
k=1
so then

ej € span{e; +eg,e2 +€3,...,¢,_1+ €5},

a conclusion that certainly does not hold. Thus {fx}3>, is minimal. By
Lemma 5.5.3, {fx}>; has a unique biorthogonal sequence {gy}- ;, which
is determined by the conditions

(gr,ex +epr1) =1, (gr,e; +ej41) =0for j #k. (5.22)
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In order to find {gr},—,, fix k € N, and let C' := (gy, ex). Then the first
condition in (5.22) implies that (gx, ex+1) = 1—C; now the second condition
implies that, in general for j >k, |(gk, e;)| = |1 — C|. Because {e;}32, is a
Bessel sequence, we know that

o0

Z gk, ;)] <Z| k> €j)]

j=k+1
so it follows that C' =1, i.e.,
(gk,ex) =1 and (gi,e;j) =0 for j > k.

Now apply the second condition in (5.22) for j = k — 1,k — 2,...,1; this
shows that

(gr,ej) = (=) j=1,... k.

We now put all the information together, and conclude that

e} k
gr = Z gk,e] k JB = —l)kZ(—l)ij. |:|
j=1

J:1 Jj=1

'Mk

5.6 Perturbation of frames

In applications where bases appear, the question of stability plays an im-
portant role. That is, if {fz}°; is a basis and {gx},-, in some sense is
“close” to {fx}7°,, does it follow that {gi},., also is a basis? A classi-
cal result states that if {f,}7°, is a basis for a Banach space X, then a
sequence {gi}r—, in X is a basis if there exists a constant A €]0, 1 such
that

Hzck(fk—gk)H S)\Hzckka (5.23)

for all finite sequences of scalars {cj}. The result is usually attributed to
Paley and Wiener, but it can actually be traced back to Neumann: in fact,
it is an almost immediate consequence of Theorem 2.2.3 with U fj, := gy.

We will now discuss a natural extension of this result to the frame setting.
That is, assuming that {f;}72, is a frame for a Hilbert space H, we want
to find conditions on a perturbed family {gi},-, that imply that it is a
frame. As a convention, we denote the pre-frame operators for { f;}72, and
{gr}r—, by T and U respectively, i.e.,

o0 oo

T7 U . EZ(N) — H, T{Ck}zozl = chfk; U{Ck}l?;l = chgk~

k=1 k=1



122 5. Frames in Hilbert Spaces

Note that T' is well defined by assumption; the pre-frame operator U is at
least well defined on finite sequences, but we have to prove that {gk}zozl
is a Bessel sequence before we know that U is well defined on ¢?(N). See
Theorem 3.1.3.

We first note that the condition (5.23) with A < 1 is too restrictive
if {fx}72, is an overcomplete frame. In fact, if (5.23) holds for all finite
sequences {ci} and some X €]0, 1], then for all such sequences it holds that

chfk :0@)2%% =0;

thus, the condition can only handle perturbations {gx},., that have the
“same linear dependence” as {f;}72 ;. A much more flexible result can be
obtained by adding an extra term in the perturbation condition as in the
following Theorem 5.6.1. The original reference is [12].

Theorem 5.6.1 Let {f;}72, be a frame for H with bounds A,B. Let
{gr}rey be a sequence in H and assume that there exist constants A,y > 0
such that \ + ﬁ <1 and

HZ e fre — gk)H <A Hchka +p (Z |Ck|2)1/2 (5.24)

for all finite scalar sequences {cx}. Then {gi}re, is a frame for H with

bounds
(e ) )

Moreover, if { fx}3°, is a Riesz basis, then {gi}r, is a Riesz basis.

Proof. {f;}72, is assumed to be a frame, so by Theorem 3.1.3, the pre-
frame operator T is bounded and ||T|| < v/B. The condition (5.24) implies
that for all finite sequences {cy},

HZCkng = H—ch(fk _gk)+zckfk-H
= et = an|| + || exsi|
(1+2) Hzckka + p (Z |Ck|2)1/2-

This calculation actually holds for all {cx}3°, € £2(N). To see this, we first
have to prove that > r- ; cxgx is convergent for any given {c}72, € (*(N).
Given n,m € N with n > m,

n m
E Ck9k — E Ck9k
k=1 k=1

IN

IN

n
Z Ck Gk

k=m+1

n

> ek

k=m+1

IN

" 1/2
(1+2) +u< ) |ck|2> ;

k=m-+1
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since {cx}32, € (*(N) and Y, cxfr is convergent, this implies that
ik gk}zozl is a Cauchy sequence in ‘H and therefore convergent. Thus
the pre-frame operator U is well defined on ¢?(N); it follows that for all

{Ck}zozl € éQ(N)7
< (14X

oo 1/2
+ p (Z |ck|2> . (5.25)
k=1

In terms of the operators T, U, (5.25) states that

A

oo 1/2
1U{ertezall - < (1+A)|T{Ck}i‘°—1|+u<2|0kl2>

k=1

IN

1/2
(1 +NVEB+4) (Z |ck|2> . V)52, € 2(N).

Via Theorem 3.1.3, this estimate shows that {gj},-, is a Bessel sequence
with bound

((1+A)\/§+M>Q—B<1+A+%>2

Now we prove that {gi},.; has a lower frame bound. Because {f;}7°, is
a frame, the frame operator S = TT* is invertible by Lemma 5.1.6, and we
can define an operator (the pseudo-inverse of T, see Section 2.5) by

TH:H — (N), TV =T(TT)7 f = {(f,(TT") " fi)}iZr- (5.26)

Note that {(TT*)~! fx}32, is the canonical dual frame of {f;}$2,, so by
Lemma 5.1.6,

TR = SO T )
k=1
< IR vfen.

Since > _po; ¢k fr and Y- po; gk are convergent for all {c,}7° ; € ¢2(N), the
inequality (5.24) holds for all {¢;}32, € ¢*(N). In terms of the operators T
and U,

. 1/2
T{enyea = Uerdilall < MIT{exjia [l + 1 (Z %2) ,» (5:27)

k=1
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for all {c,}72, € (2(N). Note that for f € H,

IT'f = TT(TT")"'f=/,
UTTf = > (T Hege =Y _(f(TT*) 7 fr)gr
k=1 k=1

Using (5.27) on the sequence {c;}32, =TT f yields
If =UTI < MIfI+p 1T

1
< (A+ ﬁ) 1711, vf € M.

Since we have assumed that A\ + \/LZ < 1, this implies that the operator

UTT is invertible, and that we have the estimate (Exercise 5.27)
1
T <142+ =, joTh | < (5.28)
v ()

Now, any f € H can be written as

fo= urtuTh)f
= Z((UTT)flf,(TT*)flkok;
k=1
inserting this in the first entry of (f, f) leads to
It = KNP
o 2
= D A@TH L (TT) fi)gns f)
k=1
< Z| (UTH =L, (TT) L f) 2 ZI i
k=1 k=1
< 7 lloTh P 5 low. S
k= 12
< 1 If1> il(gk,ﬁz
A 1_(>‘+T/M_Z) k=1

So
[e%s) 2
>l NP =4 (1= (3 25) ) IR v e
k=1

ie., {gr}re, is a frame for H.

For the rest of the proof, we now assume that {f;}7°, is a Riesz basis.
To prove that {gy},-, is a Riesz basis, we use Theorem 5.2.2 and assume
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that Y27, ckgr = 0 for some coefficients {c,}72, € ¢*(N). By Theorem
5.2.1 the lower frame bound for {5}, is also a lower Riesz basis bound,

so (5.27) implies that
- - 1/2
chfk +p (ch2>
k=1 k=1

chfk
k=1
< </\+;Z) > e

Because A + ﬁ < 1, it follows that Y ;- ; ¢k fx = 0. Using Theorem 5.2.2

on the Riesz basis { fz}72 ;, we conclude that ¢, = 0 for all k € N; therefore
{gr}re; is a Riesz basis. 0

< A

We already argued for the role of the p-term in the condition (5.24).
Most applications of Theorem 5.6.1 actually take place with A = 0, so a
natural question is whether the appearance of the A-term improves the
result. In fact, it does: in Exercise 5.29, we consider an example where the
A-term guarantees the frame property for a larger class of sequences than
the corresponding result without the A-term.

We now illustrate Theorem 5.6.1 by an example in a general Hilbert
space. In particular, the example shows that the conclusion in Theorem
5.6.1 might fail if the condition A + ﬁ < 1 is replaced by \ + ﬁ = 1.
In that sense, Theorem 5.6.1 is the best possible perturbation result. The
reader is asked to provide the details of the argument in Exercise 5.30.

Example 5.6.2 Let {e}72; be an orthonormal basis for H. Given a se-
quence {ay}32, of complex numbers, we consider the family of vectors
{gr}—, defined by

gk = er +aregpy1, k€N,

If a := supy, |ag| < 1, Theorem 5.6.1 shows that {g},—, is a frame (in fact,
a Riesz basis) with bounds (1 —a)?, (1 + a)?.
On the other hand, by taking a; = 1 for all £ € N, we obtain the family

gk = ek +epr1, k€N,

which was considered in Example 5.1.10. In particular, we know that
{gr}rey is not a frame. Letting fr = ey, one can check that the condi-
tion (5.24) is satisfied with (A, u) = (1,0), or (A, 1) = (0,1); in either case,
it shows that the condition A + ﬁ = 1 together with (5.24) in Theorem
5.6.1 does not imply that {gj},-, is a frame. O
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An important special case of Theorem 5.6.1 is given by

Corollary 5.6.3 Let {fy}32, be a frame for H with bounds A, B, and let
{gk}zozl be a sequence in H. If there exists a constant R < A such that

S WL fe—an)? < RIfIP Vfen, (5.29)

k=1

then {gi}r, is a frame for H with bounds

() (o

If {fi}32, is a Riesz basis, then {gi}y—, is a Riesz basis.

2

Proof. The condition (5.29) corresponds to the condition in Theorem
5.6.1 with A = 0, & = VR, just formulated in terms of the adjoint of the
pre-frame operator instead of the pre-frame operator itself. However, an
easier way to prove the frame part is to apply the triangle inequality in
?%(N) to the sequence

{(Frae)¥ezn = {{F Fe) 1oty = {{F e — 9k }i 0

5.7 The dual frames

We now aim at a characterization of all dual frames {gj } ;—; associated with
a given frame { fj, }7° ;. The result is originally due to Li. Since { fj }7°; and
{gr}—, are assumed to be Bessel sequences, we can consider the associated
pre-frame operators; we will (as usual) denote the pre-frame operator for
{fi}32, by T, and the pre-frame operator for {g},—, by U.

As we have seen in Section 5.2, two Bessel sequences { fi, }72; and {gx } r,
are dual frames if (5.14) holds, i.e., if

F=> At 06 fr: VI €H. (5.30)

k=1
In terms of the operators T' and U, (5.30) means that
TU = 1.

We begin with a lemma, which shows that the roles of {fx}>, and
{gr}r—; can be interchanged and that the lower frame condition au-
tomatically is satisfied for Bessel sequences {fi}721,{gr}rey if (5.30)
holds.
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Lemma 5.7.1 Assume that {fx}7, and {gi},., are Bessel sequences in
‘H. Then the following are equivalent:

(i) =3 perlfsgu)frs VfEH.
(i) [ = per{fs fu)gr, Vf €H.

In case the equivalent conditions are satisfied, then {fr}3°, and {gi}re;
are dual frames for H; and if B denotes an upper frame bound for { fr}72,,
then B=' is a lower frame bound for {g}pe, -

Proof. In terms of the pre-frame operators, (i) means that TU* = I; this
is equivalent to

Ur* =1, (5.31)

which is identical to the statement in (ii). It is also clear that (ii) im-
plies (iii). To prove that (iii) implies (ii), we fix f € H and note that
Sore (fs fe)gr is well defined as an element in H because {f;};2; and
{g1}r—, are Bessel sequences. Now the assumption in (iii) shows that

<f -> fk>gk,g> =0, VgeH,
k=1

and (ii) follows.
In case the equivalent conditions are satisfied, we can write
(o)

AP = (1) =D (o gk) i £), Y €H.

k=1
Using Cauchy-Schwarz’ inequality and that one of the families {f}7°,,
{gr}re; is a Bessel sequence, we obtain that the other family satisfies the
lower frame condition, with the relationship between the frame bounds as
stated in the lemma. O

When (5.31) is satisfied, we say that U is a left-inverse of T™*.

Lemma 5.7.2 Let {f;}72, be a frame for H and {3}, be the canonical
orthonormal basis for (*(N). The dual frames for {fy}2, are precisely
the families {gi}tre; = {VOr}3,, where V : (*(N) — H is a bounded
left-inverse of T*.

Proof. If V is a bounded left-inverse of T*, then V is surjective; by
Theorem 5.4.1 it follows that {gi},o; := {Vr}32, is a frame. Note that
in terms of {dx}72 4,

oo

T*f = {{fs fi) Yooy = D J) 0

k=1
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thus, for all f € H,

F=VTF =Y fx) gk

k=1

ie., {gr}rey is a dual frame of {fx}7° ;. For the other implication, assume
that {gi},, is a dual frame of {f;}32,. Then the pre-frame operator U
for {gi},—, satisfies the conditions: in fact, {gx}ro; = {Udx}>,, and by
Lemma 5.7.1, UT* = 1. O

Lemma 5.7.3 Let {fi}72, be a frame with pre-frame operator T. The
bounded left-inverses of T are precisely the operators having the form
STIT + W —T*S™IT), where W : ((N) — H is a bounded operator,
and I denotes the identity operator on (*(N).

Proof. Straightforward calculation gives that an operator of the given
form is a left-inverse of 7. On the other hand, if U is a given left-inverse
of T*, then by taking W = U,

ST +W(I -T*S™'T)=S™'T+U -UT*S™'T =U. O

We are now ready for the announced characterization of all dual frames
associated with a given frame.

Theorem 5.7.4 Let {fi}2, be a frame for H. The dual frames of { fx }32,
are precisely the families

oo
o0

{oedey = QS e+ b =Y (S i fi)hy : (5.32)
=1 k=1

where {h}7° | is a Bessel sequence in H.

Proof. By Lemma 5.7.2 and Lemma 5.7.3, we can characterize the dual
frames as all families of the form

{ge}re, = {S7 16, + W(I — T*S™ )61, 1524, (5.33)

where W : ¢2(N) — H is a bounded operator, or, equivalently, an operator
of the form W{c;}22, = Z;’;l cjh; where {h;}72, is a Bessel sequence.
Inserting this expression for W in (5.33), we get

{ogetre, = {S 7'+ Wo — WT*S™'T6 152,
= QS he =Y (ST fidhy
7=l k=1
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Note that if {f;}72, is a Riesz basis, then {fz}3, and {S™'fi}32,
are biorthogonal by Theorem 5.2.1. Thus, independently of the choice of
{hi}32,, the element g in (5.32) is given by

oo

gk =S fu+hi = (ST i fi)hy = ST fu+ i — hyy = ST fi

J=1

This shows that a Riesz basis {fx}32, has a unique dual frame, in
accordance with Theorem 3.3.2.

5.8 Continuous frames

The frames discussed so far all lead to expansions of elements in Hilbert
spaces in terms of infinite sums. One can consider these frames as manifesta-
tions of a broader theory, which in general leads to integral representations
in Hilbert spaces. The following generalization of frames was proposed by
Kaiser and independently by Ali, Antoine, and Gazeau. In the current book,
it will only play a role in Section 9.9 and Section 11.8.

Definition 5.8.1 Let H be a complex Hilbert space and M a measure
space with a positive measure p. A continuous frame is a family of vectors
{fr}rem for which the following hold:

(i) For all f € H, the mapping k — (f, fx) is a measurable function on M;

(ii) There exist constants A, B > 0 such that
ANAIP < [ 10 fdPdut) < B ISP, 5 €

Note that Kaiser used the terminology generalized frames. Also, because
{fx }renr being a continuous frame or not depends on the measure space, it
would be more exact to speak about a continuous frame for H with respect
to the measure space (M, ).

In order to distinguish them from the continuous frames, the frames
{fx}32, considered so far are frequently called discrete frames. The dis-
crete frames { fz}72, are actually a special case of the continuous frames,
corresponding to the case where M = N, equipped with the counting mea-
sure. An important feature of continuous frames is that the theory for
discrete frames and some results on the continuous Gabor transformation
and the wavelet transform can be considered as different manifestations of
a single theory. We come back to this in Section 9.9 and Section 11.8.

Let us derive the basic results for a continuous frame {fj}renr. First,
Cauchy-Schwarz’ inequality shows that the integral [, (f, fx)(fx,g) du(k)
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is well defined for all f,g € H. For a fixed f € H, the mapping

g /M<f, 1) U g) dia(R)

is conjugated linear, and bounded because

/M (. Fi) () /M (i 0} 2dpa()
B2 ||£12 |19l (5.34)

IN

\ [ 15 )

IN

By Theorem 2.3.2, there exists a unique element in ‘H — we call it
Jas {fs fr) fr dp(k) — such that

</M<f’ T d“(k)79> = /M<f, Fi) (frs ) duk)

for all g € H. By this procedure, we have defined a mapping

SiH— M, ST = [ (f.5fdulh)
M
It is easy to check that S is a linear operator. Using that
ISfIl = sup [(Sf,9)l,

llgll=1
it follows from (5.34) that S is bounded and that ||.S|| < B. By definition,
S is positive, and

AlfII? < (ST, f) < B|flI?, Vf € H.

Exactly as in the proof of Lemma 5.1.6, one can now prove that S is
invertible. Thus, every f € H has the representations

;o= slsf= /M<f,fk>S*1fkdu<k>7
J o= SSlf= A{<f,5*1fk>fkdu<k>-

Remember that these representations have to be interpreted in the weak
sense. Sometimes stronger results can be obtained in concrete cases.

5.9 Frames and signal processing

The frame theory described so far takes place in an ideal world, which can
hardly be realized in, e.g., signal processing. In this section, we describe
some of the steps that have to be taken in order to apply the abstract
results in practice. Much more can of course be said about this important
subject, and we refer to the books [53] by Mallat and [63] by Vetterli and
Kovacevi¢ for more detailed information.



5.9 Frames and signal processing 131

Some of the problems appear before one even thinks about frames. In
fact, even the most basic ingredient in mathematics, the real numbers, are
disturbed when we move away from the abstract level: every number has
to be replaced by a number with finitely many digits before any process-
ing can take place. In practice, this means that we represent all numbers
in an interval (for example, [1,1 + 107!¥[) by the same number (in this
case the number 1). The consequence is an inaccuracy, which is called the
quantization error.

The basic limitation in applications of the frame results is that any type
of signal processing has to be performed on finite sequences of numbers.
For example, this implies that the frame representation (5.1.7) has to be
truncated: we can only aim at calculating a finite number of frame coeffi-
cients, say, {(f, S~ fr)}2_,, and the exact representation in (5.1.7) has to
be replaced by

[~ S Fe) f

Mz

k:l

Even calculation of the frame coefficients (f, S~!f) can in general only
be done with finite precision. That is, the outcome of a calculation will be

(£, S7 i) + w (5.35)

for some (hopefully small) error term wy. All types of transmission or fur-
ther processing will introduce extra inaccuracies. One says that the frame
coefficients (f, S™1fx) have been contaminated by the noise wy,.

Already on page 28, we gave a rather intuitive argument that overcom-
pleteness of frames might reduce the influence of noise, compared with use
of an orthonormal basis. To support this further, we now discuss a result
that is borrowed from [53].

Let us again use the example of signal transmission, as on page 28. That
is, we assume that one wants to transmit the signal f from A to R by
sending the frame coefficients {(f, S™! fx)}72 . Because of quantization, the
coefficients will be contaminated by some noise {wy, }72 ;, and R will receive
the coefficients {(f, S™1 fi)+wy. }$2 ,; we assume that {wy }32, € £2(N). The
receiver R will believe that the transmitted function was

Z (f,87 " fr) +wk)fk—f+zwkfk
k=1 k=1
rather than f.

Note that R actually knows that the transmitted sequence was sup-
posed to be a sequence of frame coefficients, i.e., a sequence of the form
{{g, fr)}32, for some g € H (namely, g = S~1f); that is, the sequence
belongs to the range of the operator 7%. This might not be the case
for the perturbed coefficients {(f, S™!fy) + wy}3,, so it is natural to
compensate for this by projecting that sequence onto the range of the
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operator 7. Denoting the projection operator by @), Exercise 5.17 shows
that the outcome is

QUf, S7 k) +wie iy = {{f. 57 i) 122y + Q{wr )Ly (5.36)

Let w = {wi}72,. Based on (5.36), R will reconstruct the transmitted
signal as

oo

STULSTHR) + Qi) fr = £+ D (Qu)i i

k=1 k=1
We will assume that the quantization error is white noise. This means

that the components wy, are random variables with zero mean, variance o2
independent of k, and that

E [wjwe] = 0%8;. (5.37)

We now prove that increased redundancy of the frame, measured by a
larger lower frame bound, will decrease the energy of the coefficients in the
“projected noise” Qu, i.e., the mean of the random variables |(Qw)|*. We
return to this result in a concrete setting in Section 7.5.

Proposition 5.9.1 Suppose that the frame { fi, }32, has lower frame bound
A and consists of normalized vectors. If w is white noise, then for each
keN,

2
o
ElQuf < 7,
with equality if {fi}72, is a tight frame.
Proof. According to Exercise 5.17, the k-th component of Qu is given by

(Qu)r = Z%(S*lfpfk)'
j=1
Via (5.37), this implies that

El(Qu)il* = E

—

(Qu)i(@Qu)r |

= F w;i (S~ £}, fr) sz e, fie)

MS

=1

E [wywe] (S7'f5, fu) (S~ fe, fi)

M
]2

~

I
—
~

I
—

Elwe*[(S™" fe, fi)

I
NE

~
Il

1

= Y (S e f).
=1
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Using that {S™1f,}$2, is a frame with upper frame bound A~', we finally
arrive at
2 2
o o

E 2 o 07 2 _ 0",

Quiel? < T Il = T
the inequality is an equality if {S™!fx}72, is a tight frame. By Lemma
5.1.6, the frame operator for {S™1f,}72, is S~ thus, {S™! fx}72, being
a tight frame is equivalent with S~' being a multiple of the identity. But
this is equivalent with S being a multiple of the identity, i.e., with {fx}3,
being a tight frame. O

Quantization errors and noise during transmission are just some of the
obstacles for frames in real life. Depending on the underlying Hilbert space
‘H, there might be additional complications. In many cases H will be a
function space like L?(R), and even finite-dimensional subspaces hereof
cannot be processed directly: a discretization step is needed in order to
transfer the setting to a finite-dimensional sequence space like C™. This is
exactly the point where the importance of the Gram matrix becomes clear:
whereas the frame operator S = TT* maps H onto itself, the Gram matrix
T*T is an operator on the sequence space ¢2(N), i.e., the only step that
is needed is a truncation. For this reason, it is an advantage to formulate
algorithms involving frames in terms of the Gram matrix rather than the
frame operator, if possible.

5.10 Exercises

5.1 Find an example of a sequence in a Hilbert space that is a basis
but not a frame.

5.2 Prove that the upper and lower frame conditions are unrelated: in
an arbitrary Hilbert space H, there exists a sequence { fj}72 satis-
fying the upper condition for all f € H, but not the lower condition;
and vice versa.

5.3 Prove Lemma 5.1.2 (use Lemma 3.1.6).

5.4 Find a frame that contains a Schauder basis as a subset,
but not a Riesz basis. (Hint: use Example 5.1.5.)

5.5 Let {ex}72, be an orthonormal basis and consider the family
{fu}izy = {er + gen en}iZe.

(i) Prove that {fz}72, is not a Bessel sequence.

(ii) Find all possible representations of e; as infinite linear
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combinations of {fi}7° .

(iii) Prove that there exists no set of coeflicients having minimal
¢'-norm among all sequences representing e;.

5.6 Give an example of a frame { f; }32 ;, for which Y77 | ¢ fi converges
for some {c;}32, ¢ ¢?(N) (compare with Exercise 3.8!).

5.7 Let {fr}32, be a frame. Show that the following are equivalent:

(i) {fk}R2y is tight.
(ii) {fx}72, has a dual of the form g5 = C'fi, for some constant

C>0.
5.8 Verify the statements in Example 5.1.9.

5.9 Let {fx}32, be a frame sequence in H, with pre-frame operator
T : (?(N) — ‘H. Prove that {f}3, is a frame for H if and only if
T* is injective.

5.10 Show that the family {e, + ex41}72, in Example 5.1.10 and
Example 5.5.6 cannot be extended to a basis for H.

5.11 Let H be the complexification of a real Hilbert space H. Prove
that a frame for H also is a frame for H.

5.12 Let {f;}72, be a Riesz basis with bounds A, B. Prove that
A <||fxl|* < B for all k € N,

and that the elements in the dual Riesz basis {gj } -, satisfy

1 1
< 2 - )
B_Ilgkll < forallk €N

5.13 Prove that the conclusion in Proposition 5.3.1 might fail if U is
not assumed to have closed range. (Hint: let {e}7°, be an
orthonormal basis and define U by Uey, = ex + ex41.)

5.14 Let {e;}7°, be an orthonormal basis for H, and define an operator
U on 'H by

1
Uear, = ear,, Uegp_1 = 762k keN.
Prove that

(i) U is a well-defined bounded operator on H, and Ry is closed.
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(i) {ear—1}32, is a frame sequence, but {Ueas—1}372; is not.

Thus, Proposition 5.3.1 does not extend to frame sequences.
5.15 Prove Lemma 5.3.3.
5.16 Prove Proposition 5.3.5.

5.17 Let {fx}72, be a frame sequence in H. Show that the orthogonal
projection @ of a sequence {c;}32, € ¢*(N) onto the range of T
is given by

o}

Qern}iz, = <ch5_1fj7fk> : (5.38)

J=1 k=1

5.18 Let {fx}rez be a Riesz basis. Our purpose is to show that

{fe + frv1trez

cannot be a frame. Let {g; }rez be the biorthogonal basis
associated with {f;}rez, and let

J
hj = Z(_l)k.‘]ka JjEZL.

k=1

(i) Prove that Y, ., [(hj, fr + fes1)[* = 2.

(ii) Prove that ||h;||> > j/B, where B is an upper frame bound for

{fk}k€Z~

(iii) Conclude that {fi + fr+1}rez is not a frame.

5.19 Prove via Theorem 5.4.1 that {Ue}7° , is a frame whenever
{ex}%2, is an orthonormal basis and U is a bounded surjective
operator.

5.20 Let {fx}72, = {Uer}72, be a Riesz basis for H as in Definition
3.3.1. Prove that the frame operator for {f;}72, is given by
S=UU".
5.21 Let {f;}72, be a frame with frame bounds A, B. Show that the
frame operator S satisfies the inequalities

AlfII<ISFII< B IfIl, Vf e H.
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5.22 Let {e}°, be an orthonormal basis for a Hilbert space H.

(i) Prove that {3 ;2 7es} U {er}p2, is linearly independent, but
not w-independent.

(ii) Prove that {e1} U {ex + ex+1}72, is w-independent, but not
minimal. (Hint: In Example 5.1.10, we proved that
{er + ert1}72, is complete.)

5.23 Prove that a basis in a Hilbert space is minimal.

5.24 Definition 5.5.1 applies word by word with the Hilbert space H
replaced by a Banach space X. Extend Lemma 5.5.2 to that setting.

5.25 Prove that the sequence {ej }rez in Example 5.5.5 is a tight frame
for L2(I).

5.26 Let U be a bounded operator between Hilbert spaces. Prove that
if at least one of the spaces Ry and Ryp~ is closed, then

Ru = Ruu--
5.27 Prove the estimates (5.28).

5.28 Let {f;}72, be a frame for H with frame bounds A, B, and let
{gr}r—, be a sequence in H. Prove that if

> Ik — gl < A,

k=1

then {gi},- is a frame for H.

5.29 Let {e1,ea} be an orthonormal basis for C2, and consider the frame
{1, f2} given by

Ji=e1, f2 = 2ea.
Given a number ¢ € C, let
g1 = €1, 92 = C€a.

Based on the frame { f1, fa} we want to find the range of parameter
¢ for which {g1, g2} is also a frame.

(i) Apply Theorem 5.6.1 with A = 0 — for which ¢ € C does the
result guarantee that {g1,¢2} is a frame?

(ii) Apply Theorem 5.6.1 with p = 0 — for which ¢ € C does the
result guarantee that {g1, g2} is a frame?

(iil) What is the exact range of ¢ € C for which {g1,¢2} is a frame?
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5.30 Provide the details in Example 5.6.2.
5.31 Extend Corollary 5.6.3 to Riesz sequences.

5.32 Let { i}, and {gi},—, be dual frames for a Hilbert space H,
and U : H — H a unitary operator. Show that {U f}7, and
{Ugr}32, also form a pair of dual frames for H.

5.33 Find a tight frame {f;}7°, for which dual frames {g;},., with
arbitrary large optimal frame Bessel bound exist. (This shows that
for non-canonical dual frames, no expression for the upper frame
bound in terms of the frame bounds for { fi}72, exists.)

5.34 This exercise concerns the question of finding generalized duals
that are not frames.

(i) Find an overcomplete frame { fx }7° ;, for which a family {gx } o,
satisfying (5.14) automatically is a frame.

(ii) Find an overcomplete frame { f, } 7 ; and a non-Bessel sequence
{gr}r—, such that (5.14) is satisfied.



6
B-splines

In Chapters 1-5, we described frames in abstract Hilbert spaces. The pur-
pose of the rest of the book is to provide concrete frame constructions in
L?(R) and subspaces hereof. The intention is that the constructions should
be convenient to apply in practice, so it is important that the frames are
generated by functions that are easy to deal with. For this reason, several
of the frames will be based on B-splines; and this is the reason for including
an introductory chapter on these.

In short, splines are functions that are piecewise polynomials; in the
one-dimensional case, this means that one can split the domain of a spline
into intervals in such a way that the function is a polynomial on each
interval. The points where the function changes from one polynomial to
another polynomial are called knots. In principle, no assumptions on the
knots need to be made, but it is convenient to restrict attention to splines
which are continuous — or even differentiable — at the knots.

We will not discuss general splines, but only some special splines, called
B-splines. In Section 6.1, we introduce B-splines supported on compact
subintervals of the positive real axis. We derive explicit expressions for
these functions and their Fourier transforms. Furthermore, we prove that
the integer-translates of any B-spline satisfies a so-called partition of unity
property, which will play a crucial role in the constructions of Gabor frames
and their duals in Chapter 9. The symmetric counterparts of the B-splines
are treated in Section 6.2.

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_6,
© Springer Science+Business Media, LLC 2008
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6.1 The B-splines

The B-splines are defined inductively: the first is simply
Ny(z) = X[0,1] (z), (6.1)

and, assuming that we have defined NV,, for some n € N, the next is defined
by a convolution:

Npt1(z) = Ny« Ny(z) = Np(x —t)Ny(t)dt

= Np(x —t)dt. (6.2)
0
The functions N,, defined by (6.1) and (6.2) are called B-splines, and n is
the order. See Figures 6.1 and 6.2 for graphs of the first few B-splines. We
collect some of their fundamental properties:

Theorem 6.1.1 Given n € N, the B-spline N, has the following
properties:

(i) supp N, =[0,n] and N,, >0 on ]0,n|.
(ii) [0 Nn(z)dz=1.
(iii) Formn > 2,

ZNn(x —k)=1 for all z € R; (6.3)
kez

forn =1, the formula (6.3) holds for a.e. x € R.

(iv) For any continuous function f : R — C,
/ N,(z)f(z) dm:/ flxr+ - +x,)dey - -da,.  (6.4)
—00 [0,1]™

Proof. All the statements can be proved by induction based on (6.2); we
prove (i) and leave the rest to the reader (Exercise 6.1). It is clear that (i)
holds for n = 1. Assuming that (i) holds for some n € N, we now consider
the B-spline N,,11. Whenever ¢ € [0,1], it is only possible for N, (z —t) to
be non-zero if € [0,n + 1], so (6.2) shows that supp N,+1 C [0,n + 1].
On the other hand, if x €]0,n + 1], then there exists ¢ €]0, 1] such that
x —t €]0,n[; by the induction hypothesis this implies that N, (x —¢) > 0.
Since N,, is non-negative, we conclude by (6.2) that N,ii(x) > 0. This
also shows that actually supp N,,11 = [0,n + 1]. O

The formula (6.3) shows that the integer-translates of any B-spline point-
wise adds up to 1; we say that they form a partition of unity. This property
will be of central importance in Chapter 9.
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1_
2 -1 0 1 2 3 4
Figure 6.1. The B-spline Na.
1_
2 -1 0 1 2 3 4

Figure 6.2. The B-spline N3.
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Via (6.4), we can find the Fourier transform of N,:

Corollary 6.1.2 For anyn € N,

Moy = (1‘) (65)

2y

Proof.

/ Nn(x)e_%rm’y dr = / 6_27”‘@1—’“”—i_w")’Y d$1 R dl’n
—00 [0,1]™

1 " —27iy\
0 2miry

We will now derive an alternative expression for the B-splines N,,. For a
real-valued function f, let

f(@)4 = max{0, (2)}.

Also, for any non-negative integer n, let

Finally, forn € Nand j =0,1,...,n, let

Theorem 6.1.3 For each n = 2,3,..., the B-spline N,, can be written
— n—1
Ny(x) = n—l'z ()x—]) , v €R. (6.6)

Proof. We prove (6.6) by induction. For n = 2, the result can be proved
by a direct calculation (Exercise 6.2). Now, assume that (6.6) holds for the
B-spline NN,, for some n € N, and consider the B-spline N, 41; we want to
show that

n+1

Noia(2) = — Z <” M 1) (€ =4}, z€R, (6.7)

First we notice that for < 0, we have N,41(z) = 0 and (x — j)+ = 0 for
all j =0,...,n+ 1; thus, the equation in (6.7) holds. Let us now consider
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x € [0,n + 1]. Via the induction hypothesis, we derive that
1
Noar(z) = / Nop(z — ) dt
0
= e () [ e a6
B (n—l)!j:O Ji) Jo e ' .

For technical reasons, we will now split the interval [0,n 4 1] into subinter-
vals and consider x € [J, J+1] for some arbitrary but fixed J € {0,1,...,n};
if we can prove (6.7) for such x, the result holds for all € [0,n + 1]. In
order to calculate the integrals in (6.8), we split the index set j = 0,1,...,n
into 3 groups:

e Forj=J+1,J+2,...,n,

1
/ (x—t—7)7 tdt=0.
0

e For j =J,

1 x—J
/(acftfj)’fr_ldt = / (x—t—J)" tdt
0 0
1
n

e For j=0,1,...,J —1,

1
/ (x—t—j)"tdt
0

= (@) - -1,

1
/ (x—t—j)} tdt
0

We now have all the information needed to calculate the sum in (6.8). Let
us first consider the partial sum corresponding to 7 =0,...,J — 1:

jz_::(—l)j (?) /Ol(w —t— )} dt

J—-1

S g(_na‘ (7)== @=1-0)
= % ::(_1)1 C) (x — )" — % :z;:(—l)J (Z) (x—=1—7)" = (%)
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Splitting of the sum into two and reordering of the terms leads to

this implies that

Sy () ot gyt

S Z (" e et e

We can now find N,,;1 using (6.8):

Il
3
[ ] =
—_
=
.
M~ s
o
|
—_
N—
VRS YR

.3 <3
‘ Y~ —
- TS —
= —

o

BRG] (:f” +i:z_:(_1)l<n;1>($_ﬁ )
a0 (1) e
oV (7))

- (e
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Using (6.9) again, this leads to

Nopi(e) = = (-1 (”*. 1) (& )"

Il
S
3
Mt
/_\
\_/
N
|
o

This proves (6.7) for x € [0,n+ 1}. The proof that (6.7) holds for z > n+1
is similar and is left to the reader (Exercise 6.3). O

Theorem 6.6 has some direct consequences:

Corollary 6.1.4 For n = 2,3,..., the B-spline N,, has the following
properties:

(i) N, € C"2(R).

(i) The restriction of N, to each interval [k, k+1], k € Z, is a polynomial
of degree at most n — 1.

We now state a lemma concerning linear independence of translated
versions of a B-spline. We will only need the lemma in Section 7.4.

Lemma 6.1.5 Let n € N. Then the functions N,(-+ k), k=0,...
are linearly independent on [0, 1].

7n_17

Proof. For0 <z <1land k=0,...,n— 1, it follows from (6.6) that

No(x+k) = e 'z: ()x—l—k—]nl
/G

= (x+k—j)
<n 2 > "

1 b _ n 1

- m;(q)k Z(k_£>(x+€)
_ ) n
GRS §(1)Z<k - z) @40

This calculation shows that the linear operator that maps the functions
(+0"1e=0,1,...,n—1,
onto the functions

No(-+k), k=0,1,...,n—1
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is lower triangular, with non-zero diagonal entries; thus, the transformation
is invertible. Consider the operator

Vi) = flz+1) = f(z);
in the literature, this is often called the forward difference operator. For
k=0,...,n—1, V¥(z"1) is a polynomial of exact degree n — 1 — k, which
is a linear combination of 2”7, (z + 1)1, .- (z + k)"~ L. It follows that
span{(- + k)" ' :k=0,...,n— 1}

equals the space of all polynomials of degree less than n. Therefore, the
polynomials (- + k)"~ k =0,...,n — 1 are linearly independent on [0, 1].
As we have seen, (-+k)" "1k =0,...,n—1and N,(-+k), k=0,1,...,n—1
are related by an invertible operator; as a consequence, we infer that the
functions N, (-+k),k=0,1,...,n—1 are linearly independent on [0, 1]. O

6.2 Symmetric B-splines

We will now consider a symmetric version of the B-splines discussed in
Section 6.1. For n € N, let

Bu() := T 5 Ny () = Ny (@ + g). (6.10)

We will also call the functions B,, for B-splines. Alternatively, one can
define these functions by

B :=X[-1/2,1/2), Bnp+1:=Bn*Bi,neN, (6.11)

see Exercise 6.6. Thus, for any n € N, we have that
B,ii(x) = B, (z —t)dt.

Note that an explicit expression for B,, can be obtained via the definition
(6.10) together with Theorem 6.6.

It is clear that B, has support on the interval [—n/2,n/2]. We state the
following direct consequences of Theorem 6.1.1 and Corollary 6.1.2:

Corollary 6.2.1 Forn € N, the B-spline B,, has the following properties:
(i) Forn > 2,
ZBn(x— k)=1 forallx € R.

kEZ
For n =1, the formula holds for a.e. x € R.

) By = (s )" 2 (st )"
(i) Bal) =( 55 ) = ()
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=
N
w

-3 -2
Figure 6.3. The B-spline Bs.
1A
-3 -2 -1 0 1 2 3

Figure 6.4. The B-spline Bs.

147



148 6. B-splines
6.3 Exercises

6.1 Prove Theorem 6.1.1 (ii)—(iv).

6.2 (i) Show via the definition that the B-spline Nj is given by

x if x €10, 1],
No(z) = 2—z ifxell, 2],
0 otherwise,

(ii) Use this to show that (6.6) holds for n = 2.
(iii) Show that

122 if z € [0,1],

—2?+3z -3 ifzel,2],

N3(z) =
0 otherwise.

6.3 Show that (6.6) holds for x > n + 1.

6.4 Consider the B-spline N,,, n € N.
(i) Show that

— . sin 7y "
Nn _ TNy .
() =i (227

(ii) Show that

No(29) = 7™ (cos m9)" No (7).

(iii) Show that the function
Ho(v) :== e ™" (cos )"

is 1-periodic.

6.5 Show that the B-splines By and Bjs are given by

1+a2 ifze[-1,0],

Bsy(z) = 11—z ifze]0,1],
0 otherwise,
12?2+ 32+ fzel-3,-1]
—z?+3 if v € -1, 3],
Bg(:l?) — 4 [ 2 2]

1.2 3 9 : 1 3
5T —§.T+§ 1f$€[§,§],

0 otherwise.
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6.6 Show that the definitions of the symmetric B-splines B,, in (6.10)
and (6.11) coincide.

6.7 Consider the B-spline B,,, n € N.
(i) Show that

o~ o~

B (2y) = (cos )" B (7).

(ii) Show that the function
Ho(7) := (cosmy)"

is 1-periodic if and only if n is even.
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Frames of Translates

The previous chapters have concentrated on general frame theory. We
have only seen a few concrete frames, and most of them were constructed
via manipulations on an orthonormal basis for an arbitrary separable
Hilbert space. An advantage of this approach is that we obtain universal
constructions, valid in all Hilbert spaces.

In order to make frame theory useful in engineering or signal process-
ing, it is necessary to be more specific and construct frames in concrete
Hilbert spaces consisting of functions or sequences. This will be the central
theme in the following chapters, where we show how to do this in L?(R)
and subspaces hereof. We will exclusively consider coherent frames, i.e.,
frames {f5}72, for which all the elements fj, appear by the action of some
operators (belonging to a special class) on a single element f in the Hilbert
space. This feature is essential for applications: it simplifies manipulations
on the frame and makes it easier to store information about the frame.

In this chapter, we consider the case where the operators act by trans-
lation. That is, we consider families of functions of the form {¢(- — k) }rez
for some ¢ € L?(R). We characterize the frame properties for such systems
and find an expression for the canonical dual frame.

Frames of translates are natural examples of frame sequences. In fact,
we show that {¢(- — k) }rez at most can be a frame for a proper subspace
of L3(R). It turns out that this feature gives us some additional flexibility
compared with the frame theory described in the previous chapters: we
have the option to consider “dual frames” just belonging to L?(R), but
outside the space where we have the frame expansion. We will show that

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_7,
© Springer Science+Business Media, LLC 2008
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this freedom allows us to construct duals with better properties than the
dual frames considered so far.

The next chapters will show that sequences of translates are of
fundamental importance also for construction of frames for all of L?(R).

7.1 Frames of translates

For b € R, we define the translation operator T}, : L? (R) — LQ(R) by
(Tpf)(x) = f(z —b), z € R.

Some of the most important properties of the translation operator are de-
scribed in Section 2.9. We will now consider systems of functions in L?(R)
of the form {Typd}rez, where ¢ is a fixed function and b > 0 is given. In
the current section, our goal is to characterize Riesz sequences and frames
of this form, but we need some preparation before we can do that. Our
presentation is inspired by the paper [50].

The Fourier transform and the modulation operators Ej, defined in Sec-
tion 2.9, will play central roles in this chapter. Recall that for b € R and
f e L*(R),

Eyf(z) = ™ f(z), z €R,

and that we also use the notation Ej for the function Fy(x) = e?™%, The
commutator relationship

FTy=E_F

will be used repeatedly.
In order to simplify the notation, we will assume that b = 1. This is not
a restriction; in fact, the following lemma shows that we can always obtain
this by a scaling of the function ¢. Remember that for a > 0, the scaling
operator D, : L*(R) — L?(R) is defined by
1

af(g)’ r e R

(Daf)(x) NG

Lemma 7.1.1 Let ¢ € L*(R) and a,b > 0 be given. Then {Typ¢}rez is
a frame sequence (Riesz sequence) if and only if {TkpaDa®trez s a frame
sequence (Riesz sequence). In the affirmative case, the two sequences have
the same frame bounds.

Proof. By the commutator relations stated in (2.20),

DTy = ThpaDa-
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Since D, is a unitary operator, the frame-case in Lemma 7.1.1 follows from
Lemma 5.3.3. The Riesz-basis case also follows from the stated commutator
relation, together with the definition of a Riesz basis. |

The following lemma will be used throughout the book. For this reason,
we state it slightly more general than needed in the current section.

Lemma 7.1.2 Let a > 0 be given, and f : R — C be a bounded,
measurable, and a-periodic function. Then, for g € L*(R),

| i@ = [ 1) gl - ko) de (7.1)

kEZ

Proof. We first show that

/Oa [f(@)] D lg(a — ka)| da < oo. (7.2)

keZ

For positive functions, sums and integrals can be interchanged, so

/Olf(ff)\ Y lgla —ka)lde = Z/O [f(@)] |g(z = ka)|dx = (+).

kEZ keZ

Using that f is assumed to be a-periodic,

0 = X [ ekl lote - kalds= [ 17 lo(o)l

kEZ

which is finite because f is bounded and g € L*(R). This proves (7.2). As
a consequence, Lebesgue’s dominated convergence theorem now allows us
to exchange the order of the sum and the integral on the right-hand side
in (7.1). Repeating the above calculations now leads to the result. O

We will often need a variant of this result. The proof is similar and is
left to the reader as Exercise 7.1.

Lemma 7.1.3 Let a > 0 be given, and f,g € L*(R). Then the series
> owez f(x —ka)g(x — ka) is absolutely convergent for a.e. x € R, and

/_O:O f(x)g(x)dx = /a Z f(x — ka)g(x — ka) dx.

0 ez

We know from Chapter 5 that the pre-frame operator plays a central
role in the analysis of the frame-properties for a collection of elements
in a Hilbert space. For a system of translates {Tx¢}recz, the associated
pre-frame operator is

T: {Ck}keZ — chde). (73)

kEZ
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If we do not assume that {T¢}recz is a Bessel sequence, the operator T
might not be defined on all sequences in ¢?(Z). However, it is always well
defined as a map from all finite sequences in £2(Z) to L?(R). We will need
the following result.

Lemma 7.1.4 Let ¢ € L*(R), and consider the operator T defined in (7.3)
for finite sequences {ck}rez. Then the following holds:

(i) For all finite sequences {ci}rez,

E cke—Qﬂzk'y

kEZ

> 1o(y + k) dy. (74)

kEZ

1
IT{eerezll = /
0

(1i) {Tkd}rez is a Bessel sequence with bound B if and only if

S 16y + K2 < B, ae.yeR. (7.5)
keZ

Proof. Let {c;}rez be a finite sequence. Using that the Fourier transform
is unitary, we obtain that
2

IT{ck}rezl?

> aTio

kEZ

H]:ZCICTW

2

keZ
o0
/.
oo
I
Via Lemma 7.1.2, we can continue with

E Ck6727rzk'y

kEZ

2
> e PG| dy

keZ

§ Cke—Qﬂ'zk'y

keZ

2
|6(3)[? .

Z‘é(wk)’zd%

kEZ

1
IT{eilrezll = /
0

Thus we have obtained the result in (i). To prove (ii), we first assume that
(7.5) holds. Then (i) implies that for all finite sequences {c }rez,

2
che_zml’” dy = BZ e

kEZ kezZ

1
IT{eherl P < B
0

Exercise 3.8 now shows that {T;¢}rez is a Bessel sequence with bound B.
In order to prove the other implication in (ii), assume that {Ty¢}rez is
a Bessel sequence with bound B. Using Plancherel’s equation we see that,
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for any f € L*(R),

Sl = S| sehema

kEZ kez 'Y~

- Y|/ iFnen

S A
= S|/ Fdmea
kez ' =
Using Lemma 7.1.3, this shows that

2
> Uf Teo))? / 3 F(y 4 )y + n)eEm ROy (7.6)
keZ kEZ nez
Note that
/ 3 Fy + )y + n)em O gy = / 3 fy + )by + )R dny;
nez ne”Z

this expression is the —k-th Fourier coefficients for the 1-periodic function
v S Fr+ m)d(y +n).
neZ

Thus, by Parseval’s equation applied to (7.6), we obtain that
2

STUATOR = / S+ mdn)| . (1)
kEZ neZ
Since
0 oo 1 R 2
1P = [ 1r@Pdo= [ 1foPar= [ X |fa )| a
o - O nez
the definition of a Bessel sequence together with (7.7) shows that
/ Zf’y—l—n 'y—l—n) dv<B/Z‘f’y+n‘ dry. (7.8)
nez neL

Now, assume that the set

£:= {'ye [0,1] | Z]é(wn)f >B}

neZ

has positive measure. For v € [0, 1], let g(v) = xe(7), and extend g to a
I-periodic function on R. Define the function f € L?(R) via its Fourier
transform by

F(y) = g(0)8(7).
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Then
Z(f(vﬂz‘ Z‘X& 7+n)’2:><s(v)zq3(7+n)2,
neZ nez ne
and
S|+ mdem| =xe() 3 |66+ m)|
nez nez
Thus,
2 2
/ N F+mdy+n)| dy = /(Z‘(MH”L ‘ ) y
neZ nez
> B/Z'(ﬁ (v+n) ’ dry
neZ
= B/ Z\fwn) dv,
ne
which contradicts (7.8). Thus £ is a zero-set, which proves (ii). O

Associated with a given function ¢ € L?(R) and motivated by Lemma
7.1.4(ii), we will consider the function

D7) = > |6

keZ

2
,vER. (7.9)

We will now state some of the properties for the function ®; in particular,
we show that ®(v) is finite for almost all v € R.

Lemma 7.1.5 Given ¢ € L*(R), the associated function ® is 1-periodic
and belongs to L*(0,1); in particular, ®(v) is finite for almost all v € R.
Its Fourier coefficients are

ck—/ o(x)p(x + k) dzx, k € Z. (7.10)

Proof. The expression for ® is 1-periodic. Further, by Lemma 7.1.3,
/ ) dy = Z¢7+k’7=/

0 ez

‘cz?(v)

o0

< 0Q.

Thus ® € L'(0,1); in particular, ®(y) < oo for a.e. v € R. Using the
1-periodicity of the function Ej, the Fourier coefficients for ® can be
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expressed by

1
o = [ o0
/ Z |¢”Y+” |2 727rzk(v+n)d )
nez

Via Lemma 7.1.3, we obtain that

/ Z |¢ ’Y"’” |2 727r7,k(7+n)>d

Ck =
nez
= [ e
($, Ero)
= (Fo,FI_10)
= <¢7 k¢>
This concludes the proof. O

The next lemma will be needed repeatedly as a tool to analyze series
expansions consisting of translates of a function ¢.

Lemma 7.1.6 Let ¢ € L*(R) and assume that {Tj.¢}rez is a Bessel se-
quence. Let {ci}rez € (*(Z). Then > okezckTr@ converges in L?(R) and
> ez ckE_i converges in L*(0,1), and

fZCka¢ = (Z CkE_k> qg (7.11)

kEZL kEZL

Proof. That ), , cxTr¢ and ), ., cx E_j converge as described follows
from Theorem 3.1.3, so we only have to prove (7.11). We first observe that
(Exercise 7.2)

(Z ckEk> ¢ € L*(R). (7.12)

keZ
Also, note that
FY aTup = cxFTiod=> (chE_id),
keZ kez kEZ

where the series on the right-hand side converges in L?(R). We have to
prove that

> (ekE_xo) = (chE )

kEZ kEZ
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i.e., that
Z ckE_qug — <Z ckE_k> (ﬁ — 0 as N — oo.
[k|<N kEZ L2(R)

Because ) ., e} is 1-periodic,

S B (Z ckE_k> 5

|k|<N keZ L2(R)

|k|<N kEZ kEZ

IN

\/E Z CkE,k _chEfk ]

k| <N keZ L2(0.1)

here B denotes a Bessel bound for {Ty¢}kecz. The last term converges to 0

as N — oo, and the proof is completed.

We are now ready for the announced characterization of the frame
properties for {Tj¢}rez. They are formulated in terms of the function ®

associated with ¢.

Theorem 7.1.7 Let ¢ € L*(R). For any A,B > 0, the following

characterizations hold:
(i) {Tkd}rez is an orthonormal sequence if and only if

®(y) =1, a.e. ve€[0,1].

(11) {Txd}rez is a Riesz sequence with bounds A, B if and only if

A< ®(y) < B, ae. yel0,1].

(iii) {Tpd}trez is a frame sequence with bounds A, B if and only if

A<®()<B, ae.y €01\,
where N = {y € [0,1] : ®(y) =0}.

Proof. We first prove (iii) via Lemma 5.4.5. Because of Lemma 7.1.4,
we will assume that {Tp¢}rez is a Bessel sequence and concentrate our

- /O > Bk() = S kB ()| Y180y + k) Py
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analysis on the lower bounds. Consequently, the equality (7.4), ie.,

§ Ck e—27rzk'y

kEZ

T {ex ezl = / () dv, (7.13)

now holds for all sequences {cy }rez € ¢?(Z). With the set N defined as in
the statement of the theorem, it follows that the kernel of the operator T is

Nr = {{Ck}kez € 2(z2) | Zc e 2™ = 0 for y € [0, 1] \N} (7.14)

k€EZ

For arbitrary sequences {ck }rez, {dk }rez € £?(Z), the fact that {Ej }rez is
an orthonormal basis for L?(0, 1) implies that

kEZ keZ

({extrez, {ditrez) ey =0 & <Z crE_y, deEk> — 0
L2(0,1)

it follows that (Exercise 7.3)

N = {{Ck}kez € *(7) | che 2miky — ) for vy € N} (7.15)

kEZ

So for {ck}rez € Nf,

Z lexl? = / Z cpe—2miH
0,1]

kEZL keZ

2 2

Ck€727”-k’y d’}/,

"= /[0’1]\N 2

keZ

using (7.13), the left-hand condition in (5.19) in Lemma 5.4.5 therefore is
equivalent to

2

A cpe” 2Ty dy
[0,1]\N ;Z
2
< / D ke ™ B(y)dy, V{erlrez € N
(01NN |jez,

This, in turn, is equivalent to (Exercise 7.3)
A< B(y), a.e. y€[0,1]\ N. (7.16)

This proves (iii). For the rest of the proof, recall from Theorem 5.2.1 that
the Riesz bounds and the frame bounds coincide for Riesz sequences. By
Theorem 3.3.7, {Txo}rez is a Riesz sequence if and only if the inequality
(5.19) holds for all {cx }rez € ¢3(Z). This is the case if and only if N = {0},
i.e., by (7.14), if and only if N is a null set; this gives (ii). The result in (i)
now follows from Proposition 3.2.8. O
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As a very important consequence of Theorem 7.1.7, we now prove that
the integer-translates of any B-spline forms a Riesz sequence. We formulate
the result for the symmetric B-splines B,, defined in (6.11), but the same
result holds for the B-splines N,, in (6.2); this remark in fact applies to all
results concerning B-splines in the current chapter.

Theorem 7.1.8 For each n € N, the sequence {TyBp}rez is a Riesz
sequence.

Proof. For n =1, {T;Bj }rez is an orthonormal system, and therefore a
Riesz sequence. In order to prove the result for n > 1, we apply Theorem
7.1.7 to By; this shows that

— 2
3 ‘Bl(v—&—k‘)‘ —1, ae yER
kEZ

Since |§\1(fy)| <1 for all y € R and E;(’y) = (E\l(fy))” by Corollary 6.2.1,
it immediately follows that

Z‘B 'y—l—k) Z‘Bl ’y—f—k:‘ =1, ae vyeR
kez keZ

Thus {TxBn}rez is a Bessel sequence. In order to prove that {Ty B }rez
satisfies the lower Riesz basis condition, we again use Corollary 6.2.1: it

shows that, for a.e. v € R,
—~ |2 sin(m/2)\ " 2\ "
Bn(v)’ = <7T/2 > =(=) ()

_ 2
Z’Bn('erk)’ > inf
ke v€l-3:3

The result now follows from Theorem 7.1.7. O

Example 7.1.9 Define the function ¢ € L?(R) by ¢ = X[-1/3,1/3]- Then
Theorem 7.1.7 shows that {T)¢}rcz is an overcomplete frame sequence. O

Frames of translates are genuine examples of frame sequences: as we show
now, they cannot be frames for all of L?(R), no matter how ¢ € L?(R) is
chosen. Thus, a more exact name would be to call them frame sequences
of translates. However, in the literature they are simply called frames of
translates, and we will follow this tradition.

Proposition 7.1.10 A sequence {Ty¢}rez can at most be a frame for a
proper subspace of L?(R).
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Proof. Let ¢ € L?(R). Given a number h €]0,1/2],
S 1xone Ted)® = > 1000 XonTrd) |

kEZ keZ
< Z 170,407 1170, Tk |
keZ
k+h
= onlP Y / () de.

kEZ
Letting
Ap = JIn,h+ k],
keZ
it follows that
S 1000t Tl < Ihaoadl? [ oGP da.
kEZ Ap,

By Lebesgue’s theorem of dominated convergence,

/ |p(z)|*dz — 0 as h — 0;
Ap

thus, {T}¢}rez does not satisfy the lower frame condition on L?(R).
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O

Proposition 7.1.10 shows that span{Ty¢}recz is a proper subspace of
L?(R) for any frame sequence {Ty¢}rez. Therefore, in order to apply the
frame decomposition, it is necessary to be able to characterize membership

of span{Ty¢}rez. This can be done in terms of the Fourier transform:

Lemma 7.1.11 Assume that ¢ € L*(R) and that {Tx¢}rez is a frame
sequence. Then a function f € L*(R) belongs to span{Ty¢}rez if and only
if there exists a 1-periodic function F whose restriction to [0, 1] belongs to

L?(0,1), such that
f=Fo.

Proof. A function f € L?(R) belongs to span{Ty¢}xez if and only if there

exists a sequence {ci }rez € (2(Z) such that

f= Z kT s
kEZ
via the Fourier transform and Lemma 7.1.6, this is equivalent to

j- (Z E) .

kEZ
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7.2 The canonical dual frame

We now turn the focus to the canonical dual of a frame of translates
{Tkd}ker. Assuming that {Txo}rez is a frame sequence, i.e., a frame for

V.= span{Tk¢}keZ,
we know from general frame theory that the frame operator
S:V =V, Sf=Y (fTet)Tid
keZ
is invertible. The frame decomposition, see Theorem 5.9, takes the form
=Y (f.5 " Txd)Tuo, fEV. (7.18)
kEZ

In order to apply the frame decomposition, we need to be able to calculate
the elements S™'T,¢ in the canonical dual frame. For this purpose, we
need the following lemma.

Lemma 7.2.1 Let ¢ € L*(R) and assume that {Ty¢}rez is a frame for
its closed linear span V. Then for oll f €V,

STyf =T,Sf, Vk € Z,
and
ST f =TS~ f, Vk € Z.
Proof. Given f € V and k € Z, we have
STuf = Y (Tif,Two)Two
k' €Z

= Z (fs Trr —£9) T -

=
Replacing the summation index k" by k' + k gives
SThf = Y (fiTwd)Teird

k'€Z
= TuSf.

The second part of the result follows from here. O

By Lemma 7.2.1, the frame decomposition can now be written
=Y TS $) T, fEV. (7.19)
kezZ

This result is a great simplification compared with (7.18). In fact, in or-
der to apply (7.18), we would have to compute the action of S~! on the
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infinite family of functions {Tx¢}rez. On the other hand, application of
(7.19) only requires that we find S~1¢; the other functions in the canonical
dual frame are obtained by translation of this function. This is certainly
a simplification, but we are still left with the question of finding S~'¢. In
the current context, we are now able to find S~!¢ in terms of its Fourier
transform. Again, the associated function ® in (7.9) will play a role.

Proposition 7.2.2 Let ¢ € L?(R) and assume that {Tyx¢}rez is a frame
for its closed linear span V', with frame operator S. Consider the set

€= {y eR:b(y) £ 0},
and define the function 0 via its Fourier transform by

)i | 8D et
() := { 0 e (7.20)

Then 6§ = S~'¢, and the canonical dual frame of {Tyd}rez is given by
{10} kez.

Proof. The function

1 .
0 ify &
is 1-periodic, and by Theorem 7.1.7 its restriction to ]0,1[ belongs to
L?(0,1). Thus, Lemma 7.1.11 shows that the function 6 defined by (7.20)

belongs to V. Using the definition of the frame operator, properties of the
Fourier transform, and Lemma 7.1.6, we have that

FSO = FY (0, Tud)Tro

kEZ

= FY (0, FTu)Tio

kEZ
- (Z@,E_ké)E_k) 9. (7.21)

Now, using that the functions v — €277 are 1-periodic, the definition of
0, and Lemma 7.1.3, we arrive at

0.548) = [ ddmen

/01 S (86r+m)dly + et dy

neZ

1 2 2
_ |¢(7 + n)| 2miky d
|, Zag e et
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Note that if v € £, then v+ n € & for all n € Z; thus, for such ~,
6y +n)|? 6y +n)|?
————xe(y+tn)=) ——— =1

S - 5

Similarly, if v ¢ &£, then

~ )2
SO
nez

Thus, we conclude that

6, E_1d) = / e (VB d,

which is the —k-th Fourier coefficient for the function yg in L?(0,1).
Therefore

> 0, E_xd)E_i = xe.

kEZ

Noting that ye(y) = 1 if ¢(v) # 0, (7.21) now implies that

FSO=xed = 6.
Therefore SO = ¢; since S is an invertible operator on V', we conclude that
6 = S~'¢. Now Lemma 7.2.1 gives the rest. O

Example 7.2.3 Consider the B-spline B,, for n > 2. As we saw in The-
orem 7.1.8, {TxB,}rez is a Riesz sequence. By Proposition 7.2.2; the
canonical dual frame is given by {T;0}rcz, where

A B
o) = —22)
Zkez |Bn('7 + k)|
_ ~1
Denoting the Fourier coefficients for the function (ZkeZ | B, (v + k)|2>

by {¢k}rez, this implies that

0(v) = exe®™™ M Bo(y) = F Y exT 1 Bu(9),

kEZ keZ

i.e., that

0 ZZEE:CkTLkZ%V

keZ

It follows from Lemma 7.1.5 that ®(y) = ", ., |§;('y + k)|? is a trigono-
metric polynomial. Because ® is positive and not constant, the inverse
®(7)~! can not be a trigonometric polynomial (Exercise 7.4). Therefore,
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the sequence {ci trez of Fourier coefficients is infinite. In particular, the
generator 6 does not have compact support. ([l

7.3 Compactly supported generators

In applications of systems of the form {Ty¢}rez, it is usually important
that the generator ¢ has compact support. This excludes {T;¢}rez from
being an overcomplete frame sequence:

Proposition 7.3.1 Assume that ¢ € L?(R) has compact support. Then
the following holds:

(i) {Trkd}rez is a Bessel sequence.

(ii) {Trd}rez cannot be an overcomplete frame sequence.

Proof. Let {c;}rez be the Fourier coefficients for ®. Because of the com-
pact support of ¢, (7.10) in Lemma 7.1.5 shows that there is an N € N
such that ¢, = 0 if |k| > N. Thus, the associated function ® in (7.9) is
a trigonometric polynomial and therefore continuous. Now Theorem 7.1.7
shows that {Tp¢}rez is a Bessel sequence, and that overcompleteness of
{T) ¢} ez is impossible. O

Thus, if ¢ € L?(R) has compact support, then {Tj¢}rez can at most be
a Riesz sequence. In cases where the concrete frame bounds are irrelevant,
we can check whether this is the case or not via the following consequence
of Theorem 7.1.7. We ask the reader to give the proof in Exercise 7.5.

Corollary 7.3.2 Assume that ¢ € L*(R) is compactly supported. Then
{Trd}rez is a Riesz sequence if and only if there is no v € R such that

by +k)=0, Vk € Z.

The assumption of ¢ € L?(R) having compact support has the additional
benefit that we can find an explicit expression for the associated function
D, see (7.9):

Lemma 7.3.3 Assume that ¢ € L?(R) has compact support in an interval
of length N for some N € N and is real-valued. Let {cy}rez denote the
Fourier coefficients for the function ® in (7.9). Then ® is a trigonometric
polynomial of the form

N

D(y)=co+2 Z ¢ cos(2mk).
k=1
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Proof. Via Lemma 7.1.5, the assumption that ¢ is real-valued implies
that ¢, = c_j, for all k € Z; and the compact support implies that ¢, = 0
if |[k| > N. Expressing ® via its Fourier series, we see that

(I)(’Y) _ Z Ck627rik'y
|k|<N
N
co + Z Ck(e27rik’y + 672772'197)
k=1
N
= ¢o+2 Z i cos(2mky).
k=1

O

The concrete expression for ¢ in Lemma 7.3.3 makes it easy to check
whether {T¢}rez is a Riesz sequence or not:

Example 7.3.4 Let ¢ = x[_1 - By Lemma 7.1.5, the Fourier coefficients
for @ are

3 if k=0,
) 2 if k=41,
FTN 1 ik =2,
0 otherwise.
Thus, by Lemma, 7.3.3,
O(y) = 34 4cos(2my) + 2cos(4my).

Note that ® is continuous and that ® has two isolated zero’s on [0, 1[:
®(y) = 0 for v = & and for v = 2. By Theorem 7.1.7, it follows that
{Trd}rez is not a frame sequence. |

Overcomplete frames {T;¢}rez are not used much in practice. One rea-
son is that, as we have seen, the generator ¢ cannot have compact support.
Another reason is that for overcomplete frames of that type, the function
¢ cannot be well-localized in time and frequency simultaneously: either ¢
or its Fourier transform decays slowly. See Exercise 7.8.

7.4 Frames of translates and oblique duals

In the discussion of general frame theory in Section 5.1, we have given
arguments that it often is an advantage to search for other dual frames
than the canonical dual frame. Assume that {T;¢}rez is an overcomplete
frame sequence, i.e., a frame for

V = span{Tid}rez;
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then Theorem 5.2.3 tells us that there exist various choices of sequences of
functions {gi }rez C V such that

F=> f0:)Tus, Vf € V. (7.22)

kEZ

It is natural to insist on the dual frame {gx}rez having the same struc-
ture as {Tx¢}rez, i-e., being translates of a single function. Unfortunately,
Corollary 7.4.2 will show us that this removes all the freedom: the canonical
dual frame {T} S~ 1¢} ez is the only dual frame, which consists of translates
of a single function and belongs to span{7j¢}recz.

In order to gain flexibility, we will remove the constraint that the elements
of the dual frame should belong to span{7y¢}rez. In fact, we will just search
for some function ¢ € L?(R) such that

F=> (f,Txd)Tuo, Vf € V. (7.23)

keZ

A family {Ty@}rez for which (7.23) holds will be called an oblique dual of
{Ty¢}rez. Note that we do not require {Tké}kez to be a frame sequence;
this is the reason that we use the name “oblique dual” rather than “oblique
dual frame.” The results in this section are taken from [14] and [15].

Given two Bessel sequences {Ty¢}rez and {7 qu}kez, the following the-
orem provides a necessary and sufficient condition on the generators ¢ and
¢ such that {Ty¢}rez is an oblique dual of {Tj¢}rez. Again, the function
® defined in (7.9) will play a role.

Theorem 7.4.1 Let b0 € L?(R), and assume that {Ty¢}rez and
{Tyd}rez are Bessel sequences. Then the following are equivalent:

(i) f=3herlf- Tud)Tiop, Vf € V.

(i) Ypen (v +R)S(y +k) =1 a.c. on {y: (y)#0}.

In case the equivalent conditions are satisfied, {Ty¢}rez is a frame
sequence.

Proof. First, consider an arbitrary function f € L?(R) for which the map

v > 1f+ k)P

kEZ

is bounded. Since we have assumed that {Tk&}kez is a Bessel sequence,
Lemma 7.1.4 and Cauchy—Schwarz’ inequality imply that

= 37 fly + K)oy + k)] € L2(0,1).

kEZ

Now observe that, via Lemma 7.1.3 and Lemma 7.1.6,
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FY U, Tud) Tud(v)
kEZ

_ < f Q?) ) 27rzlcpd > 6727rik'ng(,y)
kEZ

— Z </ Z M+” (Z M+n) 2ﬂzkydﬂ> e—QTrik’y
nez

keZ
= Zf"y+n¢£>'y+n). (7.24)
neZ

Assuming that (i) holds and letting f = ¢, it follows that

S 9+ K)oy +k) = Lae on {y: d()# 0.

kEZ
Using the above calculation with v replaced by v +m for some m € Z (and

using the periodicity of v+ >, (v + k)p(y + k)), we even arrive at

3 ARG+ k) =1 ae on {y: d(y+m)£0}, ¥m € Z.
kEZ

This proves (ii). On the other hand, assuming (ii), our calculation (7.24)
shows that for m € Z,

FY (T Tid)Tid(r) = d(0) Y FTdly +m)dly + 1)

keZ ne

= 0 b + e 2O Gy 4 )

nez
= deermm

This shows that (i) holds for all functions T;,¢, m € Z, and hence for all
functions f € span{Ty¢}rez. Now, because {T;¢}rez and {qub}kez are
Bessel sequences, the operator

Fe= Y Ted) Tt

kEZ

is continuous; in fact, it is a composition of the pre-frame operator associ-
ated with {Tp¢}rez and the analysis operator associated with {Txo}rez,
see page 100. Therefore, (i) holds for all f € span{T¢}rez.

Now assume that the equivalent conditions hold. In order to show that
{T) ¢} ez is a frame sequence, we need to show that the lower frame bound
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is satisfied. Via (i), for all f € V, we have
AP =D Ted)(Td, )

kEZ

that {Tr¢}rez is a frame sequence now follows from Cauchy—Schwarz’
inequality and the assumption that {Tx¢}rez is a Bessel sequence. O

One important consequence of Theorem 7.4.1 is that the canonical dual
frame is the only dual frame that consists of integer—translates of a single
function, i.e., the only dual that has same structure as {Tj¢}rcyz itself:

Corollary 7.4.2 Let ¢ € L*(R) and assume that {Ty¢}rez is a frame
sequence. Then there is a unique function ¢ € span{Ty¢}rez such that

f=Y (1. Tkd)Ti, Vf € 5pan{Tio}rez, (7.25)

kEZ
namely ¢ = S~1é.

Proof. The condition ¢ € 5pan{T}¢}rcz implies by Lemma 7.1.10 that

6=Fd

for some 1-periodic function F' € L?(0,1). Now, if (7.25) holds, condition
(ii) in Theorem 7.4.1 implies that

F(7)Y d(y+k)d(y+k) =1, ae on{y: ®(y) #0},

kEZ

i.e., that

FOI Y|+ 0| =1 ae onfy: o) #0).

kEZ

This defines the function F' uniquely, except on the zero-set for ®. For ~
such that ®(y) = 0, we can define F(vy) arbitrarily, but regardless of the

choice, we arrive at é(7) = F(7)é(v) = 0. Thus ¢ is uniquely defined, and
so is ¢. O

The role of Theorem 7.4.1 is that it might be used to construct oblique
duals with better or more convenient properties than the canonical dual
frame. Later in this section, we will show that one might be able to find
oblique duals generated by a compactly supported function, even in cases
where the canonical dual frame is generated by a function supported on
R. For now, we will show how to construct oblique duals {qug}kez with
generators gz~5 belonging to prescribed subspaces. In fact, the following con-
sequence of Theorem 7.4.1 shows that if {T)¢}rez is a frame sequence, then
certain conditions imply that we can find an oblique dual {T; kqg}kez with
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a generator ¢ belonging to a space of the form span{Ty¢1 }rez for some
¢1 € L?(R). We ask the reader to provide the proof in Exercise 7.9.

Corollary 7.4.3 Let ¢,¢1 € L*R), and assume that {Tp¢}rez and
{Ty¢1}rez are frame sequences. If there exists a constant A > 0 such that

S (v +k)di(v+k)| > A ae on {y: B(y) £ 0}, (7.26)

keZ

then there exists a function ¢ € Span{Ti¢1 }rez such that

f=> (£ Tid)Ti, Vf € 5pan{Tro}rez; (7.27)

kEZ

one choice 0f¢z € span{ Ty d1 ez satisfying (7.27) is given in the Fourier
domain by

i) :{ (Srez @t Mo +1) i) on fr: ®(7) £0},
0 on {v: ®(y)=0}.

Corollary 7.4.3 can be used to “tailor” an oblique dual: that is, if the
canonical dual frame does not satisfy the requirements for a specific ap-
plication, we might search for an oblique dual that does. As an example,
we show that one might be able to construct oblique duals of arbitrary
smoothness, even if the canonical dual frame consists of non-continuous
functions:

Example 7.4.4 Consider the B-spline B, for some n € N. By The-
orem 7.1.8, we know that {T;B,}rcz is a Riesz sequence; in partic-
ular, {T;Bn}rez has a unique dual frame consisting of elements in
span{Ty B, }rez- Now, fix any m € N; we will show that there exists an
oblique dual {qug}kez of {TyB,, } ez belonging to span{Ty By+am }kez, 1-€.,
such that

(rb € Span{Tan—i-Qm}kEZ-
For any v € R, the argument in (7.17) shows that

L - sin + k 2(m+n) 9 2(m+n)
S Bal+ ) Brean ) = X () (2)

= AR T

By Corollary 7.4.3, there exists a function b€ span{Ty Bntom tkez that
generates an oblique dual of {T} B, }rez. That is, for an arbitrary spline
B,,, we can find an oblique dual {Tk(ZE}kGZ for which the generator (Z) has
prescribed smoothness. In contrast, the canonical dual of {T} By, }rez has
the same smoothness as B,, itself; for example, the canonical dual frame of
{T}B1} ez is generated by Bj, which is not even continuous. O
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In the rest of this section, we will restrict our attention to frame sequences
{T)¢}rez generated by compactly supported functions. As we have seen in
Example 7.2.3, this does not imply that the canonical dual frame necessarily
is generated by a compactly supported function. Nevertheless, we will now
show that it often is possible to find oblique duals {chzg} reyz for which the
function q~5 has compact (and small) support. For convenience, we choose
the support to be the interval [0, 1], but the same considerations work on
any other interval. )

In Theorem 7.4.1, we characterized the oblique duals {Ty¢}rez associ-
ated with a given frame of translates {Tp¢}rez. We first show that this
result has a much simpler version if we assume that the functions ¢ and q~5
are compactly supported:

Lemma 7.4.5 Assume that the functions ¢,¢~5 € L*R) have compact
support. Then the following are equivalent:

(i) [ = henf,Tid)Tro, Vf €V
(ii) ($, Tid) = Or.0.

Proof. If (i) holds, then Theorem 7.4.1 shows that {Ti¢}rez is a frame
for V. Because of the compact support of ¢, this implies by Proposition
7.3.1 that {Ti¢}rez is a Riesz sequence. Using (i) on f = ¢, the statement
in (ii) follows because the expansion coefficients in terms of a Riesz basis
are unique. On the other hand, if (ii) holds, then (i) holds for f = ¢. A
change of the summation index proves that then (i) holds for any translate
Ti¢, and therefore on span{Ty¢}rcz; finally, by continuity of the operator
f =Y pen(f, Ted)Tid we obtain that (i) holds for all f € V. O

Lemma 7.4.5 shows that, with the given assumptions, the question of
finding an oblique dual of a frame {Tj¢}rez can be reformulated as a
so-called moment problem, see Section 2.6.

The essence of the following result is that, under certain conditions, a
Riesz sequence {Tj¢}rez has an oblique dual {Ty¢}rez, where ¢ has the
form

N—-1
P(x) = (Z deg(z + f)) X[0,1)(%)- (7.28)
£=0

For practical reasons, we will formulate a more general version of the re-
sult. The reason is that even if ¢ is smooth, the multiplication with the
characteristic function x[p,1] in the expression for é in (7.28) might lead to
a function that is discontinuous at z = 0 or z = 1. On the other hand,
multiplying the function in (7.28) with a function of the type zP(1 — x)?
for some p, ¢ € N will lead to a continuous function if ¢ is continuous — and
we show that functions of that type can be used as generators as well:
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Theorem 7.4.6 Assume that ¢ € L*(R) is a real-valued function with
support on an interval [0, N] for some N € N, and that {Ty¢}rez is a
Riesz sequence. Assume that

N-1
> (@ + k) =0,z €0,1] = ¢ = 0. (7.29)
k=0

Then, for any p,q € {0} UN, {Tyd}rez has an oblique dual {de;}kez,
where ¢ has the form

b(z) = 2P(1 — z)* (Zd/gberK) 0,1)(2) (7.30)

for some coefficients dg,...,dny_1 € R.

Proof. We use Lemma 7.4.5, and search for a function ¢ such that
(¢, Ti¢) = 0. First, for any function ¢ € L*(R) with support on [0, 1],
we have that

0.1d) = [ " o(@)da—Ryde = / " oo + k)a@) d

1 _
- / oz + K)o(w) da

Assuming that ¢ has support on [0, N], this shows that
(¢, Thd) =0if k ¢ {0,1,...,N —1}.
Thus the moment problem in Lemma 7.4.5(ii) takes the form
(T_1p,d) = Ok, k=0,1,...,N —1. (7.31)
Because of the assumption (7.29), we know that if
N-1
Z crp(x + k)zP/?(1 — 2)9/2 = 0 for all z € [0,1],
k=0
then ¢y = 0. Thus, according to Lemma 2.6.1 with H = L?(0,1) and fj
corresponding to the functions x — ¢(z+k)xP/?(1—x)/2 k=0,...,N—1,
the moment problem

= ' 2)xP/2(1 — 2)Y2h(z) dx
1—/0¢<> (1 - 2)72h(z)d

= ' T 2P/2(1 — )2 h(x) dz
0 /0¢<+1> (1 - 2)"?h(z)d

1
0= / o(x + N —1)2P?(1 — 2)7%h(z) dz
0
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has a solution h of the form

N-1
h(z) = (Z de(a + Oz (1 ~ x)Q/2> X[o,1)(@).

£=0

This means that the function

N-1
() == a?/>(1 — 2)"2h(z) = (Z dep(z + f)) 2P (1= x)"xp0,1(x)
£=0
solves the moment problem (7.31). O

Note that the coefficients dy,...,dy—1 in (7.30) are determined by the
conditions in (7.31), i.e., by the equations

N-—1 1
Z/ dod(x + K)oz + 0P (1 — )7 dz = 60, k= 0,..., N — 1. (7.32)
¢=0 70

On matrix form, this takes the form
Md = e,

where M is the N x N symmetric matrix with entries

1
MM:/ (1 = 2)9(z + K)oz + ) do, k=0, N —1
0

and
do 1
dq 0
d= : , e=
dyn_1 0

Recall that the parameters p and ¢ in (7.30) were introduced in order to
ensure higher-order derivatives of Q; to exist. We see that this only affects
the integrals in the entries of matrix M, but not the size of the matrix;
thus, the computational complexity does not increase.

Let us apply the results to B-splines. Using Theorem 7.4.6, we will be
able to find an oblique dual of any {7} By, }rez, which is generated by a
compactly supported function. In contrast, we saw in Example 7.2.3 that
for n > 2, the generator for the canonical dual frame never has compact
support.

Example 7.4.7 For any n € N, Lemma 6.1.5 shows that the functions
B,(-+k),k=0,...n—1, are linearly independent on the interval [0, 1].
Thus, the condition (7.29) is satisfied. Therefore, for any p,q € NU {0},
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0,6 0,8 1

Figure 7.1. The generator ¢ in (7.30) corresponding to ¢ = B2,p = q = 2.
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Figure 7.2. The generator ¢ in (7.30) corresponding to ¢ = Bs,p = ¢ = 3.

the frame sequence {7}B,}rcz has an oblique dual {Tkgi;}kez with a
function ¢ of the form

b(z) = (i dyBp(z + z)) 2P (1 — z)%x(0,1(2).
=0

Note that on the interval [0,1], this function is a polynomial of degree
p+qg+n—1
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Figures 7.1 and 7.2 show some oblique dual generators for Riesz sequences
generated by the B-splines By and Bs, for various values of p and ¢. We
ask the reader to do the calculations (Exercise 7.12). O

7.5 An application to sampling theory

We will now return to the Paley—Wiener space PW, which we introduced in
Section 3.8. Already in Theorem 3.8.1 we saw that any continuous function
f € PWnNLYR) can be recovered from its samples {f(k)}rez via

fla) = f(k)sinc(z — k). (7.33)
kez
As discussed in Section 5.9, one will always encounter quantization errors
when this result is applied in practice. We will now show that the effect
of the quantization error can be reduced via oversampling, i.e, by invoking
samples { f(k/M)}rez for some M € N, M > 1. Note that for the sequence
{f(k/M)}kez, the distance between two consecutive samples is 1/M.
First, as noticed in Theorem 3.8.1, the expansion (7.33) is really an
expansion in terms of the orthonormal basis {sinc(- — k)}rez for the
Paley—Wiener space PW. Given any M € N, it follows that for each
m = 0,...,M — 1, the family {sinc(- — k — m/M)}recz also forms an
orthonormal basis for PW. The union of these bases, i.e.,
M—1
U {sinc(- — k —m/M)}rez = {sinc(- — k/M) }rez,
m=0
therefore forms a tight frame for PW with frame bound A = M. Thus, for
each f € PW,

f= % Z(f, sinc(- — k/M)) sinc(- — k/M). (7.34)

kEZ

Note that because {sinc(- — k) }rez forms an orthonormal basis for PW, we
know from (7.33) that

f(k) = (f, Tksinc);
this implies that

(f,sinc(- — k/M)

/_00 f(z)sinc(x — k/M) dx

= /oo T_ija f () sine(x) dw

— 00

= T_i/mf(0)
f(k/M).
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Thus, the expansion (7.34) takes the form

f= % > F(k/M) sinc(- — k/M). (7.35)
kEZ
We now adopt the model for quantization errors discussed in Section 5.9. In
particular, Proposition 5.9.1 shows that oversampling with the factor M,
i.e., the use of (7.35) instead of (7.33) reduces the energy of the quantization
noise by a factor M:

o? o2

ElQunl =% = 5.

The relevance of this result is that it usually is easier to increase the
redundancy of the frame than to increase the quantization precision.

7.6 Exercises
7.1 Prove Lemma 7.1.3.
7.2 Prove (7.12) in the proof of Lemma 7.1.6.

7.3 In this exercise, we ask the reader to provide some details in the
proof of Theorem 7.1.7.

(i) Prove (7.15).
(ii) Prove the equivalence between (7.16) and the statement

preceding it.

7.4 Let ® be a positive trigonometric polynomial. Show that if ®(-)~*
is a trigonometric polynomial, then ® is a constant.

7.5 Prove Corollary 7.3.2.

7.6 Show that the sequence {T}xj0,2[}rez does not form a Riesz
sequence in L?(R).

7.7 For which values of ¢ €]0,2[ does the system {T}x),¢}kez form a
Riesz sequence in L?(R)?

7.8 Let ¢ € L?(R) and assume that {Ty¢}rez is an overcomplete frame

sequence. We will show that either ¢ ¢ L!(R) or there is no constant
C > 0 for which

K 1/2
lp(v)| < C (lez) : (7.36)
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(i) Assume that an estimate of the type (7.36) is available. Show
that for v € [0,1] and all N € N,

) > 1
2 2
d(vy) — E lp(y+ k)7 < 20 E:—l—i—k?'
[k|<N k=N

(ii) Argue now that if (7.36) holds, then ¢ ¢ L'(R).

7.9 Prove Corollary 7.4.3. (Hint: use the argument from the proof of
Corollary 7.4.2.)

7.10 This exercise connects to Exercise 3.7 and Exercise 5.2. Let H be
a separable Hilbert space.

(i) Find a sequence {f}72, in H that satisfies the lower frame
condition but not the upper frame condition.

(ii) Find a sequence { fx}32, of vectors with norm 1 that satisfies
the lower frame condition but not the upper frame condition.

7.11 Let d > 0, and prove that {e***/}, 5 is a frame for L?(—R, R) if
and only if R €]0, 7d].

7.12 Calculate the oblique duals of {7} B, }rez in Theorem 7.4.6 for
n=p=qg=2and n=p=q=23 (use Maple or a similar
program).



8
Shift-Invariant Systems

Chapter 7 dealt with systems of functions generated by integer-translates of
a single function in L?(R). We will now generalize this setup and consider
translates of a given countable family of functions rather than just one
function. Such systems of functions are called shift-invariant systems. Our
goal is to characterize various frame properties for shift-invariant systems,
a subject that was treated first in the paper [58] by Ron and Shen. The
presentation is inspired by the approach by Janssen in [44]. The derived
results will play an important role in the analysis of Gabor systems in
Chapter 9.

The theory for shift-invariant systems is based on two classes of operators
on L%(R), namely,

Translation by a € R, T, : L*(R) — L*(R), (T.f)(x) = f(z — a);
Modulation by b € R, Ej, : L*(R) — L%(R), (Eyf)(z) = ™% f(x).
Both classes of operators were introduced in Section 2.9; in particular, we

will use their interaction with the Fourier transform, a subject that is also
treated in Section 2.9.

8.1 Frame-properties of shift-invariant systems

Let {gm }mer be a countable collection of functions in L?(R) and a > 0 be a
given (shift-) parameter. The shift-invariant system generated by {gm }mer
and a is the collection of functions {g,, (- — na)}mernez. Formulated in

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_8,
(© Springer Science+Business Media, LLC 2008
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terms of the translation operator, the system has the form {7},,9m }mernez-
Usually, we will let I = Z, in which case we simply write

{gnm} = {Tnagm}m,n€Z~ (81)

As already mentioned, our goal is to characterize various frame properties
for systems of the form {g,,,,}. The Fourier transform will be an important
tool; in fact, the characterizations will be formulated in terms of certain
conditions on the functions g,,.

In particular, we will present equivalent conditions for two systems {gpnm }
and {hpm} to form dual frames. Given the two shift-invariant Bessel sys-
tems {gnm } and {h,m }, and two functions e, f € L?(R), the analysis of the
function p(e, f) defined by

ple, f) : R —C, ple, f)(z) = Z (Te, gnm) (him, T f) (8.2)

m,ne”

will play a central role. The reason for considering this function is apparent
from our discussion of general dual frame pairs in Section 5.7: in fact,
Lemma 5.7.1 shows that two Bessel sequences {gnm } and {hy, } form dual
frames for L(R) if and only if

ple, )(0) = (e, f), Ve, f € L*(R).

In the first result, we will derive a useful consequence of the Bessel
condition.

Lemma 8.1.1 Assume that {gnm} is a Bessel sequence with bound B.
Then

Z |gm()> < aB, a.e. v ER. (8.3)

meZ
Proof. Let f € L?(R), and consider the function

p(f, @) = > (Tuf, gum)l*; (8.4)

m,ne”z

it corresponds to the general expression in (8.2) in the case h,, = gp,. The
assumption that {g,.} is a Bessel sequence with bound B implies that
p(f, f) is bounded: in fact,

p(f, (@) < BIITuf1I* = BIIfI?, Vo € R. (8.5)

The shift-invariance of the system {g,,} implies that p(f, f) is periodic
with period a (Exercise 8.1), so we can consider its Fourier expansion in
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L?(0,a). By definition, the Fourier coefficient cq is given by

1 a
Cco = 5/ Z |<Tabfa gnm>|2 dx
0

mne”L
1 al [oe 2
- am,znéz/o [m f(z—x)gm(zfna) dz| dx
a %) 9

Introducing the functions ®,,(z), m € Z, by

2

Bo(e) 1= \ | 1w =gl e R,

this can be written as

Co

éZZ/Oa(I)m(x—na)dm

meZnel

= éZ/Z@m(:ﬂ)dm

mezZ"”

23 [ UTtgm) P,

mezZ"”

By direct calculation, we see that for arbitrary functions e, ¢ € L*(R),
(Tee,9) = (FTye,F¢)
= (E_.8,9)
-/ "))y

= F(¢9) @), (8.7)
Thus, via Parseval’s equation,

D MLt

meZ"”

2 [ oz a

mezZ"”

dv

2
Co ‘

= [ 0P Y @k (5.5)

a
mEeZ

On the other hand, via the definition of ¢y used in (8.6), an estimate of ¢
can be obtained:
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o = / Z |vagnm| dz

m,neZ

< BIfIP

:B/ v)|2dv.

Thus, via (8.8) we see that

1/ D2 gl |du<B/_m|A<u>|2dv.

meZ

Since this holds for all f € L*(R), we conclude that

1 Py
E Z |gm(V)|2 S B7 a.e. vV e R,

mEeEZ

the desired result now follows. ]
We will now analyze the function p(e, f) in (8.2).

Lemma 8.1.2 Assume that two shift-invariant systems {gnm} and {hpm}
are Bessel sequences and let e, f € L*>(R). Then the function

p(ea f) R— (Ca p(e7 f)(.’L’) = Z <Twe7gnm><hnm7T:rf>

m,neEZ

is continuous and has period a. Its Fourier series in L*(0,a) is

(l‘) _ che%rikx/a’ (89)

kEZ
where
1 o0 _—
ck:_/ )+ k/a) S GV hon (v + kfa)dv, k€ Z.  (8.10)
@ J oo meZ

Proof. Assume that {g,,} and {h,.,} are Bessel sequences; then, an
application of Cauchy—Schwarz’ inequality shows that the series defining
ple, f)(x) converges absolutely for all 2 € R. In particular, this demon-
strates that the function p(e, f)(z) is well defined. We will now prove that
p(e, f) is a continuous function. First, given z, z¢ € R,

Ip(e, f)(z) — ple, f)(wo)]

= Z (<Tmeagnm><hnm7Txf> <Tx0 7gnm><hnmaTacof>)

m,ne”z

Z |<Txe>gnm><hnm7 Tzf> - <Tzoea gnm><hnm7 Ta:gf>| .
m,neEZ

IN
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Writing Tye = Tpe — T, + Ty e, we see that

thus,

(Te, Gnm) P, T f) — (Lo €, Gom ) s T f)
(Twe — T, gnm) (s T ) + (Lo €, Gnm ) (Fnm, T )
—(To€; Gnm) (P Tuo f)
(Twe — Tuge, gnm) (Pnms Tu f) + (Tao€s Gnm) (Pnms To f — Tio £

letting B denote a common Bessel bound for {g,,,} and {h,m},

IA

IN

IN

p(e, f) (@) — ple, f)(xo)|
Z ‘<Tze - Tmoevgnmﬂ |<hnm7Tzf>|

m,n€”Z
+ Z |<Twoevgnm>‘ |<hnmaTzf_Tmof>|
m,n€”’
1/2 1/2
2
Z |<Twe_T$oeagnm>| Z |<hnmawa>|2
m,ne”Z m,ne’
1/2 1/2
2
+ Z |<Troevgnm>| Z |<hnmaTmf*Tzof>|2
m,n€e”Z m,n€’

B [|Tye — Tugel| | Tufl + B [|Tuoell [|Tof — Tuo fl|
B |[Tye—zoe — el [[fI| + B llel| | To—zo f — fII-

The last expression converges to zero for x — xg by Lemma 2.9.1; this
proves the desired continuity.

The periodicity of p(e, f) follows from the structure of the shift-invariant
systems {gnm} and {hnm,} (Exercise 8.2). For the computation of the
Fourier coefficients, we first assume that e, f are continuous functions
with compact support; this will justify the following interchanges of sums
and integrals. The coefficients in the Fourier expansion with respect to
{e2mike/ay, ., are given by (Exercise 8.2)

Ck

2 \/Oa p(e’ f) (x)€727'rikat/a dx
l @ . . —na . —na e~ mikz/a "
Y5 [ st = 1) - — ). T e

meEZneL

1 o .
. Z / (Twe, gm) (P, Tzf>e_2m’m/a dx
a o0

mezZ"”

1 > -
a Z / <T$679m><Tacfa hm>627”kz/a dx. (811)
mez"Y —x®
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Using (8.7), it follows that
(Tof hn)e™ 5200 = By F (f b ) ()
= F(Tsalf b)) ().

Inserting this as well as (8.7) in (8.11) and using Plancherel’s equation leads
to

e = imze:z/ T e gm T f’ >e2ﬂ'2kz/a dx
= é Z/ € gm ) ( k:/a(f 7)) ( )dm
meZ

Ez/_ (égﬁ)( VT ol T ) () dv
*Z/ TV F (v + k)l (v + k/a) dv

meZ
The reader can check (Exercise 8.2) that the series

L/f°| W Fo 1 bl S Gl + kfa)dr (8.12)

meZ

is convergent. Thus, we can interchange the sum and the integral in the
above expression for ¢g. This proves the result for all functions e, f € C.(R).
The general case now follows by a density argument (Exercise 8.2). ]

It is very complicated to check the frame conditions for a shift-invariant
system directly via the definition. We will now derive equivalent conditions
in terms of matrix-valued functions. However, some preparation is needed
before we state the main results in Theorem 8.1.6 and Theorem 8.1.7.

We begin with a definition.

Definition 8.1.3 For f € L%(R), the fiber of f at a point v € R is defined
as the sequence

() == {f(v = k/a)}rez.

The following lemma shows that the sequence f(v) belongs to £2(Z) for
a.e. v € Z; for this reason, ||f(v)|| will always denote the £>-norm. We ask
the reader to provide the proof (Exercise 8.3).

Lemma 8.1.4 Let f € L*(R). Then f(v) € (*(Z) for ae. v € Z.
Furthermore, for any interval I of length 1/a,

12 = /Zuwwmﬁw—/w|wu

keZ
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Given a shift-invariant system { g, } as in (8.1), define the matrix-valued
function

H(v) = (gm(v — k/a)) ez » a-e. v ER. (8.13)

Note that the columns in the matrix H(v) consist of the fibers for the
functions g,,,. In case H(v) defines a bounded operator on ¢?(Z) for some
v € R, the adjoint operator will be denoted by H(v)*; it is given by

H(v)" = (Gm(v = k/a))

For technical reasons, several of the following results will first be proven
for functions f belonging to a subspace of the Schwartz space S of rapidly
decaying functions. Recall that S consists of all infinitely often differentiable
functions f on R, which decay faster than any inverse polynomial; that is,
for any o, k € NU {0},

mkez

od°f
w(ff)

sup < 00.

zeR

x

Let
D:={f e8| fis compactly supported}. (8.14)

One can prove that D is a dense subspace of L?(R).

Lemma 8.1.5 Let {g,m} be a shift-invariant system in L*(R), and assume
that for a.e. v € R, the matriz H(v) defines a bounded operator on (*(Z).
Then, for any interval I of length 1/a and any function f € D,

/1 IH) @) Pdv =0 3 [(F, gum) -

m,ne”z

Proof. For the set of ¥ € R for which the matrix H(v) is bounded, its
adjoint is bounded, and ||H (v)|| = ||H (v)*||. Given any interval I of length
1/a,

2

/IIH(V)*f(y)Hady — /Z S T =K f (v — kfa)| dv
! Imez |kez
= 3 [|S@mewase - k)| w.
mez’ ! |kez

Now, for each m € Z, one can prove (Exercise 8.4) that the mapping

v Y Gm(v —kja)f(v - k/a) (8.15)

kEZ
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is well defined for a.e. v € R and defines a function in L?(I) with Fourier
series

S TR~ k@) = 3 alf, gum)e2 0, (8.16)
kEZ nez

Parseval’s equation, see (3.24), shows that
2

/Ingu—k:/a (I/—k/a V—a22|f,gnm

keZ nez
Thus,
2
a > Ufrgnm)® = Z/ > Gm(v—k[a)f(v—k/a)| dv
m,n€l mez”’ 1 |kez
= It P,
as desired. O

We are now ready to state characterizations of several frame properties
for shift-invariant systems. They are formulated in terms of the matrix-
valued function H(v) in (8.13), i.e., in terms of the fibers associated with
the generators g,,. We begin with the upper frame condition.

Theorem 8.1.6 A shift-invariant system {gnm} is a Bessel sequence with
bound B if and only if the matriz H(v) for a.e. v € R defines a bounded
operator on (*(Z) with norm at most v aB.

Proof. Let us first assume that the matrix H(v) for a.e. v € R defines a
bounded operator on ¢2(Z) with norm at most v/aB. Fix any interval I of
length 1/a. Then, for any function f belonging to the space D defined in
(8.14), Lemma 8.1.5 shows that

ST 1, g 2 /||H W)|Pdv < —/Hf Pdv = BIIf]
m,nez

Since D is dense in L*(R), it follows from Lemma 3.1.6 that {g,,} is a
Bessel sequence with bound B.

Assume now that {g,,,} is a Bessel sequence with bound B. We have to
prove that for almost all » € R, the inequality

D

keZ

S Gy — kfa)ew

meZ

<aB Z |em|? (8.17)
meZL

holds for all {c,,}mez € (*(Z). We first assume that {c,,}mez is a fi-
nite sequence. Given another finite sequence {d,}nez, we consider the
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trigonometric polynomial

— E dnef%rznau.

nez

Note that ¢ has period 1/a. For any interval I of length 1/a, Parseval’s
theorem, see (3.24), shows that

S da? —a/w ) 2d.
nez

The periodicity of ¢ implies that for any such interval I, we have that

G ngu—k/acm

kEZ Im€EZ
2
/ (v —Fk/a)gm(v —k/a)cy,| dv
I'yez meZ
2
= / > (N gm)em| dv
—° Imez
- 2
_ / Z Z dncme—Qwi7mug/7\n(V) dv
X |mezZnez
- 2
= F Z Z dpCongm (v — na)| dv
-0 MmeELZneEL

2

= Z dncmgnm

m,ne”

Using that {gnm,} is a Bessel sequence with bound B, we can estimate this

term as follows:
2

Z A ComGnm B Z |dpCom?

m,n€”z m,nez

B Z ‘Cm‘2 Z |dn‘2

meZ nez

= aB ) |em|? /\go )|2dv.

mEeEZ

IN

Altogether, we arrive at the inequality

/|cp )| Z d1/<aBZ |cm|2/|g0 )|?dv.

kEZ meZ

ng v—kja)en,

meZ
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Since this holds for all trigonometric polynomials ¢ with period 1/a, we
conclude that (8.17) holds for a.e. v € I, for any given finite sequence
{¢m }mez; for reasons of periodicity, it therefore holds for a.e. v € R for
such sequences.

However, we have to prove that there is a null set N C R such that (8.17)
holds for all {¢;}mez € €*(Z) if v € R\ N. In order to do so, let V C (*(Z)
be a subset formed by a countable and dense collection of finite sequences
{¢m }mez. Note that a countable union of null sets again is a null set; this
implies that there exists a null set N C J such that (8.17) holds for all
v € R\ N and all {¢;, }mez € V. Via Lemma 8.1.1, we might also assume
that the inequality (8.3) holds for all v € R\ N. We now prove that for
v € R\ N, the result in (8.17) actually holds for all {¢,, }mez € £2(Z). In
order to do so, let {¢,, }mez € £2(Z) be given, and take a sequence of finite
sequences {c }mez € V, n € N, such that

{ch Ymez — {cm}mez in @2(2) as n — oo.
Now let v € R\ N. For all k € Z, we know that {g,, (v —k/a)}mez € (*(Z);
thus,

Z gm(v —k/a)en, = {gm(v —k/a)}mez, {Cm}mez)exz)

meE”L
= lim ({gm(v — k/a)tmez, {c }men) (@)

= lminf({gm (v - k/a)}mez, {¢ mez) 2 @)

= lilrrigf Z Im(v —k/a)cy,.

mEZ

By Fatou’s lemma, see Lemma 2.7.4, this implies that
2

2 = D lminf

2

Y Gmlv —k/a)en, Y Gmlv —kfa)e,

keZ lmez keZ mez
2
< liminfz Z Im(v —k/a)cy,
"7 kez lmez
< aBliminf Z | |2
= aB Z lem 2.
meZ
This shows that for v € R\ N, the inequality (8.17) indeed holds for all
{¢m}mez € (*(Z). This completes the proof. O

We now state characterizations of various frame properties for the system
{gnm} in terms of the matrices H(r) and their adjoints. The first of these
is formulated as a matrix inequality, involving certain positive bi-infinite
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matrices indexed by Z x Z. Recall that for two such matrices M and N,
the inequality N < M means that for all sequences {c;} € ¢*(Z),

(N{er} {en}) < (M{cr}, {er})- (8.18)

Theorem 8.1.7 The following characterizations hold:

(i) A Bessel sequence {gnm} is a frame for L*(R) with lower frame bound
A if and only if

aAl < Hv)H(v)", a.e. v €R. (8.19)

(ii) {Gnm} is a tight frame for L*(R) if and only if there is a constant
¢ > 0 such that

ng VIm (v + kja) = coro, k €Z, a.e. vER. (8.20)

meEZ
In case (8.20) is satisfied, the frame bound is A = ¢/a.

(iii) Two shift-invariant systems {gnm} and {hnm}, which form Bessel
sequences, are dual frames if and only if

ng u+k/a)—a§k07k€Z a.e. veR. (8.21)
meZ

Proof. To prove (i), first assume that (8.19) holds. According to (8.18),
this means that

aA |{exdnezll® < (H(W)H(v)* {cx}rez, {cr}rez)

for all {cx}rez € ¢*(Z); or, equivalently, that

15 (v) {extrezll* > ad|[{ex}rezl (8.22)

holds for all {cy}rez € (*(Z). Let I C R be an arbitrary interval of length
1/a. Then, for any function f € D, Lemma 8.1.5 shows that

S o = 5 [ @) Ew)IP = 4 [ 1ii0)|Pa = a7

m,nez

by Lemma 5.1.2; this implies that the number A is a lower frame bound
for {gnm}-

The second part of the proof of (i) is more technical. Assume that A is
a lower frame bound for {g,.,}; we want to prove that the inequality in
(8.22) holds for all {cg}rez € ¢*(Z). Like in the proof of Theorem 8.1.6,
we first consider a finite sequence {cg }xez. For technical reasons that will
become clear soon, we furthermore consider a function ¢ for which ¢ is
supported on an interval I of length 1/a. We can associate the function ¢
to a fiber of a certain function f. In fact, define the function f in terms
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of its Fourier transform by the following: given v € R, choose the unique
number k € Z such that v + k/a € I, and let

fv) = ap(v + k/a).

By definition, the /-th coordinate in the fiber for a function f is f(v—£/a).
Thus, directly by the definition of the function f, we see that for v € I,

Fv—t/a) = copv).
Thus,
f(V) = p(w){cktrez, v € 1.
By construction and Lemma 8.1.4,

I1f12 = / Ew)|2dy = / )P S Jerl?;

keZ
thus, Lemma 8.1.5 shows that

/I 169 PI[H (v){cx ezl 2dv

/ ([ (0)E ()2
I

Z a Z |<fagnm>|2
m,ne’
> adAl|f|]?
- aA/|¢(1/)|2d1/Z|ck|2.
I

kEZ

Since this holds for all functions ¢ for which ¢ is supported on an interval
I of length 1/a, we conclude that

|H*(v){er}rezl” > aA) lenl’, ae v el (8.23)
keZ

The null set depends on the sequence {cj}rez. It remains to show that
there is a null set N such that (8.23) holds for all v € R\ N and all
{ci}rez € (2(Z); this part is left to the reader (Exercise 8.5).

We now prove (iii). The proof is based on the functions p(e, f) from
Lemma 8.1.2 and the derived expression for their Fourier coeflicients. Recall
from Lemma 5.7.1 that two Bessel sequences {gnm} and {h,m,} are dual
frames if and only if

(e, £y =" (e gnm)(hnm, f), Ve, f € L*(R). (8.24)
m,nez

If we assume that {gnm}, {hnm} are dual frames, it follows from this
identity that for all e, f € L%(R),

ple, f)(z) = Z (Twe, Gnm ) hom, T f) = (Twe, T f) = (e, f), x € R.

m,nez
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Hence the function p(e, f)(x) and the constant (e, f) have the same Fourier
coefficients in L?(0,a). Via Lemma 8.1.2, this implies that for all k € Z,

l/oo ( ) l/+k/(1 ng l/+k/a) = 5k,0<eaf>

a
> MEZL

S0 / h ew)f(v)dv.

— 00

Since this holds for all e € L*(R),

V—l—k‘/a ng (v+k/a) = adrof (v), ae. v eR, Vf € L*(R).
meZ

For k = 0 this implies that
> G hm(v) = a, ae. v €R;

meZ

furthermore, the choices f = X[t/a,(t+1)/a], ¢ € Z, lead to

ng y—l—k/a)—O a.e. v € R when k # 0.
meZ

The opposite implication can be obtained by reversing the above steps:
assuming that (8.21) is satisfied, it follows that the function p(e, f)(x) and
the constant (e, f) have the same Fourier coefficients, so by continuity

ple; f)(x) = (e, f), Vo € R.

Now take z = 0, and we obtain (8.24).

We now prove (ii). Via Exercise 5.7, the equivalence in (ii) follows directly
from (iii); thus, we only need to prove the statement about the frame bound.
Now, if (8.20) is satisfied, the entry in the k-th row and ¢-th column of the
matrix H(v)H(v)* is

S v — h/a)gn (v — €a) = b
mEeEZ

by the result in (i), this implies that the frame bound is A = ¢/a. O

Theorem 8.1.7 characterizes frames of the type {gnm,} in terms of
the Fourier transforms g,,. One speaks about characterizations in the
frequency-domain, as opposed to time-domain characterizations directly in
terms of the functions g,,.

8.2 Representations of the frame operator

As we have seen, the frame operator plays a very prominent role in frame
theory. In order to facilitate manipulations on the frame operator, it is
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important to have various ways of representing it. In the context of shift-
invariant systems, we will now provide a representation in the Fourier-
domain in terms of fibers.

Theorem 8.2.1 Assume that the shift-invariant system {gnm} is a Bessel
sequence. Define the functions di, k € Z, by

di (v ng Vgm(v — k/a), v eR.
meZ

Then the frame operator S associated with {gnm} has a representation in
the Fourier-domain, given by

Z dr() f(v —k/a), (8.25)
keZ
with absolute convergence for a.e. v € R.

Proof. We ask the reader (Exercise 8.6) to verify that the series defining
di(v) is convergent for a.e. v € R and that

> lde(W)]* < (aB)?, a.e. v €R. (8.26)
kEZ
For any f € L?(R), Lemma 8.1.4, shows that
Z |f(v —k/a)]* < o0, a.e. veER,;
keZ

via Cauchy—Schwarz’ inequality, this implies that the series on the right-
hand side of (8.25) is absolutely convergent for a.e. v € R. In order to show
that it represents the frame operator .S in the Fourier-domain, we first note
that for f,h € L?(R),

<Sf7 h> = < Z <fa gnm>gnma h> = Z <f>gnm><gnm7 h>
m,n€z m,ne”
By Lemma 8.1.2, the function
p(f,h)(x) :== Z (T f, gnm)(Gnm, Tuh)

m,nez
is continuous and has period a; its Fourier series is

’JS’) _ che%rika:/a,

kEZ

where

meZ

/ F)h(v + k/a) 3 T (v + i/ a) du
/ fw

QI Q|

(v+ k/a)dk(l/ +k/a)dv, k € Z.
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Note that p(f, h)(0) = (Sf, h). We will use the Fourier expansion of p(f, h)
to calculate (Sf,h) for functions h € D, see (8.14). In order to do so, we
first need to show that the Fourier expansion for p(f,h) holds pointwise;
according to Theorem 3.5.1, this is the case if we can show that the sequence
of Fourier coefficients belongs to ¢1(Z). Now,

Slal = 2%

/ FNh(w + kja)du(v + k/a) d

kEZ kez
*Z/ | h(v + kfa)| |di(v + k/a)| dv
keZ
-1 / S 1Fw — k/fa)| [h(w)] |di(v)] do.
X kez

Using Cauchy—Schwarz’ inequality on the sum leads to

L oo 1/2 1/2
Sl < - / (de(un?) (Df(u—k/a)P) ()| dv

kEZ % \kez keZ
- 1/2
< B / (Z v~ k/a>|2> |h(v)| dv.
—° \kez

Applying Cauchy—Schwarz’ inequality on the integral now shows that

1/2 X 1/2
;ZM' < B (/Supph;zﬁ v—Fk/a)| d1/> (/suppfllh(y) du)
1/2
< BJh|? </ Z|f V—k/a)2dy> .

upp h kEZ

The compact set supp h can be covered by a finite number of intervals
of length 1/a, so Lemma 8.1.4 implies that {c;}rez € ¢(Z). Thus, we
conclude that the Fourier series for p(f,h) is absolutely convergent for all
z € R. In particular,

(Sfhy=p(f,0)(0) = Y e

kEZ
_ 72/ FVh(w + kja)du(v + k/a)
keZ
_ %Z/ do() (v — k/ayh(v) dv
kez” —®
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Since (Sf, h) = <§?, h), we conclude that

(= d()f -~ Kfa),h()) = (5T, B).

keZ
This holds for all h € D; thus,

5F == S d()f (-~ k/a),

kEZ
as desired. O

8.3 Exercises
8.1 Show that the function p(f, f) in (8.4) has period a.

8.2 In this exercise, we ask the reader to provide some details in the
proof of Lemma 8.1.2.
(i) Verify that the function p(e, f) has period a.
(ii) Justify the calculations leading to (8.11).
(iii) Prove that the series in (8.12) is convergent.
(

iv) Provide the density argument at the end of the proof.
8.3 Prove Lemma 8.1.4.

8.4 Complete the proof of Lemma 8.1.5 by showing that the infinite
series in (8.15) converges absolutely for a.e. v € R and that the
resulting function has the Fourier expansion stated in (8.16).
(Hint: use the periodicity of the function in (8.15) followed by an
application of Fourier’s inversion theorem.)

8.5 Complete the proof of Theorem 8.1.7(i) by showing that there is a
null set NV such that (8.23) holds for all v € R\ N and all

{ck}trez € ().

8.6 Prove that the series defining di(v) in Theorem 8.2.1 converges for
a.e. v € R, and that (8.26) holds. (Hint: use Lemma 8.1.1.)



9
Gabor Frames in L*(R)

The mathematical theory for Gabor analysis in L?(R) is based on two
classes of operators on L?(R), namely

Translation by a € R, T,: L*(R) — L*(R), (T.f)(z) = f(z — a),
Modulation by b € R, E,: L*(R) — L*(R), (Eyf)(z) = 2™ f(x).

Gabor analysis aims at representing functions f € L?(RR) as superpositions
of translated and modulated versions of a fixed function g € L?(R). There
are two ways one can think about this. The first is to restrict the translation
and modulation parameters to a lattice {(na, mb)}m nez C R? and ask for
series expansions of f in terms of the functions

{2 g (1 — na)}omnez (9.1)
This naturally fits into the discrete frame theory, which has been our main
concern so far. The second approach is to ask for integral representations
involving all possible translations and modulations, i.e., representations like

fz) = /jo /jo cr(a,b)e*™ ™ g(x — a) dbda; (9.2)

here we have to search for a function ¢y of two variables making this true, ei-
ther pointwise, or in some weak sense. Formulated this way, the continuous
frames discussed in Section 5.8 become a natural tool.

Concerning the first approach, the natural question is how we can choose
g € L*(R) and the parameters a,b > 0 such that the functions in (9.1)
constitute a frame for L?(R). We actually saw the first example of such

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_9,
(© Springer Science+Business Media, LLC 2008
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a frame in Example 3.5.3, where we proved that {E,,T,X0,1)}m,necz is an
orthonormal basis for L*(R).

The basic idea goes back to Gabor, who considered a sequence of func-
tions of the form {E,,;Thag}m nez, where ab = 1 and ¢ is the Gaussian,
g(z) = e *"/2. The mathematical analysis of Gabor systems was initi-
ated by Janssen in a series of papers around 1980. Gabor analysis took
an entirely new direction with the fundamental paper [27] by Daubechies,
Grossmann, and Meyer from 1986. Here one finds for the first time the idea
of combining Gabor analysis with frame theory. The authors constructed
tight frames for L?(R) having the form {E,,,,T09}m nez at hand, and this
contribution was the beginning of an intense activity that is still ongoing.

We begin in Section 9.1 by introducing Gabor frames in L?(R) and some
of their fundamental properties. In Section 9.2, we characterize tight Gabor
frames. In Section 9.3, we prove that the canonical dual frame of a Gabor
frame again has Gabor structure. We discuss some of the properties of the
canonical dual frame and how other duals can be found. These results are
applied in Section 9.4, where explicitly given pairs of dual frames with com-
pactly supported generators are constructed. Section 9.5 introduces some
Banach spaces and technical conditions that appear in Gabor analysis, and
Section 9.6 presents various representations of the Gabor frame operator.
The Zak transform and its connections to Gabor systems are discussed in
Section 9.7. Section 9.8 deals with a very important aspect in applications
of Gabor systems, namely, how time—frequency localization of a signal af-
fects its representation via a Gabor frame. Finally, we consider continuous
representations in Section 9.9.

The commutator relations (2.23) show that modulation in the time do-
main corresponds to translation in the Fourier domain; for this reason, the
functions EyT,g are called time—frequency shifts of g. For more information
about the role of Gabor frames in time—frequency analysis, we refer to the
book [37] by Grochenig. For a broader perspective on Gabor frames and
their use in many different fields, the reader should consult the two books
[32], [33] edited by Feichtinger and Strohmer, which contain surveys and
research articles covering several aspects.

9.1 Basic Gabor frame theory

A collection of functions on the form {E,,,Tqa9}m.nez is called a Gabor
system. Explicitly, these functions have the form

EppThag(x) = ¥ g(x — na).

We will consider frames of that particular form:
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Definition 9.1.1 A Gabor frame is a frame for L*(R) of the form
{EwiThag}mmnezn, where a,b > 0 are given and g € L*(R) is a fized
function.

Frames of this type are also called Weyl-Heisenberg frames. The function g
is called the window function or the generator. Note the convention, which
is implicit in our definition: when speaking about a Gabor frame, it is
understood that it is a frame for all of L?(R), i.e., we will not deal with
frames for subspaces in the current chapter.

The Gabor system { EyTnag}m,nez only involves translates with param-
eters na, n € Z and modulations with parameters mb, m € Z. The points
{(na,mb)}m nez form a lattice in R?, and for this reason one frequently
calls {EnpTnag}mnez a reqular Gabor system.

We begin with a proposition that gives a necessary condition for
{EmbThag}mmnez to be a frame for L?(R). It depends on the interplay
between the function g and the translation parameter a and is expressed
in terms of the function

G(z) = |g(x —na)l, = € R. (9.3)

ne”Z

Proposition 9.1.2 Let g € L*(R) and a,b > 0 be given, and assume that
{EmpThnagtmnez s a frame with bounds A, B. Then

bA < Z lg(z —na)|* <bB, a.e. x €R. (9.4)
nez

More precisely: if the upper bound in (9.4) is violated, then {E;pTrag}m.nez
is not a Bessel sequence; if the lower bound is violated, then { EppTnag}m nez
does not satisfy the lower frame condition.

Proof. The proof is by contradiction. Assume that the upper condition in
(9.4) is violated. Then there exists a measurable set A C R with positive
measure such that G(z) = Y, ., [9(x —na)|* > bB on A. We can assume
that A is contained in an interval of length %. Letting

Ay = {xeA|G(z)>1+bB},
1 1
= _— < —
Ay {xEA|k+1—|—bB_G(x)<k+bB},k;€N,

we obtain a partition of A into disjoint measurable sets. At least one of
them, say, A, has positive measure. Now consider the function f = xa,,,
and note that || f||? = |Ap|. For n € Z, the function f T,,g has support in
Ays; since Ay is contained in an interval of length 1/b and the functions
{VVE )} mez = {Vbe?™mb2Y | constitute an orthonormal basis for L2(I)
for every interval I of length 1/b, we have

Z |<f7 Emanag>‘2 - z |<fm, Emb>|2 = %[ |f($)|2 |g(x*na)|2dx'

meZ mEZ
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Thus, for our particular choice of f,

S U B Trag)® = bZ/ )P lg(e - na)l? de

m,neZ neZ

= 1/ G(z) dx
b Ak/

1/ 1 )
b (M‘H)B) 1Fal

— (B4 g ) I

But then B cannot be an upper frame bound for {E,,pThag}m nez. A sim-
ilar proof shows that if the lower condition in (9.4) is violated, then A
cannot be a lower frame bound for {E,.,T0a 6 }m nez- O

Y

Proposition 9.1.2 implies that a function g generating a Gabor frame
{EmbTnag}tm nez necessarily is bounded. Note also that Proposition 9.1.2
gives a relationship between the frame bounds and the lower and upper
bounds for the function G in (9.3). In Corollary 9.1.7, we will see that
under certain circumstances, the necessary condition (9.4) is also sufficient
for { EmpThag}mnez to be a frame for L?(R).

Proposition 9.1.2 also implies that the function G is constant if
{EmbThag}tm nez is a tight frame. An extension of this observation actually
leads to a characterization of tight frames, see Theorem 9.2.1.

We now discuss various conditions for {E,,pT0ag}m.nez to be a frame
for L?(R). We begin with two lemmas, which will be needed repeatedly.

Lemma 9.1.3 Let f,g € L*(R) and a,b > 0 be given. Then, for anyn € N
the following hold:

(i) The series
Zf(x—k/b)g(:n—na—k/b), z €R, (9.5)
=

converges absolutely for a.e. x € R.

(ii) The mapping x — > ., |f(x — k/b)g(x —na — k/b)| belongs to
LY(0,1/b).

(iii) The 1/b-periodic function F,, € L'(0,1/b) defined by
x):Zf(;v—k/b)g(x—na—k/b) (9.6)

kEZ

has the Fourier coefficients

Cm =0 <f7 Emana9>a m € Z.
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Proof. Since f,T.9 € L*(R), we have fT,,g9 € L'(R) for all n € Z. Thus

/1/bZ|f (x —k/b)g(x —na —k/b)|dx = /00 ‘f(x)g(x—na) dx
nez —o
< 0.

This proves (ii), and also implies that >, |f(z — k/b)g(x —na — k/b)|
converges for a.e. x € [0,1/b]; for reasons of periodicity, it therefore con-
verges for a.e. x € R. As a consequence, the series in (9.5) converges for
a.e. z € R and defines a function with period 1/b. For part (iii) concerning
the Fourier coefficients for F;,, note that

/ f l‘ — na) —2mimbx dr

<fa Emanag>

1/b
= Z f(z —k/b)g(x — na — k/b)e 2707 dy
kEZ
1/b
= / (Z fle—k/b)g(x — na — k/b)) e~ 2mimbe o
0 keZ
We leave it to the reader to justify the manipulations. O

If we want to check that a Gabor system {E,,;Tnag}mnez forms
a frame by hand, we need to be able to estimate the expression
Yo mmez (s EmpTnag)|? for all functions f belonging to L*(R) (or at least
a dense subset hereof). Under certain conditions on the functions f and g,
we can find an explicit expression for this infinite sum:

Lemma 9.1.4 Suppose that [ is a bounded measurable function with
compact support and that the function G defined by (9.3) is bounded. Then

Z ‘<fa Emanag>|2

m,ne’
1
= 5/ |Z|gx—na|da:
- nez
+ bZ/ Flx)f(x —k/b) ng—na)g(w—na—k/b)
k#0 neZ

Proof. Let n € Z, and consider the —-perlodlc function Fj, defined in
(9.6). We have already given a general argument for F,, being well defined
pointwise almost everywhere, but our present assumptions give more; in
fact, for a given = € R, the compact support of f implies that f(z — k/b)
only can be non-zero for finitely many k-values. The number of k-values
for which f(z — k/b) # 0 is uniformly bounded, i.e., there is a constant C'
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such that at most C' k-values appear, independently of the chosen z. It
follows that F,, is bounded, so F,, € L'(0,1/b) N L?(0,1/b); in fact, even

lx — Z ‘f(x —k/b)g(z —na — k/b)‘ ] € L*(0,1/b) N L*(0,1/b).

kEZ

By Lemma 9.1.3, for all m,n € Z,

1/b 4
(f, BErpTrag) = / F,(z)e=2mimbe g (9.7)
0

Parseval’s theorem, see (3.24), gives that

D

meZ

1/b _ 2 1
/ F,(x)e2mimbe qg| = ; / |F,(2))? da. (9.8)
0 0

The assumption on f being a bounded measurable function with compact
support will justify all interchanges of integration and summation in the
final calculation. This follows from the observation that

Z/w [f@)f(z—k/b) Y lg(z — na)g(z — na — k/b)| do < co.  (9.9)

keZ” — neL

The verification of (9.9) and the proof that this is exactly what we need is
left to the reader (Exercise 9.2). Now, via (9.7) and (9.8),

2

1/b ‘
Z Z ‘<f: Emanag>|2 — Z Z Fn(x)e—%mmbz dr
neEZ meZ neZmez |”0
1 1/b )
neL
Writing

|Fo(@)]* = Fu(x)Fu(x) =Y f(z = £/b)g(x — na — £/b) Fu (),
LET
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and using that F), is 1/b-periodic, Lemma 7.1.3 finally implies that

ST UF EnbThag)l?

nEZmEZlb
= _Z/ foﬂ—f/b (z —na —L/b)F,(x)dx
nez LET
1 __
— g%/m f(@)g(x — na)F,(z) dx
- %Z/wf(x) (—na) " f(z—k/b)glz —na—k/b)dz  (9.10)
nez”’ — kez
- %[ |Z|g$—na|da¢

nez

bZ/ Fl@)f(z - k/b) ng—na)g(x—na—kj/b) O

k#0 nez

Lemma 9.1.4 has several important consequences. For example, it leads
to a sufficient condition for {Ey1Tha9}m nez to form a frame:
Theorem 9.1.5 Let g € L*(R), a,b > 0 and suppose that

::— sup Z Zg (z — na)g(x — na — k/b)| < (9.11)
16[0 al k€EZ In€Z
Then {EppThag}mnez is a Bessel sequence with bound B. If also
A = (9.12)
— inf Z|g (x — na) Z Zg(w—na)g(m—na—kz/b) >0,
b z€[0.] k40 Inez

then { EmpTragtmnez is a frame for L*(R) with bounds A, B.

Proof. Consider a function f € L?(R) that is continuous and has compact
support. By Lemma 9.1.4,

7 EndTaag)? (9.13)
m,ne”
1
= 5/ z)[? Z lg(z — na)|?dzx (9.14)
B nez

+ bZ/ fx) x—k/b)z g(x —na)g(x —na — k/b)dx. (9.15)

k#0 nez
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We want to estimate (9.15). For k € Z, let

Z Tnag na+k/bg( ) (916)
neL

we observe that Hj, is well defined a.e. by Lemma 9.1.3. Now,

DT wpHi(z)| = Y |T

—k/b ZTnag na+k/bg( )

k0 k20 nez
= Z ZTna k/bg nag( )
k20 |nez

Replacing k& with —k (which is allowed because we sum over all k£ # 0) and
complex conjugating all terms, we arrive at

> T H() >

k0 k#0

= Z ZTna+k/bg nag( )

k#0 In€Z

= 3 |H@)).

k0

Z TnaJrk/bg nag( )
nez

Now

Z/ f(@)f(z—k/b) ng—na g(x — na — k/b) dz

k#0 nez
< ¥ / D)) [Ty f (@)] [Hi(2)] da
k#0

= 2 / @) [Tignf @)/ THi(w) do

k;éo
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Using Cauchy—Schwarz’ inequality twice, first on the integral, and then on
the sum over k # 0,

>~ 12 f oo 1/2
(+) < |f ()| Hy ()| dz Ty, 6 f (@) 2| Hy ()| dae
(o) ([ msrmins)
1/2
= x)|* | Hy ()| da
SN
1/2
Z/ Ty o f (2)|* | Hi (2)] da
k20
1/2
- / |Z\Hk )| da
N k0
1/2

X/ |Z|T k/oHi ()| dx
- k0
:/ 2)|* Y |Hi(x)| da.

k0

Note that the expression

D Hi(@)] =D

k+£0 k0
defines a periodic function with period a. By (9.13) and the condition
(9.11), we now have

Z |<fa Emanag> |2

m,neZ

Z Tnag na+k/bg( )
neZ

< 3/ U@
Z|g(x7na)\2+z Zg(xfna)g(xfnafk/b) dx
ne”Z k#0 In€Z
= 1/ |Zng—na g(z —na —k/b)|d
b - kEZ |n€EZ
< B

Because this estimate holds on a dense subset of L?(R), it holds on L?(RR)
by Lemma 3.1.6. This proves the first part. If also (9.12) is satisfied, we
again consider a continuous function f with compact support and obtain
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that
Z |<f7 Emanag> |2

m,ne”z

X Z|g(x—na)|2—z Zg(m—na)g(x—na—k‘/b) dz

nez k#0 |nez
AllfI1P.

By Lemma 5.1.2 the lower frame condition actually holds for all f € L?(R).
This completes the proof. (]

\%

We note that more general versions of Theorem 9.1.5 and Lemma 9.1.4
hold. In fact, the proof of Lemma 9.1.4 did not use that we were summing
over all n € Z: for all index sets I C Z, the assumptions imply that

Z Z I{fs EmbTnag) ‘2

nel mez
= % > /Oo f@)g(x —na) Y f(z —k/b)g(e —na — k/b) dx. (9.17)
nel ¥ = kczZ

This, in turn, lead to a more general version of Theorem 9.1.5.

The condition (9.11) is sometimes called condition (CC). It leads to
an easy sufficient condition for {E,,pT09}m nez to be a Bessel sequence
(Exercise 9.5):

Corollary 9.1.6 Let g € L*(R) be bounded and compactly supported. Then
{EmbThag}tm.nez is a Bessel sequence for any choice of a,b > 0.

The condition that the function g is bounded and compactly supported
is not sufficient for {E,Thag}m nez to be a frame: in fact, as shown in
Proposition 9.1.2, the associated function G in (9.3) needs to be bounded
below and above (see Exercise 9.6). On the other hand, for a function g
with compact support, the condition that the function G is bounded below
and above for some ¢ > 0 is enough for {E,,;T0q9}mnez to be a frame
for sufficiently small values of b. We also obtain expressions for the frame
operator and its inverse in this case:

Corollary 9.1.7 Leta,b > 0 be given. Suppose that g € L?(R) has support
in an interval of length % and that the function G satisfies (9.4) for some
A,B > 0. Then {EmpThag}tmnez is a frame for L*(R) with bounds A, B.
The frame operator S and its inverse S~ are given by

b
sr=S1 s7y=21 rer®)
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Proof. That {E,.)Thag}mnez is a frame follows directly from Lemma
9.1.4 or Theorem 9.1.5 because

Zg(x —na)g(x — na —k/b) =0 for all k # 0.
neL

Given a continuous function f with compact support, Lemma 9.1.4
implies that

<Sf7 f> = Z |<f7 Em,anag>|2
m,nez
1 [ 9
= 1| V@Pew i
G
By continuity of S, this expression even holds for all f € L?(R). Via Lemma
2.4.3, it follows that S acts by multiplication with the function %. O

For a continuous function g, we can be even more explicit. We leave the
proof of the following result to the reader (Exercise 9.7).

Corollary 9.1.8 Suppose that g € L*(R) is a continuous function with
support on an interval I with length |I| and that g(x) > 0 on the interior
of I. Then {EmpTrag}mnez is a frame for all (a,b) €]0,|I|[X]0, ﬁ]

In particular, this result applies to the B-splines and introduced in Chap-
ter 6. In order to avoid a conflict with our notation for a Gabor system, we
will denote the splines by By and Ny, ¢ € N, instead of B,, and N,,.

Corollary 9.1.9 For { € N, the B-splines By and N, generate Gabor
frames for all (a,b) €]0,£[x]0,1/4].

One might wonder whether the Gabor system {E,,;TnaB¢}m necz is a
frame for (a,b) ¢]0,£[x]0,1/¢]. The behavior of this Gabor system is actu-
ally quite strange, and a complete answer is not known. For the B-spline
Bs, it is proved in [39] that if b € N'\ {1}, this system cannot form a frame
for any a > 0; see also Exercise 9.6.

For a given function g € L?(R), it is usually difficult to find the exact
range of parameters a,b > 0 for which {E,Thag}tmnez is a frame. The
next examples illustrate this.

Example 9.1.10 For the Gaussian g(x) = 6_12, it is known that the
Gabor system {E,,pT0a9}m.nez is a frame if and only if ab < 1; this was
proved in 1991 by Lyubarski and independently by Seip and Wallsten. The
proof is complicated and requires a deep knowledge of complex analysis. [J



206 9. Gabor Frames in L*(R)

Example 9.1.11 Let us now consider characteristic functions,

9= Xjo,e[, ¢>0.

It turns out to be surprisingly complicated to find the exact range of ¢ > 0
and parameters a,b > 0 for which {E,,,T000}m nez is a frame. A complete
answer has not been obtained yet. Via a scaling (see Proposition 9.1.14
below), we can assume that b = 1. A detailed analysis performed by Janssen
[49] shows that

(1) {EmThag}mnez is not a frame if ¢ < a or a > 1.
(i) {EmThag}mnez is a frame if 1 > ¢ > a.
(iii) {EmThag}tm nez is not a frame if a =1 and ¢ > 1.
Assuming now that a < 1,¢ > 1, we further have
(iv) {EmThag}tmnez is a frame if a ¢ Q and ¢ €]1,2].

(V) {EmThag}tmnez is not a frame if a = p/q € Q, ged(p,q) = 1, and
2-:<c<2

(vi) {EmThag}tmnez is not a frame if a > % and c=L—1+ L(1 —a)
with L e N, L > 3.

The graphical illustration of this result is known as Janssen’s tie. The ex-
ample indicates how complicated it is to find the exact range of parameters
a, b that generate a frame for a given function g. O

The results discussed so far concentrate on the interplay between the
function g and the parameters a,b. The next result is of a different type.
It shows that, regardless of the choice of generator g € L?(R), the choice
of the parameters a and b puts certain restrictions on the possible frame
properties for {E,,,Thag}m nez:

Theorem 9.1.12 Let g € L2(R) and a,b > 0 be given. Then the following
holds:
(i) If ab > 1, then {EpmpThag}tmnez can not be a frame for L*(R).
(11) If {EmpTnag}mmnez is a frame, then
ab=1 & {EwTheg}tmnez is a Riesz basis. (9.18)

Proof. Recall from the general frame theory that we to any frame { f}32,
can associate a canonical tight frame, see Theorem 5.3.4. Now, assume that
{EmbThag}tm nez is a frame, and denote the frame operator by S. We will
use that the canonical tight frame associated with {Ey,1T069}m,nez can be
rewritten as

{S_l/QEmanag}m,nEZ = {EmanaS_l/Qg}m,n€Z7 (919)
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a result that we prove in Theorem 9.3.2.
We first derive an equation, which will play a crucial role in the proof.

Proposition 9.1.2 applied to the function S~1/2¢ implies that
Z |S=Y2g(x — na)|* = b for a.e. z € R. (9.20)
nez
Since
sl = [ 157 2g)Pde = [ 3152000 - na)ds,
- nez

we conclude that
1S72g|? = ab. (9.21)

Note that (9.21) is a general result: we only used that {EpThag}monez is
a frame in the proof.

In order to prove (i), we will show that ab < 1 for the arbitrary given
frame { EppTnagtmmez. Now, since { By TraS ™ 2g} m nez is a tight frame
with frame bounds equal to 1, Exercise 3.1 implies that |[S™!/2g|| < 1.
Combining with the equation (9.21), we obtain that ab < 1 as desired.

For the proof of (ii), assume first that {E,.,T0a0}m nez is a Riesz ba-
sis. Then by definition {5’1/2Embng}m’n€Z is also a Riesz basis, i.e.,
{EmanaS_l/Qg}m’nez is a Riesz basis. By construction, this family is also
a tight frame with frame bound 1, so the Riesz bounds are A = B = 1; in
particular this implies by Theorem 3.3.7 that ||S~!/2g|| = 1. Again via the
equation (9.21), we conclude that ab =1 as desired.

For the other implication in (ii) we now assume that ab = 1. Then, via

(9.21),
1571 2g|]> = ab =1,

and therefore || EypTha S~ 2g|| = 1 for all m, n € Z. Using Exercise 3.1, we
conclude that {E,,TnaS 2} mmez is an orthonormal basis for H, and
therefore the family

{Emanag}m,nEZ = {S1/2Emanasil/zg}m,neZ
is a Riesz basis by definition. O

Differently formulated, Theorem 9.1.12 says that {E,pThag}m.nez can
only be a frame if ab < 1; and if {EyTheg}m nez is a frame and ab < 1,
then the frame is overcomplete.

Example 9.1.13 The following examples relate to the conditions in
Theorem 9.1.12.

(1) The assumptions ab < 1 and g # 0 are not sufficient for {E,,pThag }m. nez
to be a frame. For example, if a €]1/2, 1], the functions {EanaX[o,%] Ymonez

are not complete in L?(R) and cannot form a frame.



208 9. Gabor Frames in L*(R)

(ii) The assumption that {E,,4T0a9}m.nez is a frame is necessary for the
equivalence in (9.18) to hold. For example, as noted already in Example

9.1.10, the Gaussian g(z) = e~ does not generate a frameifa=0=1.0

In many cases, it is convenient to assume that either the translation
parameter or the modulation parameter in a Gabor frame is equal to 1.
Given an arbitrary Gabor frame {E;,4T009}m nez, this can be obtained by
a scaling of g, i.e., by replacing g with a function of the type

Deg(e) = = rz9(e/0)

for some ¢ > 0.

Proposition 9.1.14 Let g € L*(R) and a,b,c > 0 be given, and assume
that {EmpThag}tmmez is a Gabor frame. Then, with g. := D.g, the Ga-
bor family {Emb/cTnanc}mmeZ is a frame with the same frame bounds as
{Emanag}m,nEZ-

Proof. Operators of the type D, are studied in Section 2.9, and they are
unitary. By Lemma 5.3.3, it follows that {D.E,pThag}tmnez is a frame
with the same frame bounds as {E;pThag}tm nez. Using the commutator
relations in Section 2.9, we see that

DcEmana = mb/chTna = Emb/cTnacDC7

and the proposition follows. O

In the rest of this section we present some of the more advanced results
that are central in Gabor analysis. In order to do so, we first notice that
there is a close connection between Gabor systems and the shift-invariant
systems considered in Chapter 8. In fact,

TnaEmbg(x) _ e—27rimnab627rimbzg(x o ?’L(l) _ e—27rimnabEmanag(x); (922)

thus, the functions in the shift-invariant system {T,q Empg pm.nez only dif-
fer from the functions in the Gabor system {E,.5T0a9}m.nez by some
complex factors of absolute value one. This implies that the systems
{ThoEmbgtmnez and {EnpThagtm nez have the same frame properties.

We now present a characterization of Gabor frames, which follows im-
mediately from our discussion of shift-invariant systems in Chapter 8. As
for the shift-invariant case, the characterization is formulated in terms of a
matrix inequality, which should be interpreted as explained in (8.18). Given
a function g € L?(R) and two numbers a, b > 0, consider the matrix-valued
function

M(z) := (g(x — na — m/b)) x €R. (9.23)

m,n€”z’
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Theorem 9.1.15 Let A, B > 0 and the Gabor system { EmpTnag}tm nez be
given. Then the following holds:

(i) {EvbTnag}tmnez is a Bessel sequence with bound B if and only if
M(z) for a.e. x € R defines a bounded operator on (*(Z) with norm

at most VbB.

(i1) Assuming that {EmpTnag}mmnez is a Bessel sequence, it is a frame
for L2(R) with lower frame bound A if and only if

bAI < M(z)M(x)* a.e. x € R, (9.24)

where I is the identity operator on (*(Z).

Proof. We derive the result from Theorem 8.1.7. First we note that
the Fourier transform JF is unitary; thus, Lemma 5.3.3 shows that
{EmibThag}mnez is a frame if and only if {F B, Thagtmnez is a frame.
The commutator relations (2.23) imply that

f_lEmanag = T—mbEnaf_lgv

which is a shift-invariant system based on the translation parameter b and
the functions E,,F 'g, n € Z. Consider the matrix H in (8.13) corre-
sponding to this system; denoting the variable by x rather than v, the
k,n-th entry is

FEnoF tg(x — k/b) = Thag(x — k/b) = g(x — na — k/b).

That is, H(x) equals the matrix M (z) in (9.23), and the result follows from
Theorem 8.1.6 and Theorem 8.1.7. ]

Finally, we now state one of the most fundamental and important results
in Gabor analysis. It is known as the duality principle and was discov-
ered almost simultaneously by three groups of researchers: Janssen [47],
Daubechies, Landau, and Landau [29], and Ron and Shen [54]. The duality
principle concerns the relationship between frame properties for a function
g with respect to the lattice {(na,mb)}, nz and with respect to the so-
called dual lattice {(n/b,m/a)}m nz. A unified treatment of duality results
is given by Gréchenig in [37].

Theorem 9.1.16 Let g € L*(R) and a,b > 0 be given. Then the Gabor
system { EppTnag}monez is a frame for L*(R) with bounds A, B if and only
if {Em/aTn/pgtmnez is a Riesz sequence with bounds abA, abB.

The importance of Theorem 9.1.16 lies in the fact that it often is easier to
prove that {E,, /o1, /69}m.nez is a Riesz sequence than to prove directly
that {E,pT0ag}tm.nez is a frame.



210 9. Gabor Frames in L*(R)

9.2 Tight Gabor frames

In applications of frames, it is inconvenient that the frame decomposition,
stated in Theorem 5.1.7, requires inversion of the frame operator. As we
have seen in the discussion of general frame theory, one way of avoiding
the problem is to consider tight frames. We will now characterize tight
Gabor frames; the result follows from the characterization in Theorem 8.1.7
of shift-invariant systems generating tight frames (Exercise 9.8), but we
include a direct proof.

Theorem 9.2.1 Let g € L3(R) and a,b > 0 be given. Then the following
are equivalent:

(i) {EmbTrag}tmnez is a tight frame for L*(R) with frame bound A = 1.

(ii) For a.e. x € R the following conditions hold:
(a) G(z) =3,z l9(x —na)|* =b;
(b) Gr(z):=>,cz9(x —na)g(x —na—k/b) =0 for all k # 0.

Moreover, when the equivalent conditions hold, {EwpTnag}tm.nez is an
orthonormal basis for L2(R) if and only if ||g| = 1.

Proof. (i)= (ii): Assume that {E.pThag}m,nez is a tight frame for L?(R)
with frame bound A = 1. Then Proposition 9.1.2 shows that G(x) = b for
a.e. ¢ € R. Therefore

> BTl = 3 [ 1@PGE) o

m,n€z

for all functions f € L?(R). Using Lemma 9.1.4, we conclude that for all
bounded, compactly supported f € L%(R),

%Z/Oo @) f@—k/b) Y g(x —na)g(x —na — k/b) dx = 0.

k£07 ~ nez

A change of variable shows that the contribution in the above sum arising
from any value of k € Z is the complex conjugate of the contribution from
the value —k. Therefore

ZRe (/OO flx)f(z — k/b)Zg(a: —na)g(x — na — k/b) dm) =0. (9.25)
k=1 -

nez
Now fix ky > 1 and let I be any interval in R of length at most 1/b. Define
a function f € L*(R) by
e 1a18(Gro (@) for gz e,
flz) = 1 for x € I+ ko/b,
0 otherwise.
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Then, by (9.25),

0 = ZRe(/_O;f(x)f(x—k‘/b)Zg(m—na)g(x—na—k/b) dx)

k=1 neZ

Re ( | T@ koG 0 dx) - [ 160, @) d

It follows that Gy, (z) = 0 for a.e. = € I. Since I was an arbitrary interval
of length at most 1/b, we conclude that G, = 0. In order to deal with G},
for k < 0, a direct computation shows that

G _ko(x) = Go(x + o /b) = 0;

this shows that statement (b) in (ii) indeed holds for all k # 0.
(ii)= (i): The assumptions in (ii) imply, again by Lemma 9.1.4, that for
all bounded, compactly supported functions f € L?(R),

> EnTug)l? = 3 [ U@E Y oo - na)? ds

m,neZ - nez
= |IfI*

Since the bounded compactly supported functions are dense in L?(R),
Lemma 5.1.2 implies that {E,5Theg}m.nez s a tight frame with frame
bound A = 1, as desired. The final part of the theorem is a consequence of
Exercise 3.1. O

In general, it is not easy to construct functions g such that the conditions
in Theorem 9.2.1(ii) are satisfied for some given a,b > 0. A simplification
occurs if we assume that g has compact support: in that case, the con-
dition (b) in (ii) is automatically satisfied for sufficiently small values of
the parameter b. In particular, we obtain the following very useful suffi-
cient condition for {E,3Theg}m nez being a tight Gabor frame. We ask
the reader to provide the proof in Exercise 9.9.

Corollary 9.2.2 Let a,b > 0 be given. Assume that ¢ € L*(R) is a real-
valued non-negative function with support in an interval of length 1/b, and
that

Z oz +na)=1, ae v €R. (9.26)
nez

Then the function

9(x) := /bp(x)

generates a tight Gabor frame {EppThnagtm nez with frame bound A = 1.

If (9.26) is satisfied, we say that the functions {T},q¢}nez form a partition
of unity. Readers with knowledge of multiresolution analysis will notice
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that the associated scaling function satisfies this condition for a = 1; see,
e.g., [64]. In particular, we can apply the result to B-splines:

Example 9.2.3 For any ¢ € N, the B-spline ¢ = N; defined in (6.1)
satisfies the requirements in Corollary 9.2.2 with a = 1 and any b €]0, 1//].
Thus, for any b €]0,1/¢], the function

g(x) = /ON(x)

generates a tight Gabor frame {Ey,,10, }m.nez with frame bound A = 1.00

We note that the frame generators in Example 9.2.3 are very suitable
for time—frequency analysis: they are given by an explicit formula, have
compact support, and can be chosen with polynomial decay of any de-
sired order in the frequency domain, simply by taking the parameter n
sufficiently large.

9.3 The duals of a Gabor frame

For a Gabor frame {E,,,5T)09 }m nez with associated frame operator S, the
frame decomposition, see Theorem 5.1.7, shows that

f = Z <f7 S_lEmanag>Emanaga Vf S Lz(R) (927)

m,ne”z

In order to use the frame decomposition, we need to be able to calculate
the canonical dual frame {S™E,,4 109} m.nez. This is usually difficult. Via
the following lemma, we will be able to obtain a simplification.

Lemma 9.3.1 Let g € L*(R) and a,b > 0 be given, and assume that
{EmbThag}tmnez is a Bessel sequence with frame operator S. Then the
following holds:

(i) SE,pThna = EmpThnaS for allm,n € Z.
(”) If {Emanag}m,neZ 18 afmme, then

S_lEmana = EmanaS_17 vmvn € Z.
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Proof. Let f € L?(R), and assume that {E,pT09} mnez is a Bessel
sequence. Using the commutator relations (2.19),

SEmanaf = Z <Emanaf7 Em’an’ag>Em’an’ag
m/ n' €L
= Z <fa T—naE(m’—m)an/a9>Em/an’ag
m/ . n' €L
- Z <f7 e27rina(m 7m)bE(m’—m)bT(n’—n)ag>Em’an’ag~
m/ ,n' €L

Performing the change of variables m’ — m’ +m,n’ — n’ + n and using
the commutator relations again,

SEmanaf
= Z e~ 2minam b<f7 Em’an’ag>E(m’+m)bT(n’+n)ag

m/ n' €L
—2minam’b 2minam’b
= E e (f, EmvThrag)e EnvThaEmyThag
m’,n'€Z

= Emanan'

This proves (i). The result in (ii) follows by applying the operator S~—! to
both sides of the equality in (i). O

Lemma 9.3.1 has important consequences for the structure of the
canonical dual frame of a Gabor frame:

Theorem 9.3.2 Let g € L*(R) and a,b > 0 be given, and assume that
{EmbTha}tmnez is a Gabor frame. Then the following holds:

(i) The canonical dual frame also has the Gabor structure and is given
by {EmanaS_lg}m,nEZ-

(11) The canonical tight frame associated with {EmpThag}tm nez 1S given
by {EmanaS71/2g}m,n€Z-

Proof. The assumption that {EypThagtm nez is a frame implies that the
frame operator S is invertible, so (i) is consequence of Lemma 9.3.1. Fur-
thermore, Lemma 2.4.4 shows that S~/2 is a limit of polynomials in S~!
in the strong operator topology; therefore S~1/2 commutes with E,,5T}q.
Thus, according to the definition, the canonical tight frame associated with
{Emanag}m,nGZ is given by

{S_l/gEmanag}m,HGZ = {EmanaS_1/2g}m,n€Z;

this proves (ii). O
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Via Theorem 9.3.2, the frame decomposition (9.27) associated with a
Gabor frame {E,,pT09 }m nez takes the form

F= 3 (. BasTnaS ') EvivTrag, Vf € L*(R). (9.28)

m,neZ

In practice, this version of the frame decomposition is much more con-
venient than (9.27): instead of calculating the double infinite family
{S™ ' EpibThag}mnez, it is enough to find S~'g and then apply the mod-
ulation and translation operators. The function S~'g is called the dual
window function or the dual generator.

Boleskei and Janssen showed in [7] that the canonical dual frame has
many pleasant properties. For example, if { Ey 1009 }m nez s an overcoms-
plete frame and the window function g decays exponentially, i.e., there exist
constants C, A > 0 such that

lg(x)| < Ce™ Nl ge. z e R,

then also S~!g decays exponentially. Still assuming that g generates an
overcomplete frame, it is also proved that exponential decay of g implies
exponential decay of F(S~1g).

The same results hold with S~'¢ replaced by S—!/2¢. In particular,
this leads to the existence of Gabor frames with (theoretically) perfect
properties:

1/2

Proposition 9.3.3 Let g € L?(R), and assume that g as well as § decay
exponentially. Let a,b > 0 be given and assume that {EmpThnag}mnez is a
frame. Then {E,yT0aS™ Y29} mmez is a tight frame, for which S™'/2g as
well as F(S™/2g) decay exponentially.

Applying this result to the Gaussian g(z) = e=*"/2 and any a,b > 0 with
ab < 1 leads to a tight Gabor frame {EmbTmS’l/zg}mmez with perfect
time—frequency localization. The only shortcoming of this example (and all
the other known constructions obtained via Proposition 9.3.3) is that we
do not have an explicit expression for the window function S~1/2g.

We will now leave the discussion of the canonical dual frame and ex-
amine the question of how general dual frames of a given Gabor frame
{EmpThnag}tmnez can be found; in Section 9.4, we will use the obtained
results to construct pairs of explicitly given Gabor frames. The general
characterization of all dual frames in Theorem 5.7.4 also applies to Ga-
bor frames, but if {E,,,Tha0}m nez is an overcomplete frame, not all of
these duals have the Gabor structure (Exercise 9.10). The duals with
Gabor structure are characterized in the famous Wexler—-Raz Theorem.
Several proofs of this result exist: we will derive it as a consequence of
Theorem 8.1.7.
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Theorem 9.3.4 Let g, h € L*(R) and a,b > 0 be given. Then, if the
two Gabor systems {EnpTnegtmmnez and {EpmpThah}tmnez are Bessel
sequences, they are dual frames if and only if

(h, By /o Thyeg) = 0 for all (m,n) # (0,0) and (h,g) = ab. (9.29)

Proof. The commutation relations in (9.22) show that the Bessel se-
quences { EnpTnagtm.nez and { EppThahtm nez are dual frames if and only
if the shift-invariant systems {T5,q Empgtmonez and {ThoEmph}m nez are
dual frames. The generators for the two latter systems are g,, = E,,5g and
hpm = Epph; by Theorem 8.1.7, they generate dual frames if and only if

ng 1/—|—I<;/a)—a5ko,k€Z a.e. v €R.

mEeZ
In terms of the functions g and h, this is equivalent to
Zg(u—mb) (v+k/a—mb) =adko, k€ Z, ae.veR.  (9.30)
meZ

We can express this condition in terms of the coefficients in the Fourier
expansion with respect to {62”"””’}”62 for the b-periodic functions

S(v) =D §v —mb)h(v + k/a —mb), k€ Z:

meZ

in fact, (9.30) is equivalent to all coefficients for ¢y, k # 0, being zero and
the coefficients for ¢ being zero for k # 0 and equal to a for kK = 0. Wexler—
Raz’ theorem is now a consequence of the following computation, which
yields the n-th Fourier coefficient for the function ¢;. The computation
is based on Lemma 7.1.3 and the commutator relations for the Fourier
transform and the operators Ty, Ep:

I ,
_/ (bk(u)e_anu/bdl/

= /Z (v —mb)h(v + k/a — mb)e™ 2™/ gy

meZ

1 —

= Z/ GV + kJa)e 2 /by

P
= 5 (T_kjahs Enyp)

= E(h Tk/a n/bg>

= <‘7:h ]:Ek/a n/bg>

The result now follows from the Fourier transform being unitary. O
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For practical purposes, it is not sufficient to characterize the duals of a
frame {E,,4T0a9}m.nez: we also need to know how to find them. A con-
structive procedure to find all dual frames having the Gabor structure is
described in Exercise 9.11. In Section 9.4, we will provide constructions of
pairs of dual Gabor frames, for which the generators are given explicitly;
they are based on the following consequence of Theorem 8.1.7.

Theorem 9.3.5 Let g,h € L?>(R) and a,b > 0 be given. Two Bessel se-
quences {EmpThnagtmmnez ond {EppyThohtmnez form dual frames if and

only if

Zg(x —n/b—ka)h(x — ka) = b, 0, a.e. x € [0,qa]. (9.31)
keZ

We leave the proof to the reader (Exercise 9.12).

9.4 Explicit construction of dual frame pairs

So far, we have only seen few examples of Gabor frames and their dual
frames. After the preparation in Section 9.3, we are now ready to provide
explicit constructions of certain Gabor frames and some particularly conve-
nient duals. The assumptions are tailored to the properties of the B-splines.
The results presented here first appeared in [13]. For convenience, we begin
with the case where the translation parameter is a = 1.

Theorem 9.4.1 Let N € N. Let g € L*(R) be a real-valued bounded
function with supp g C [0, N|, for which

Zg(x —-k)=1, zeR. (9.32)
kez
Let b €]0, 557—]. Then the function g and the function h defined by
N-1
h(z) =bg(x) +2b Y gla+ k) (9.33)
k=1

generate dual frames {EmpTng}mnez and {EmpyTnh}mnez for L2(R).

Proof. By assumption, the function g has compact support and is
bounded; by the definition (9.33), the function h shares these properties. It
now follows from Corollary 9.1.6 that { E,.s 709 b nez and { EppTnh}m nez
are Bessel sequences. In order to verify that these sequences form dual
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frames, we use Theorem 9.3.5: according to (9.31), we need to check that
for x € [0, 1],

> g(x—n/b—k)h(z — k) = bono. (9.34)

keZ

The function g has support in [0, N], so by construction h has support in
[-N + 1, NJ; thus (9.34) is satisfied for n # 0 whenever 1/b > 2N — 1, i.e.,
if b €]0, 5x—]. For n = 0, the condition (9.34) means that

P IN—1
> gz —k)h(z —k) =b, x € [0,1];
kEZ
because of the compact support of g, this is equivalent to

N-1
> g+ k)h(z+k)=b, z€01]. (9.35)
k=0

The condition (9.35) is indeed satisfied in our setting. To see this, we use
that for z € [0, 1],

N-1

1= Zg(aﬁLk).

k=0
This implies that, again for z € [0,1],
N-1 2
1 = (Z gz + k))
k=0
= (gx)+glea+1)+---+glz+N-1)) x
(g(x)+glx+1)+---+gx+N-1))
= g(z)[g(x) +29(x+1)+2g9(x+2)+ -+ 29(x+ N —1)]
+g(x+1)[gx +1)+2g9(x +2) +2g9(x +3) +--- +29(x + N — 1)]
+9(z+2)[g(z+2)+29(x+3)+29(x+4)+ -+ 2g(x + N —1)]

|
N
QS
8
+
=
|
N/
+
[\
=N
8
+
=
|
=

Thus the condition (9.35) is satisfied. O

The assumptions in Theorem 9.4.1 are tailored to the properties of the
B-splines N, defined in (6.1):
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Corollary 9.4.2 For any { € N and b €]0, 32|, the functions N, and

N—-1
he(x) = bNo(2) +2b Y Ne(x + k) (9.36)
k=1

generate dual frames {EmpTnNe}monez and {EmpTohe}monez for L2(R).

Some of the important features of the dual pair of frame generators
(N¢, he) in Corollary 9.4.2 are as follows:

e The functions N, and hy are splines for all choices of ¢ € N;

e N, and h, are explicitly given functions with compact support, i.e.,
they have perfect time-localization;

e By choosing ¢ € N sufficiently large, polynomial decay of ]/\E and hAg
of any desired order can be obtained.

We note that the crucial partition of unity condition (9.32) in Theorem
9.4.1 is satisfied for many other functions than B-splines. For example, it
holds for any scaling function, i.e., any function ¢ € L?(R) satisfying an
equation of the form

B(27) = Ho(7)$(7)

for some bounded 1-periodic function Hy. See Section 3.6 and Chapter
11 for a discussion of scaling functions in the context of wavelet theory.

Example 9.4.3 For the B-spline

x z € 1[0,1],
No(z)=<92—x x € [1,2],
0 x ¢ [0,2],

we can use Corollary 9.4.2 for b €]0,1/3]. For b = 1/3, we obtain the dual
generator

(.’E + 1) T € [_1?0[7
2—1x) z €0,2], (9.37)
x ¢ [-1,2[.

See Figure 9.1. Figure 9.2 shows a similar construction based on N3. [

ho(z) = %Ng(x)-i-;Ng(x—&-l):
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Figure 9.1. The B-spline N2 and the dual generator he in (9.37).

Figure 9.2. The B-spline N3 and the dual generator hs in (9.33) with b = 1/5.
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Via a scaling, we obtain a version of Theorem 9.4.1 that is valid for any
translation parameter a > 0:

Theorem 9.4.4 Let N € N. Let g € L*(R) be a real-valued bounded
function with supp g C [0, N, for which

Zg(x—k):l, zeR.

keZ
Let a,b > 0 be given such that ab €]0, 7x—|, and let
N-1
h(z) = abg(z) + 2ab Z gz + k). (9.38)
k=1

Then the functions Dog and Dyh generate dual frames { EypTrnaDagtm nez
and {EmanaDah}m,nEZ fO’I’ LZ(R)

Proof. Via Theorem 9.4.1, the assumptions imply that {Eya109}m. nez
and {EpmapTnh}tm nez form dual Gabor frames. Since

Da Emaan = EmanaDaa

the result now follows from D, being unitary and Exercise 5.32. ]

Observe that for large support sizes, Theorem 9.4.4 forces the product ab
to be small. For larger values of ab, one can still make a frame construction
like in Theorem 9.4.4, however, with more than one generator. See [13] for
details. We also note that it recently has been shown how to construct pairs
of dual Gabor frames where both generators are symmetric; see [16].

9.5 Popular Gabor conditions

In this section, we shortly discuss some conditions on the generator g for a
Gabor frame, which are often used in the literature.
Given a positive number a, the Wiener space is defined by

W = {g : R — C | g measurable and Z 19X ka,(k+1)a[lloo < oo} . (9.39)
keZ

One can prove that W is a Banach space with respect to the norm
H9||W,a = Z HgX[k'a,(k-i-l)a[”OO'
keZ

The space W is independent of the choice of a, and different choices give
equivalent norms; both statements follow from the fact that if 0 < a <b
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and | 2] denotes the smallest integer that is larger than or equal to b/a,
then (Exercise 9.13)

Z gX kb, (kt1ypflloc < 2 Z 19X (ka, (k4 1)al|loo (9.40)
kEZ kEZ
b
< 2 <L5J + 2) > X pib, k+1yb( oo
kez

A function g € W is automatically bounded and decays so fast that
the “local maximum function” & +— ||gX{ka,(k+1)a)|lsc belongs to ¢*(Z).
In Exercise 9.13, we ask the reader to prove that W c L'(R) N L%(R).
The condition for being in W is strong enough to exclude many of the
pathological functions, which play a role for the understanding of functions
in L?(R) but are of little practical interest (like functions in L?(R), which
do not decay to zero whenever || — 00).

Lemma 9.5.1 Let g € W and a > 0 be given. Then
Z lg(z —na)| <|lgllw,a, a-e zeR.
nez

If also h € W and b €]0, ], then

> 9@ —na)h(z —na — k/b)| < 2 |lgllwallhllw.a, ae xR
k€EZ In€Z

Proof. For the first part, fix z € R, and observe that for any given n € Z,
there exists exactly one value of k € Z such that

x —na € [ka, (k+ 1)al, k € Z;
furthermore, different values of n lead to different values for k. Therefore,
> gz = na)l <Y 19X ka s aflloe = lgllwia, ae. z €R.
nez keZ

For the second part, we have

Z Zg(z—na)h(a:—na—k/b) §Z|g(x—na)\ Z\h(m—na—k/bﬂ.

kEZ In€Z nez keZ

The first part of the lemma (applied to the function h and the translation
parameter ;) combined with (9.40) gives that

D Iz —na—k/b)| < |[Bllw, <2 |[7]lwa,
kez
and the lemma follows. O

If g belongs to the Wiener space, then {E,5T0na0}m nez is a Bessel
sequence for all a,b > 0:
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Proposition 9.5.2 If g € W and a,b > 0, then {EnpThag}tmnez s a
Bessel sequence. If ab < 1, then B := % ||g|[3y,, is an upper frame bound.

Proof. The case ab < 1 follows immediately from Lemma 9.5.1 combined
with Theorem 9.1.5. In case ab > 1, we can choose N € N such that £b < 1;
this implies that { E,,pTa/ng}m, nez is a Bessel sequence, and therefore the
subsequence {E,pThag}m nez is also a Bessel sequence. O

Another important subspace of L?(R) is known as the Feichtinger algebra
So- In order to define this vector space, we first introduce the short-time
Fourier transform, also called the continuous Gabor transform:

Definition 9.5.3 Fiz a function g € L*(R) \ {0}. The short-time Fourier
transform of a function f € L?(R), with respect to the window function g
is the function W4(f) of two variables given by

Uy (f)y,7) = /_ f(@)g(x —y)e ™V dx, y,v € R.

Note that in terms of the modulation operators and translation
operators,

Ve (F)(y,7) = (s ExTy9)-

Now, consider the Gaussian, g(x) := e, The Feichtinger algebra Sy is

defined as the vector space consisting of all functions f € L?(R) for which

/_OO /_OO (ETyf,g)| dedy < oc. (9.41)

In terms of the short-time Fourier transform, the Feichtinger algebra
consists of the functions f € L*(R) for which W (f) € L' (R?).

Feichtinger introduced the space Sy in 1980. It is a Banach space with
respect to the norm

HfHSo = H\Ijg(f)HLl(]Rz) s

and it is dense in L?(R). Several characterizations of Sy can be found in
[31] and [37]; in particular, Sy consists of all countable superpositions of
time—frequency shifts of the Gaussian with ¢!-coefficients:

So = {f =Y By Tug ¢ {(@ru)} CR {a) € 51}-

The infimum of all /*-norms Y |ex|, taken over coefficients representing a
given f, gives an equivalent norm on Sy.

Nothing is special about g being the Gaussian in the definition of Sy: it
can be replaced by any non-zero function in Sy, and (9.41) still characterizes
all functions in Sp. It can be proved that Sy C W, see [37].
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The space Sy is, in fact, just one out of a range of function spaces, called
modulation spaces. A detailed analysis of these spaces can be found in [31]
and [37].

n [38], Grochenig introduced the concept localization for frames with
particular emphasis on Gabor frames. One of the important consequences
of the definition is that a localized Gabor frame not only yields frame
expansions in L?(R): there is, in fact, a whole class of Banach spaces as-
sociated with the frame, and within each of these spaces one obtain series
expansions that are very similar to the frame expansion in L?(R). This
provides a very elegant way to extend the Hilbert space results to Banach
spaces.

Tolimieri and Orr introduced a special condition in Gabor analysis in
1995. A Gabor system {E,,4T049}m nez 1s said to satisfy condition (A) if

Z |<gaEm/aTn/bg>| < o0.

m,neEZ

Condition (A) is often needed in order to guarantee certain convergence
properties of infinite series appearing in Gabor analysis. However, as ob-
served by Grochenig [37], it is preferable to avoid the condition if possible.
For example, condition (A) is very sensitive to the choice of the lattice
parameters: even for a simple function like g = x[o,;j and an arbitrary
translation parameter a > 0, it is only satisfied for irrational parameters
b of the form b = 1/¢q,q € NI A natural question is whether such “irreg-
ular behavior” can be avoided if we only consider functions ¢ in certain
subspaces of L?(R). Since X[0,1] € W, the Wiener spaces is not suitable.
On the other hand, Feichtinger’s algebra yields such functions: in [37], it is
proved that condition (A) is satisfied for all a,b > 0 if g € Sp.

Janssen introduced another condition in [48], which is frequently used in
Gabor analysis. In contrast with condition (A), it only involves the function
g and not the actual parameters a,b. We say that a function g € L?(R)
satisfies condition (R) if

€

1
li - — >dz = 0.
im 3 / gk + ) — g(k)2 dz = 0
k€EZ _1,
2

S

e—0+

Condition (R) might look restrictive, but it is actually satisfied for a
dense class of functions in L?(R) (see Exercise 9.15 and page 250). The
condition will play a role in the context of sampling of Gabor frames,
discussed in Chapter 10.



224 9. Gabor Frames in L*(R)

9.6 Representations of the Gabor frame operator
and duality

The structure of a Gabor frame turns out to have important implications
for its frame operator, which can be rewritten in several ways. Many cen-
tral frame results are based on the obtained representations of the frame
operator.

Walnut was the first to rewrite the frame operator S associated with
a Gabor frame {E,,pT1a9}m.nez. He obtained what is now known as the
Walnut representation: it expresses S f in terms of the functions

Gi(x) = Zg(x —na)g(x —na —k/b), k € Z. (9.42)
neL

By Lemma 9.1.3, the series defining G (x) converges absolutely for a.e.
z eR.

Theorem 9.6.1 Assume that {E;pThag}tm nez s a Bessel sequence. Then
the associated frame operator S has the representation

§5(@) = 3 3 (T ) (@) Gi(a) (9.3

kEZ

with absolute convergence of the series for a.e. x € R.

Proof. We wil} derive the result as a consequence of Theorem 8.2.1. For
f € L2(R), let f:= F~1f. First, we note that

anbEmag = E—anmag;

since the Fourier transform is unitary, this implies that {4 Ema§}m,nez 1S
a Bessel sequence. Now let the associated frame operator, which we denote
by S, act on the inverse Fourier transform of some f € L?(R), and apply
the Fourier transform to the outcome:

Sf = F Y (f TwBrmad) Tas Emad

m,ne’

Z <f7 ]:TnbEmag>anbEmag
m,n€e”Z

Z <f7 E—anmag>E—anmag

m,ne’

~ Sf.

Clearly, {Ty.,Emad}tm nez has the form of a shift-invariant system {gym, }
with ¢, = FEmn.g and shift-parameter b. Thus, Theorem 8.2.1 leads to the
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representation

SH@)=5f@) = Y (Z FEmad(@) F Epa (7 — k/b)) Fla = k/b)
kEZ

meEZ

= % > (Z Tmag(:c)i%g(:c—k/b)> f(@—k/b)
k€Z \mecZ
= Y (Tupf)(@)Gi(),

kEZ

with absolute convergence for a.e. x € R. (]

We note that if the function g belongs to the Wiener space W, the
representation (9.43) for the frame operator converges in L?(R); see [37]
for a proof.

We already mentioned that there are close relationships between
properties of a Gabor system {E,.;Tnq9}mnez and the Gabor system
{Em/aTn/pg}mmnez with respect to the dual lattice. For Gabor systems,
they were investigated almost at the same time by three groups of re-
searchers, namely Daubechies, Landau, Landau [29]; Janssen [47]; and Ron,
Shen [58]. There is a large overlap between their results, but their methods
are quite different. We will now state a result from [29] and sketch its proof:
our main purpose is to clarify how the dual lattice comes into play.

In the statement of the result, we will need the pre-frame operators
associated with several Gabor systems with respect to different generators
and different parameters. For this reason, we will denote the pre-frame
operator for {E,pThagtm,nez by Tg.q,p instead of just T'.

Proposition 9.6.2 Let f,g,h € L*@R) and a,b > 0 be given. If

{Emanag}m,nGZ7{Emanaf}m,n€Z and {Emanah}m,nEZ are Bessel se-
quences, then

* 1 *
Tf;a,ng;a,bh = %Th;l/b,l/aTg;l/bJ/af- (9.44)

Proof. The complete proof in [29] is technical, and we will prove the result
under the additional assumptions that the functions f and h are compactly
supported and bounded; this makes all needed interchanges of summations
and integrals legal. First, let ¢ € L?(R). Then

T;;a7b¢ = {<¢» Emanaf)}m,neZ-
By Lemma 9.1.3,

1/b - ‘
<¢7 Emanaf> - A (Z ¢((£ — k/b)f(gg —na — k/b)) e*2ﬂzmbzdx'

keZ
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The interpretation of this equation in Lemma 9.1.3 in terms of Fourier
coefficients together with Lemma 3.5.2 now gives that

<Tf;a»bT;;a,bh7 ¢>
= (Tgaph: TF.ap9)
= 3 (h B T0a9) (6. Bni T f)

neZ mel
= —Z<Zh —£/b)g(- —na —€/b), Y ¢(- — k/b) (nak/b)>,
n€eZ \LEL keZ

where the inner product in the last line is in L?(0,1/b). When we write it
out, we arrive at

1/b
(TiapTha sl d) = Z/ (th—z/b g(x —na — 0/b)

neZ LeZ

X Y d(x —k/b)f(x —na— k/b)) dz

keZ

=33 Z/ (= £/b)g(x —na— (/D)6 (@) f (v — na) da.

nEZ LeZ

If we apply this calculation with other choices of the generators and the
parameters 1/b,1/a instead of a,b, we obtain that

<Th 1/b, 1/aT;1/b 1/afa ¢>

= aZZ/ h(z —m/b)g(x — ka — m/b)o(z) f(x — ka) dz

kEZ mEZ

This shows that
* 1 *
<Tf§a,ng;a,bha d)) = E<Th;1/b,1/aTg;1/b,1/af7 ¢>7

since this holds for all ¢ € L?(R), the conclusion follows. O

Written in terms of the involved sequences, (9.44) says that

1
Z <h7 Emanag>Emanaf = % Z <fa Em/aTn/bg>Em/aTn/bh(945)

m,ne”’ m,ne”z
The right-hand side of (9.45) converges unconditionally in L?*(R) be-
cause {(f, Ep/aTn/g) tmmez € 2(Z?) and {Ey, /o Typh}mnez is a Bessel
sequence, see Corollary 3.1.5. In particular, the result leads to a represen-
tation of the Gabor frame operator for {E,,4T0ag}m nez in terms of the
function ¢ and the dual lattice associated with {(na, mb)}m nez:
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Corollary 9.6.3 Let g € L*(R) and a,b > 0 be given, and assume that
{EmibTnag}m.nez is a frame with frame operator S. Consider any h € L?(R)
for which {EypThoh}mnez is a Bessel sequence; then

1
Sh = % Z <ngm/aTn/bg>Em/aTn/bh'
m,ne”L
Proof. The result follows from (9.45): just let f = g. ]

9.7 The Zak transform

The Zak transform is a very useful tool to analyze Gabor systems
{EmpThnag}tmnez in the case where ab € Q. For a fixed parameter A > 0,
the Zak transform Z)f of f € L*(R) is formally defined as a function of
two real variables:

(Zaf)(t,v) = A2 FAE = k)™, tveR. (9.46)
kEZ
In the case A = 1, we simply write
(Zf)(tv) =D flt—k)e™ ™, tveR. (9.47)
keZ

For functions f € C.(R), the Zak transform is defined pointwise, but
for general functions in L?(R) we have to be more precise about how to
interpret the definition. Letting @ := [0, 1[x[0, 1[, we now prove that the
series defining Z, f in fact converges in L?(Q) for all f € L*(R):

Lemma 9.7.1 Given A > 0, the Zak transform Zy is a unitary map of
L2(R) onto L*(Q).

Proof. We first consider the case A = 1. Let f € L%(R) be given. In order
to show that Zf is well defined as a function in L?(Q), we consider the
functions Fy : Q@ — C, k € Z, defined by

Fi(t,v) := f(t — k)e*mkv,

These functions belong to L*(Q). Denoting their norm by ||Fy||r2(q), we
observe that

SR = Z/ / Bt 0)[2 duvdt

kEZ keZ

- /Ift— )P dt
keZ
SR
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Furthermore, for j # k,

(Fy, F; / fa—=k)f(t— j) (/01 e2ﬂi(k_j)”du) dt =0. (9.48)

Combining the obtained results shows that ), ., Fj in fact converges in
L?(Q); thus, the Zak transform Zf is well defined. Furthermore, we see
that

2
> = > IIFllZeq) = IFII%

keZ L2(Q) kEZ

121122 (q) =

thus Z is an isometry from L?(R) into L?(Q).
For the rest of the proof, we use the Gabor basis {EanX[O,l] Ym.nez for
L?(R), see Example 3.5.3. By direct computation for (¢,v) € Q,

(ZEanX[O’l])(t7V) = Zezﬂim'(t_k)x[o’l] (t —n— k)e271'ik‘l/
kEZ
gZmimt g 2miny Z Xjo.1) (t — k)™
kEZ
— eZﬂimtef27rinu. (949)

That is, the Zak transform maps the orthonormal basis {EanX[o,1]}m,neZ
for L?(R) onto the orthonormal basis {e 2™ e2mimt} ., for L*(Q). This
implies that Z is a unitary mapping of L?(R) onto L?(Q).

For the general case, we note that in terms of the unitary dilation
operator Dy-1 defined in Section 2.9,

If = Z(Dx-1f).
As a composition of unitary operators, Z, is itself unitary. O
Now where the Zak transform is proved to be well defined almost every-
where on @, an inspection of the expression (9.46) reveals that Z f(¢,v)

even is defined for a.e. (t,v) € R? and that the quasi-periodicity in Lemma
9.7.2(i) below holds. We collect some more properties of the Zak transform:

Lemma 9.7.2 Consider the Zak transform Zy, X > 0, and f € L*(R).
Then the following holds:
(Z) Z)\f(t + 17 V) = eQTriyZ)\f(t7 V)a Z)xf(ta v+ 1) = Z/\f(ta V)'

(i) If f is continuous and, for some C > 0,

|f (@) <

C
—— Vz eR,
|_1+|973|2 .

then Zxf is continuous on R2.
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(iii) If Z\f is continuous on R?, then there exists (t,v) € R? such that
Z)\f<t, 1/) =0.

The proof of (ii) is similar to the proof of Proposition 7.8 (Exercise 9.16).
A proof of (iii) can be found in [40]. Note that the quasi-periodicity in (i)
often leads to jump-discontinuities on the lines t = k, k € Z : even if Z, f is
continuous on @, it might not be continuous on R2. For a concrete example,
take the function f whose Zak transform is equal to 1 on @Q: in this case,
Zxf is continuous on @ but not on R2.

If g € L?(R) and ab = 1, a computation as in (9.49) shows that

ZoEmpTrag(t,v) = 2™Me 2T 7 g(t,v). (9.50)

The family {e?mimte=2minv} 7 is an orthonormal basis for L*(Q),
which we denote by {E(.n)}tmnez. The equation (9.50) shows that
{EwibThag}mnez is complete in L*(R) (respectively, an orthonormal ba-
sis for L?(R) or a Riesz basis) if and only if {E(mn)Zag}tmmnez has the
same property in L?(Q). This observation will be used in the following
theorem, which expresses properties for a Gabor system {EyTha9}m nez
with ab = 1 in terms of the Zak transform Z,g. Remember from Theorem
9.1.12 that a Gabor system with ab = 1 is a frame if and only if it is a
Riesz basis.

Proposition 9.7.3 Let g € L*(R) and a,b > 0 with ab =1 be given. Then
the following holds:
(i) {EmbTnag}tmnez is complete in L*(R) if and only if Z,g # 0, a.e.

(11) {EwbTnag}tmnez is a Bessel sequence with bound B if and only if
1 Zag® < B, a.e.

(i15) {EppTnag}mnez is a Riesz basis for L*(R) with bounds A, B if and
only if A< |Z,g|*> < B, a.e.

(iv) {EmpThag}tmnez is an orthonormal basis for L*(R) if and only if
|Zag]? =1, a.e.

Proof. To prove (i), consider the subspace V C L?(R) given by
V ={f€L*R): Z,f is bounded}.

The bounded functions are dense in L?(Q), so V is dense in L?(R) by
Lemma 9.7.1. Now let f € V. Then

(f, BErpThag) 2@y = (Zaf, Emn)Za9)12(Q)
= (ZafZag, Emn)) L2(Q)- (9.51)

First assume that Z,g # 0 a.e. If f # 0, then Z,fZ,g is not the zero-
function, and there exists (m,n) € Z* such that

(ZafZag, Emn))12(q) # 0.



230 9. Gabor Frames in L*(R)

Therefore, (9.51) shows that {EyTneg}mnez is complete. For the other
implication, assume that Z,g = 0 on a measurable set A C @ with positive
measure. We leave the slight modifications in the case A = @ to the reader
and assume that Q\ A # (). By choosing f € L?(R) such that Z, f = xg\a,
it follows that (f, EmpTneg) = 0 for all m,n € Z, so {EmpThag}tmnez is
incomplete in L%(R).

For the rest of the proof, we note that for any F € L?*(Q) we have
FZ,g € L*(Q). Since {E(;;, ) }m,n is an orthonormal basis for L*(Q),

Yo U B Zag)izo) = Y

m,neZ m,neZ

/ |FZ.g|”. (9.52)
Q

2

| (7)o
Q

(ii)—(iv) now follows by a standard argument (Exercise 9.17), yielding e.g.,
that

/Q |FZag]” < BIIFI2aoy, YF € LXQ) & | Zogl? < B, ae. O

Lemma 9.7.2 and Proposition 9.7.3 put restrictions on the functions g
for which {EyThag}m nez can be a Riesz basis for ab = 1:

Corollary 9.7.4 A continuous function g € L*(R) with compact support
cannot generate a Gabor Riesz basis { EmpTnag}tmnez for any a,b > 0.

We ask the reader to provide the proof in Exercise 9.18. Another conse-
quence of Proposition 9.7.3 is that the Gaussian g(z) = e=*"/2 does not
generate a Riesz basis {EppThag}mnez for any a,b > 0; in fact, its Zak
transform is continuous and has a zero.

For the rest of this section, we consider a rationally oversampled Gabor
system {EnpThagtm nez, 1.6., we assume that

ab e Q, ab:]zwithlgpgq.
q

We always choose p, ¢ such that ged(p, ¢) = 1. We state results by Zibulski
and Zeevi, resp. Janssen. The references for further information and proofs
are [66], [44], [45], and [46].

For a rationally oversampled Gabor system {E,.Tneg}m.nez, the
Zibulski—Zeevi matriz is defined by

9I(t. 1) — p~3 . _/P k
() = ((Z9)t ~ €00+ )

a.e. t,v eR.
p )kZO,m,pfl;f:Ow.,qfl, ’

Note that ®9(¢,v) is a p X ¢ matrix, whose entries are well defined for
a.e. t,v € R. The importance of the rationally oversampled Gabor case is
that the frame properties of {Ey1009}m nez can be formulated in terms
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of this finite matrix. For example, one can prove that {E,,T1q9}mnez is
a Bessel sequence with bound B if and only if ®9(¢,v) for a.e. t,v € [0,1]
defines a bounded linear mapping of C? into CP, with norm at most B 3 If
we do not need the information about a specific Bessel bound, this result
has a nice formulation:

Theorem 9.7.5 Let the setup be as above. A rationally oversampled Gabor
system { EmpThnagtmnez is a Bessel sequence if and only if there exists a
constant C' > 0 such that

’Z%g(t,y)‘ <C, ae. t,vel0,1].
Note that Theorem 9.7.5 generalizes Proposition 9.7.3(ii) to the case of
rational oversampling.

Some of the results proved in [46] and [66] are (still assuming rationally
oversampling):

e When A, B > 0 are given, {EnpThag}tm nez is a frame with frame
bounds A, B if and only if
AT < ®9(t,v) (q)g(a y)) < BI, ae. t,v€[0,1].
Here I denotes the identity operator on CP.

e Two Bessel systems {EpTnag tmonez and {EnpThoh}tm nez are dual
if and only if for a.e. t,v € [0,1[ and all Kk =0,...,p—1,
141
=3 (Z1g) (t— tp/a,v + k/p) (Zyh) (t — bp/q,v) = dro.
=0

p

o If {F,,1T09}m nez is a Bessel sequence with frame operator S, then
for all f € L*(R),

1 (t,v) = B(t, ) (D41, u))*@f (t,v), ae. t,v € [0,1].

9.8 Time-frequency localization of Gabor
expansions

It is well-known that no function g # 0 can have compact support simul-

taneously in the time-domain and the frequency-domain. However, most

signals appearing in practice are essentially localized in the time—frequency

plane, meaning that the interesting part of the signal takes place on a finite

time-interval, with frequencies belonging to a certain finite interval. We will

now analyze how this affects the Gabor frame expansion of such signals.
Given a number T > 0, define the operator

Qr: L*(R) — L*(R), (Qrf)(x) = x(-1,71(z)f ().
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We will use ||(I — Qr)f]|| as a measure for the content of the function f
outside the interval [T, T]. So, intuitively, to say that a function f € L?(R)
essentially is localized on the interval [—T,T] means that |[(I — Qr)f]|| is
small compared with || f]|. Similarly, for Q@ > 0 we introduce an operator
P (the expression below defines the operator in the Fourier domain) by

Po: I2(R) — L*(R), Pof(v) = X—a.o (V) f (v);

the function f being essentially localized on [—, Q] means that ||(I—Pq)f]|
is small compared with || f]|.

Now assume that the function f is essentially localized in both domains,
ie, on [-T,T] x [-Q,Q] for some T,Q > 0. Let

B(T,Q) := {(m,n) € Z*: mbe [-Q,Q], na € [-T,T]}.

A natural question is how well frame decompositions capture the localiza-
tion of the signal f. That is, considering the frame expansion of f in terms
of dual Gabor frames {E,Thag}tmnez and {EpmpThohtm nez,

f: Z <f7 Emanah>Emanaga (953)

m,neE’

do we obtain a reasonable approximation of f if we replace the sum over
(m,n) € Z* with a sum over (m,n) € B(T,Q)?

Since the expansion (9.53) involve inner products between the function
f and the functions in the Gabor system {E,,,T0ah}m nez, it is natural
to assume that the function h has good localization properties. We will
prove a result by Daubechies [25]. It shows that under this assumption, the
question has an affirmative answer, at least for a certain enlargement

B(T+A,Q+T)

of B(T, ). Daubechies formulated the result for the classical frame decom-
position in terms of a Gabor frame and its canonical dual frame, but the
same argument holds for dual Gabor frame pairs.

Theorem 9.8.1 Assume that the Gabor systems {EpmpTnag}mmnez and
{EmibTrah}mnez form a pair of dual frames for L?(R) with upper frame
bounds B and D respectively, and that for some constants C' > 0, > 1/2,
the decay conditions

|h(z)] < CA1+2%)"% zeR, |h(¥)<CA+v>)" veR, (9.54)

hold. Then, for any € > 0, there exist numbers A,T" > 0 such that for all
T,Q2>0,

f - Z <f7 Emanah>Emanag
{(m,n)eB(T+A,Q+T)}

< VBD (|1 = Qr)fl| + I = Po)fll + el fI)
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for all f € L*(R).

Proof. Let f € L?*(R), and consider some fixed numbers 7,2 > 0.
Then, for any given A,I' > 0, the assumption of {E,,3The9}mnez and
{EmpTnah}m.nez being dual frames implies that

f - Z <f7 Emanah>Emanag
{(m,n)eB(T+A,Q+TI)}

— > (f, EmbTnah) EmpTnag
{(m,n)¢B(T+A,Q+T")}

Via Lemma 2.3.4, it follows that

f - Z <f7 Emanah>Emanag
{(m,n)€B(T+A,Q+T)}
= sup < Z <f7 Emanah>Emanaga <P>
Hell=1 | n )¢ B(T+A,Q4T)}
< sup > [{f, EmpTnah)| (B Tnag, 0)I-

[lell=1 {(m,n)¢B(T+A,Q+1)}

Observe that
B(T+AQ+T) C{(m,n): |na| >T+A}U{(m,n): |mb| >Q+T};

thus, we arrive at

f - Z <f7 Emanah>Emanag (955)
{(m,n)eB(T+A,Q+T)}
< sup > (s B Trah)| (B Tags 9)] (9.56)
[lell=1 {(m,n): |na|>T+A}
+ sup > 1(F, B Touah)| | (B Trags @) (9.57)

Hell=1 ¢ (mn): Jmb|>Q4T}

We will now estimate the terms in (9.56) and (9.57) separately. For the
term in (9.56), we use that f = Qr + (I — Qr) f; via the triangle inequality
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this implies that

> [(f, EvsTrnal)| (B Trag, #)]
{(m,n): |na|>T+A}

= > (Qr + (I = Q1) f. En Tnah)| {Emib Trag, ©)]
{(m,n): |na|>T+A}

Z |<QTf7 Emanah>| |<Emanaga <,0>|
{(m,n): |na|>T+A}

+ > (I = Q1) f, EmpTnal)| (EmpTrag, #)|
{(m,n): |na|>T+A}

IN

1/2

Z | <QTf7 Emanah> |2 X

{(m,n): |na|>T+A}

IN

1/2
Z |<Emana97 <P>|2
{(m,n): |na|>T+A}
1/2
+ Z ‘<(I_ QT)fv Emanah>|2 X
{(m,n): |na|>T+A}
1/2

Z |<Emana97 (P> |2

{(m,n): |na|>T+A}

Using that {EnTha9}mnez has the upper frame bound B and that the
dual frame {E;Thoh}tm nez has the upper frame bound D, this implies
that

sip S B Taah) (i Toag, 6] (9.58)
”‘PH:I{(m,n): |na|>T+A}

1/2

<VB > (Qrf, EmpToa)[* | +VBD|(I = Qr)f|l-

{(m,n): |na|>T+A}

In order to estimate the expression further, we will use the calculation in
(9.17). For this reason, we now assume that f is bounded and has compact
support. Then,
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Z |<QTf7 Emanah>|2

{(m.n): [na|>T+A}

1 R
-3 X @r@e - x

{n: |na|>T+A}"

> Qrf(z — k/b)h(z — na — k/b) dv

kEZ

% Z Z/OO Q7 f(x)]|Qr f(x — k/b)| x

{n: |na|>T+A} keZ” —

IN

|h(z — na)| |h(x — na — k/b)| dx.

Using that Q7 f has support on [—T, T] and the decay condition on h leads
to

> QT S, EmpToah)[? (9.59)
{(m,n): |na|>T+A}
1
< - sup |h(z — na)| |h(z — na — k/b)| x
b {n: |n§T+A} ICGZZ 2| <T.|Jz—k/b|<T
| 1ars@liar s k) as
2
< QeI 3 sup  |h(z — na)| |h(z — na — k/b)|
b {(n: |na|>T+A} kez [2IST |z —k/bI<T
<zl

1 1
sup .
(n: m;l;TJFA} ,CEG:Z o] <T|z—k/pj< (1 + (2 = na)?)* (1 + (z — na — k/b)?)*

Now, a careful examination performed in [25] (we will skip it) shows that
for some constant s that is independent of T" and A,

1 1
sup
o W%M} 2l T ) (15 (2 na B/

S ﬁ(l +A2)—2a+1.

Together with the calculation in (9.59) and (9.58), this leads to the following
estimate of the term (9.56):
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sup > 1 BTl KB Tuags ¢)]
llell=1 {(m,n): |na|>T+A}

= \/%”"(HA?)‘?““Ifll+@||<I—QT)f||. (9.60)

We will now estimate the term (9.57). First,

<f7 Emanah> - <fa fEmanah>
_ e—27ri7nbnu,<f7 EfnaTmbiL>~

Using that f = FQ\f + F(I — Pq)f, calculations like before lead to

sup > (£, B TaaP)| | (B Trag )|
llell=1 {(m,n): |mb|>Q+4T}
= sup Z ‘<fA, EnaTmbiL>| ‘<Emanagv 90>|
HellI=1 ¢ m): |mb|>Q4T}
1/2
< sup Z |<ﬁf—2\f; EnaTmbiL>|2 X
Nell=1\ {(m,n): |mb|>+T}
1/2
|<Emanag7 Q0>|2
{(m,n): |mb|>Q+T}
1/2
+ sup Z |<-7:(I - PQ)f7 EnaTmbil>|2
Hell=1\ {(m,n): |mb|>Q+T}
1/2
Z |<Emana97 <)0>|2
{(m,n): |mb|>Q+T}
1/2
<VB > [(Paf, EnaTwph)* |+ VBDI|(I - Po)fll.

{(m,n): |mb|>Q+TI}

The assumptions that f is bounded and has compact support imply that
Pq f is bounded as well. Thus, exactly as before we can use (9.17) to prove
that

|<F/)S;fa EnaTmbiL>|2 S
{(m,n): |mb|>Q+T'}

1 —_ ~ A
<Pt > > sup |h(v — nb)| |h(v — nb — k/a).
a {m: |mb|>Q+T} kez YISy —k/al<Q
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The decay condition on h together with the above calculations now leads
to an estimate on (9.57), with some constant n > 0 that is independent of
Q and I

sup Z [(fs EmpTnah)| {(EmpThag, ¢)]
HellI=1 £ m):jmb| > 04T}

< a4 VBB - Prl )

Finally, inserting (9.61) and (9.60) in the calculation in (9.55) leads to

f - Z <f7 Emanah>Emanag
{(m,n)eB(T+A,Q+T)}

< \/fK(I+A2)—2a+1||f|+@|(I—QT)f||

i/ Zn1 -+ T2 1) + VBB |1 - Pl

valid for all bounded functions f € L?(R) with compact support. For a
given € > 0, one can now find A,T" > 0 such that the conclusion in the
theorem holds for all such functions f; because the set of bounded functions
with compact support are dense in L?(IR), the result actually holds for all
f € L*(R) by Lemma 3.1.6. O

Theorem 9.8.1 shows that if the generator h for the dual frame
{EmpTnah}mnez is well localized in time and frequency, then the frame
expansion indeed captures the time—frequency localization of a given sig-
nal f € L?(R). That is, if we for a given “allowed deviation” € > 0 choose
the constants A,I" as in Theorem 9.8.1, and the function f essentially is
localized on [-T,T] x [—Q, ], then

Z <fa Emanah>Emanag
{(m,n)eB(T+A,Q+T")}

yields a reasonable approximation of f.

9.9 Continuous representations

So far, we have only dealt with discrete Gabor expansions, i.e., represen-
tations of functions in L?(R) in terms of infinite series. We will now give
a short presentation of continuous representations, i.e., representations of
functions in L?(R) in terms of integrals. In order to introduce the con-
tinuous Gabor representations, we will first motivate the definition of the
short-time Fourier transform in Section 9.5. For a signal f(z), the variable
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x is often interpreted as time, and the Fourier transform f () gives infor-
mation about the content of oscillations with frequency . In practice, it is
a problem that the time-information is lost in the Fourier transform, i.e.,
there is no information about which frequencies appear at which time. A
way to try to overcome this problem is to “look at the signal at a small
time-interval and take the Fourier transform here.” Mathematically, this
loose formulation means that we multiply the signal f with a window func-
tion g, which is constant on a small interval, and decays fast and smooth to
zero outside the interval; by taking the Fourier transform of this product,
we get an idea about the frequency content of f in the small time-interval.
In order to obtain information about f on the entire time axis, we repeat
the process with translated versions of the window function. This corre-
sponds exactly to our definition of the short-time Fourier transform W (f),
which we introduced in Section 9.5.

The short-time Fourier transform turns out to be the key to obtain rep-
resentations of the type (9.2). This point will be clear after the proof of the
following statement.

Proposition 9.9.1 Let fi, f2, 91,92 € L?(R). Then
[ @ T dvda = (1. ) g2

Proof. By definition,

\I’gl (fl)(a’vb) = flaEbTagl>
/ fl —27mbw (.’E — a) da.

Consider for a moment a fixed value for a. Then the above expression for
W, (f1)(a,b) is the Fourier transform of the function

Fi(z) = fi(z)g1(z — a),

evaluated at the point b. Letting

Fy(x) = fa(x)g2(z — a)

and using Plancherel’s Theorem, it follows that

dbda

f.7
/ F»(b) dbda.

/Z /Z Wy, (f1)(a, D)W, (f2)(a, ) dbda

88
88

I
I
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Finally, inserting the expressions for the functions F; and F5, an application
of Fubini’s Theorem yields that

/Oo /Oo Wy, (f1)(a,b) Wy, (f2)(a,b) dbda

/ / J1(b gl(b——a)f2()92( — a) dbda

/ fi(b f2 (/ gl(b—a)gg(b—a)da> db
(f1, f2)(g2, 91)-
This completes the proof. O

Formulated in terms of the operators Ey, T,, Proposition 9.9.1 says that

/ h / e BT ) (ByTago, f2) dbda = (fu, fo) (g2 1), (9.62)

We now show how one can obtain integral representations like (9.2). Fix
f € L?(R); then Proposition 9.9.1 shows that the mapping

f2 — [ [ <f7 EbTagl><EbTag27f2> dbda

is a conjugated linear functional on L?(R). By Theorem 2.3.2, there exists
a unique element in L?(R) — we call it

oo [e’e}
/ / <f7 EbTagl>EbTagz dbda

— such that for all f, € L3(R),

</ / <f7 EbTagl>EbTa92 dbdaa f2>

/°° /°° (f, EvTag1)(EvTag2, fo) dbda
<f, f2><92791>

= <<92,g1>f7 f2>-

Since this holds for all f, € L?(R), we obtain the desired integral
representation:

Corollary 9.9.2 Choose g1, g2 € L*(R) such that (g2,91) # 0. Then every
f € L%(R) has the representation

1 o0 o0
= M/ / (f, EyTog1)EyT, g2 dbda, (9.63)
) — 00 — 00

where the integral is interpreted in the weak sense.
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Thus we have obtained representations like (9.2) and explained how they
have to be interpreted. Note that the function f € L?(R) is represented
as a superposition of time—frequency shifts of one function go € L%(R),
with coefficients given by the short-time Fourier transformation of possibly
another function g¢.

Proposition 9.9.1 shows that the set of all time—frequency shifts of an
arbitrary function g # 0 forms a continuous frame:

Corollary 9.9.3 Let g € L*(R) \ {0}. Then {EyTag}taer is a continu-
ous frame for L?(R) with respect to M = R? equipped with the Lebesgue
measure.

With the theory for discrete frames in mind, it is natural to think of
the set {EpT,01}aper in (9.63) as a dual frame of {EpT,92}aper. With
this interpretation, we see that there is a large freedom in the choice of
generators for the frame and the dual frame in the continuous setting: any
pair of functions g1, go € L?(R) for which (go, g1) # 0 generate dual frames
{EbTagl}a,bG]R and {EbTa92}a,b€]R-

9.10 Exercises
9.1 Show by an example (maybe with ¢ = b = 1) that the necessary
condition in Proposition 9.1.2 does not suffice for {E,3Thag}m nez

being a Gabor frame.

9.2 Prove (9.9) under the assumptions in Lemma 9.1.4 and justify all
the following interchanges of summation and integration in the proof.

9.3 Prove that { £y ThaX[0,1] }m,nez is a frame for L(R) for all a €0, 1].
9.4 Show that condition (CC) is satisfied for all a,b > 0 if g € W.
9.5 Prove Corollary 9.1.6.

9.6 Show that for the B-spline By, the system {E,,T2n,B2}m nez
cannot be a frame for any b > 0.

9.7 Prove Corollary 9.1.8.
9.8 Derive Theorem 9.2.1 via Theorem 8.1.7.

9.9 Prove Corollary 9.2.2.
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9.10 Assume that {E,37009}m nez is an overcomplete frame. Show
that there exist dual frames not having the Gabor structure.
(Hint: check the proof of Lemma 5.2.3.)

9.11 Let g € L3(R) and a,b > 0, and assume that {E,,;Thag}m.nez is
a frame for L?(R). Show that the dual Gabor frames having
Gabor structure are exactly the families {E,,pTyah}m nez, where

h= Sflg + f—- Z <Silg7Emana9>Emanaf

m,n€”’

for some function f € L?(R) that generates a Bessel sequence
{EvbThaftmnez. (Hint: apply Theorem 5.7.4 to a Bessel
sequence {EpThaf tmnez and use Lemma 9.3.1.)

9.12 Prove Theorem 9.3.5 via Theorem 8.1.7.

9.13 Let W denote the Wiener space.
(i) Prove (9.40).
(ii) Prove that W C L'(R) N L%(R).

(iii) Prove that every bounded measurable function with compact
support belongs to W, and that

llgllw,1 < ([supp(g)] + 1)||g]|co-

9.14 Consider the function g(x) = ﬁ

(i) Show that g € W and find an estimate for ||g||w,1.

(ii) Find a constant C' such that

Z lg(x —n)|* > C, Vz € R.
neZ

(iii) Show that for all N € N,

1

Z ||gX[n,n+1]||OO <7 - Zarctan(N - 1) + 1+ (N _ 1)2 :

[n|>N
9.15 This exercise concerns condition (R) and its relationship to

Lebesgue points.

(i) Assume that g € L?(R) satisfies condition (R). Show that all
integers are Lebesgue points for g.



242 9. Gabor Frames in L*(R)

(ii) Assume that g is a bounded compactly supported function for
which every integer is a Lebesgue point. Show that g satisfies
condition (R).

(iii) Prove via (ii) that condition (R) is satisfied on a dense subset

of L2(R).

(iv) Prove that the Gaussian g(z) = e~ 2% satisfies condition (R).

9.16 Prove (i) and (ii) in Lemma 9.7.2.

9.17 Complete the proof of Proposition 9.7.3 by proving the equivalence
in the last line of the proof and the similar statement for the

lower bound.
9.18 Prove Corollary 9.7.4.

9.19 Let Q = [0,1[x][0,1[. Prove that L?(Q) C L'(Q), and find a
function f € L'(Q) that does not belong to L?(Q).

9.20 Describe how a sequence {ey, n }m. nez can be reindexed as {ex }72 ;.



10
Gabor Frames in (*(Z)

Every numerical calculation with functions in L?(R) will involve a discrete
model, where all calculations are done with (finite) sequences in (?(Z).
Therefore, it is important to know that certain conditions on a Gabor
frame {E,p 109} m nez for L?(R) imply that we can construct a frame for
(?(Z) having a similar structure. The relevant conditions were discovered
by Janssen, and the main part of this chapter will deal with his results.
One can also consider frames in £2(Z) with a Gabor-like structure without
referring to Gabor frames in L?(R). The theory for these frames is very
similar to the Gabor theory in L?(R) and will not be discussed in detail.

10.1 Translation and modulation on (*(Z)

In this chapter, we will change the notation slightly. In fact, for a sequence
g € (*(Z), we will (with a few exceptions) denote the j-th coordinate by
g(j) rather than g;. Thus

9= (...,g(—l),g(O),g(l),...).

This change in the notation will make the similarity between Gabor theory
in L?(R) and ¢?(Z) more transparent.

In order to introduce the Gabor systems on ¢?(Z), we have to define
suitable modulation operators and translation operators. We first define the
modulation operator Ey,b € R, on £*(Z). Given a sequence g € (*>(Z) and
b € R, we define Epg to be the sequence in ¢2(Z) whose j-th coordinate is

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_10,
(© Springer Science+Business Media, LLC 2008



244 10. Gabor Frames in £*(Z)

Eyg(j) = ™ g(j). (10.1)

Even though the definition of Fj makes sense for all b € R, we will only
use modulations of the form E,, 5/, where M € N is fixed and m € Z.
In the terminology used for Gabor systems in L?(R), this means that the
modulation parameter is 1/M. There is, however, one important difference
between the two settings: in the L?(R)-setting, modulation operators with
different parameters are necessarily different, but this is not the case in the
discrete setting discussed here. In fact, with the definition (10.1),

Em = Ewnirn for all k € Z.
M M

Therefore, {E,, a9} mez cannot be a Bessel sequence in (?(Z), except for
the case g = 0. For this reason, we will only consider modulations E,, /s
withm=0,...,M — 1.

We now introduce the translation operator on (*(Z). Given n € Z and
g € ?(Z), we let Ty g be the sequence in £2(Z) whose j-th coordinate is

Tog(j) = 9(j —n). (10.2)

The discrete Gabor system generated by a sequence g € ¢?(Z) and with
modulation parameter 1/M and translation parameter N, (M,N € N)
is now defined as the family of sequences {E,, TN }nezm=o0,...M—1;
specifically, £,/ T,ng is the sequence in (?(Z) whose j-th coordinate is

EnymTung(j) = 2™ im/Mg(j — nN).

Many results for Gabor systems in L?(R) have analog counterparts for
Gabor systems in ¢2(Z), with similar proofs. For example, a necessary con-
dition for {E,,/mTnNg}nezm=o,...p—1 to be a frame for (%(7Z) is that
& < 1; and if {E, mTang}tnezm=o,.. -1 is a frame, it is a Riesz ba-
sis if and only if M = N. We will not go into the general theory (see, e.g.,
[23] or [63]) but concentrate on a method for constructing a Gabor frame

for £?(Z) based on a Gabor frame for L?(R).

10.2  Gabor systems in ¢?(7Z) through sampling

Janssen proved in [48] that there is a natural way to obtain Gabor frames
in ¢*(Z) via Gabor frames for L?(R) through sampling. We present some
of his results here. We mention that the original results by Janssen are
more general than the results presented here: in order to avoid technical
complications, we will assume that the generator for the considered Gabor
system is continuous, but it is actually sufficient that the function contains
all integers among its Lebesgue points.
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The starting point is a Gabor system for L?(R); we assume it to have
the form {E,, )y Tung}mnez, Where g € L?(R) and M, N € N. The first
question is how one can construct sequences in ¢?(Z) based on the Gabor
system in L2(R). If we assume that the function g is continuous, then we
can easily obtain sequences indexed by Z by sampling. That is, for each
m,n € 7Z we consider the sequence

{Em/mTung(j)}jez = {e>™m/Mg(j —nN)}jez- (10.3)

The basic idea by Janssen is to ask for conditions such that the family of
all the sequences in (10.3), where m = 0,..., M — 1,n € Z, constitutes a
frame for ¢2(Z). The first point is to ensure that the sequences in (10.3) do
in fact belong to £?(Z). The condition given in Lemma 10.2.1 will guarantee
this.

Let us introduce some notation. Given a continuous function f € L?(R),
we denote the discrete sequence obtained by sampling f at the integers by

fD = {f(j)}je%

With this notation, we can consider the sequence E,,/nTn (f7), obtained
by letting the discrete Gabor system act on the sequence f”; or we can

consider the discrete sequence (Em /MmN f)D, obtained by sampling of
the function B,/ n/Tonf € L?(R). The two procedures lead to the same
outcome, and we simply write

Em/MTanD = {egﬂijm/Mf(j - nN) }jEZ' (104)
The first result gives a condition on the Gabor system { Ep, /p TN g, nez

in L?(R), which implies that the discrete time—frequency shifts of g© belong
to (2(Z).

Lemma 10.2.1 Let M,N € N and g € L*(R) be a continuous function.
Assume that {Ep, jpTanGgYmonez s a Bessel sequence in L?(R). Then

. BN
Z lg()I? < SV
JEZ

In particular, Em/MTnNgD € (%(Z) for all m,n € Z.

Proof. Letting B denote an upper frame bound for {E,, /»/Tung}m nez,
we know from Proposition 9.1.2 that

B
Z lg(z +nN)? < 0 e T e R. (10.5)
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Because of the continuity of the function g, the inequality (10.5) actually
holds for all z € R. Thus,

SOE = 33 lglk +nN)P

JEL k=0 neZ
BN
< —.
- M
This proves that g” € ¢2(Z). Now, for any m,n € Z,
D B Tang” (D =19 —nN)P =" 19()
JEL JEZ JEZ

this completes the proof. O

The next lemma is an important step from Gabor systems in L?(R)
to Gabor systems in ¢?(Z). It contains an identity involving functions in
L?(R), which “approaches discrete sequences” for small values of e:

Lemma 10.2.2 Let g € L*(R) and M,N € N be given, and assume that

{Em/mTuNg}mnez is a Bessel sequence in L?(R). Given € €]0, [ let
1
6 = 7X]—le Lel-
€ 272

Consider a finite linear combination of translates of 6,
Fe=" 1500, (10.6)
J

Then
Z ([, BmymTang)|?

m,n€”z

1

3¢
Z Z chck 2, ErymTong(x 4 §) By T g(w + k) da.
neZ m=0 j,k 3¢

Proof. First, we use the definition of f€ to write

Z [(f€, By Tang)|?

m,ne”z
= > (T8, By Tang) By Tan g, Trd)
m,nez j,k
M-1

= D DD (T8, Boymm Tan g)(Beym/mTan g, Ted).

n€Z m=0 LeZ jk
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Now, via Lemma 9.1.3,

<Tj667 EZ+m/MTnNg>
(BE_m/mTj0%, EfTuNg)

1
/ (Z Tj0(x — 1) By Tang(x — 7“)) e 2T g,
0

re’

which is the ¢-th Fourier coefficient of the 1-periodic function

aj(z) = ZTjée(x —7) B Tung(x — 7).
rEL

Note that for x € [-1/2,1/2],

1 -

Via Lemma 3.5.2,

Z<T’jéey El+m/MTnNg> <El+m/MTnNga Tk56>
l€Z

= (ay, o)

1
3
= / aj(z)ag(z) de
1
—3
1 [ :

2
€ J 1

and the result follows. O

We are now ready to show how one can obtain a Gabor frame for ¢2(Z)
by sampling of a Gabor frame {E,p 109 }m nez for L2(R). We will assume
that the function g satisfies condition (R), introduced on page 223.

Theorem 10.2.3 Let M, N € N. Assume that g € L*(R) is a contin-
uous function satisfying condition (R) and that {E,, mToNG}mmnez 5 a
frame for L2(R) with frame bounds A, B. Then the discrete Gabor sys-

tem {Em/MTnNgD}nEZ,m:O,...7M71 is a frame for (*(Z) with frame bounds
A, B.

Proof. In order to prove that {Em/MTnNgD}nEZ,m:O,‘.,,Mfl is a frame
for £2(Z) with bounds A, B, we have to prove that for all finite sequences
{Ck}kGZa

2
M—1
AP <Y D e EnuTang(G)] <BY e’ (10.7)

JEL n€Z m=0 | j JEZL
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In fact, if the frame condition (10.7) holds for all finite sequences, then
Lemma 5.1.2 shows that it holds for all {c;}rez € €*(Z). Now, consider a
finite sequence {c}rez. Then, for any e €]0, %[, the square of the L?(R)-
norm of the function f€in (10.6) is

. 1
11 = = Y lesl?

JEL

Applying the frame condition for {Ey, /p/TnNg}m.nez on f€ gives that for
all € €0, 3],

AN TP <e > W EBnuTang)? < B e

JEZ m,n€Z JEZL

For the proof of Theorem 10.2.3, it is therefore enough to show that

2

hmlnfe Z [(f€, Em/MTnNg Z Z Zc] ErmymTang(i)| - (10.8)

m,ne’ n€Z m=0| j

In order to prove (10.8), we first note that

M—-1
Z Z chEm/MTnNg(j)

n€Z m=0 | j

Z Z chckEm/MTnNg( )Em/mTang(k),

neZ m=0 jk

while by Lemma 10.2.2

€ Z |<f€7Em/MTnNg>‘2
m,n€”z
1l

- 1
Z Z ZCJ'@Z Em/MT7LNg(x+.]) m/MTnNg($+k) dz.

1

neZ m=0 j.k 3¢

l\J

Comparing the two expressions, we see that (10.8) follows if we can prove
that

m»a

Z /1 EpymuTang(@ + ) EmmTang(z + k) do
nEZ 2°€

- ZmEm/MTnNg(k) ase— 0
nez
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forall m = 0,...,M — 1 and j,k € Z (recall that the sums over j, k are
finite). Now,

1 € -

—5€

— W=

- m/MTnNg(j)Em/MTnNg(k)‘

IN
a | =
T

= BT g0 By Tun g (k)| da

gz +j—nN)g(z+k—nN) —g(j—nN)g(k—nN)‘ dx

lg(x +j —nN) —g(j —nN)| |g(x +k —nN)| dv

INA
| =
i~

e M=
o™

—|——/ lg(j — nN)| |g(z +k —nN)—g(k —nN)| dz.

€

It follows that

> EsTun 9(5) B as Tun g (k)

nez
1 3¢ : :
< ‘Z/l (@ +j —nN) —g(j —nN)| |g(z +k —nN)| dz (10.9)
nez” —2¢
1 3€
+;Z/ 9G —nN)| |g(z + k — nN) — g(k — nN)| dz. (10.10)
nez” —2¢

Both (10.9) and (10.10) converge to zero as € — 0; we give the argument
for (10.9). Applying Cauchy—Schwarz’ inequality twice, first on the integral
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and then on the sum,

72/ gl@+j—nN)—g(j —nN)| |g(x+k—nN)|dx

1/2
9z +j—nN)—g(j — nN)|2d95>

1. 1/2
2
x (/ g (:Jc+k—nN)2da:>
_1

IN
| =
VR
—
vl W=
EY [0}

IN
a |
N
\
N
o
=Y
&
+
<
|
3
=
|
<
<
|
3
2
o
QU
&
N———
—
~
[ V]

—5€

1e 1/2
X (Z/ ) g(x—|—k—nN)2dz> = (x).
neL

Via Lemma 10.2.1, the second term in (*) can be estimated by

1 1/2

2€ BN
(E/ g(z +k —nN)|? dm) < SV
neL

thus

(*)g\/m<

which converges to zero for e — 0 because of condition (R); the proof is
completed. 0

1, 1/2
Z/ gl +j—nN) - g(j nN>2dx> ,

ne”z

As conclusion of this section, we now state a few results without proofs.
Both are due to Janssen [47]. The first result concerns condition (R):

Lemma 10.2.4 Suppose that g € L*(R) satisfies condition (R) and that
{Ey/MTuNG}mmnez is a Bessel sequence in L?(R) for some M,N € N.
Then any function of the form

¢ = Z CrnEm/NTang, where {cpmn} € INVA (10.11)

m,ne’

also satisfies condition (R).

Note that the functions ¢ in (10.11) are linear combinations of the Ga-
bor system with respect to the dual lattice {(nM,m/N)},, nez. Since the
Gaussian g(z) = e=27" satisfies condition (R), see Exercise 9.15, and
{EThg}m.nez is complete in L*(R), Lemma 10.2.4 implies that condition
(R) is satisfied on a dense set of functions in L?(R).
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Finally, we state a result, showing how one can sample the frame
operator:

Proposition 10.2.5 Let ¢ € L?*R), M,N € N, and assume that
{Em/mTuNg}tmnez is a Bessel sequence in L?(R) and satisfies condition
(A). Denote the frame operator by S. Then, for any f € L?(R) that satisfies
condition (R) and for which {E,, ;piToun f}mnez is a Bessel sequence,

Sf(j) = N Z <gaEm/NTnMg>Em/NTan(J)7 J € L. (1012)
m,nez

If furthermore g satisfies condition (R) and we denote the frame operator
for {Em/MTnNgD},L€Z7,,L:07.,_,M_1 by SP . (2(7) — (%(Z), then

(SF)P = 874", (10.13)
if we also add the assumption that {E,, ;TN g}mmez 15 a frame, then
(S7tg)P = (sP)"1g". (10.14)

One can prove that the canonical dual frame associated with a frame
{EpmTung® tnezm=o,..v-1 i {Em/mTan(SP) 1P nezm=0,....M—1;
that is, as for Gabor frames in L?(R), it consists of time—frequency shifts
of a single function.

10.3 Shift-invariant systems

As in the L?(R)-case, the discrete Gabor systems in ¢2(Z) are special cases
of general shift-invariant systems. In the discrete case, these systems consist
of sequences of the form

{gm (i —nN)}jez,

where n € Z,m = 0,..., M — 1, and each g,, is a sequence in ¢*(Z). We
will always let m,n run through the index set given above, so we will skip
the index and simply write {gn.m, } for the shift-invariant system.

The results for continuous shift-invariant systems in Section 8.1 have
discrete counterparts, which are stated in [44]. In order to formulate the
results, define the Fourier transform of a sequence h € ¢%(Z) by

h(v) = Z h(j)e *™" a.e. v € R.
JEL
Given a shift-invariant system {g,,} we define, analogous to (8.13), the
matrix-valued function

Hv) = (gm(v = k/N))io....N—1,m=0,.. -1 @€V ER.
Observe that this is an N x M matrix.
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Theorem 10.3.1 In the setting above, the following holds:

(i) {gnm} is a Bessel sequence in (?(Z) with upper bound B if and only
if H(v) for a.e. v € R defines a bounded linear mapping from CM
into CV of norm at most vV NB.

(ii) A Bessel sequence {gnm} is a frame for ¢*(Z) with lower frame bound
A if and only if
NAI < Hv)H(v)*, a.e. v € R.

(ii) {gnm} is a tight frame for €*(Z) if and only if there is a constant
¢ > 0 such that

M—1
Z gm (v —k/N)gm(v) = cdpo, k €Z, ae. veR.
m=0

(iv) Two shift-invariant systems {gnm} and {hpm}, which form Bessel
sequences in (*(Z), are dual frames if and only if

M1
Z Im(v — k‘/N)E;\n(l/) = Ny, k€Z, ae veR.

m=0

Most proofs follow by repeating the arguments from the continuous set-
ting. Again, the statements have direct consequences for discrete Gabor
frames (Exercise 10.1).

10.4 Exercises

10.1 Derive characterizations of frames, tight frames, and dual frame
pairs for discrete Gabor systems via Theorem 10.3.1.

10.2 Here we ask the reader to prove an extension of Proposition 1.2.3.
In fact, show that for a bi-infinite matrix A = {\,, .} the
following are equivalent:

m,ne”’

(i) There exist constants A, B > 0 such that

AZ leel? < [|A{e}]]? < BZ || for all finite sequences {cy}.

(ii) The columns in A constitute a Riesz basis for their closed span
in (2(Z).

(iii) The rows in A constitute a frame for £2(Z).
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Wavelet Frames in L*(R)

Wavelet theory is based on two classes of operators on L?(R), namely,

Translation by b € R, Ty : L*(R) — L*(R), (Tyf)(z) = f(z — b);

Dilation by a # 0, D, : L*(R) — L*(R), (Duf)(z) = LJC(E)

VA
The fundamental question in wavelet analysis is what conditions we have to
impose on a function ¢ such that a given signal f € L?(R) can be expanded
via translated and scaled versions of 1, i.e., via functions

z/}a,b(gc) = (TyDatp)(x) = |all/2w(xa—b>7 a#0, beR. (11.1)

Thus, there is a basic similarity between wavelet analysis and Gabor
analysis: both concern sequences of functions defined by letting a special
class of operators act on a fixed function, i.e., in both cases we are dealing
with coherent systems. As in Gabor analysis, there are two ways in which
one can think about expansions of a signal f in terms of the functions 1)®?.
One way is to ask for representations of f as integrals involving ¥%° over
R2. Alternatively, one can restrict the parameters a,b to a discrete subset
A of R? and ask for series expansions of f in terms of the corresponding
functions ¢*°. For applications, the latter is the most convenient choice;
connecting with the main theme of this book, the natural question is how we
can choose the discrete subset A and the function v such that {wa’b}(a,b)e,\
is a frame for L?(R).

This chapter will deal with different aspects related to overcompleteness
of collections of functions of the form (11.1). As discussed in Section 4.3,

O. Christensen, Frames and Bases. DOI: 10.1007/978-0-8176-4678-3_11,
(© Springer Science+Business Media, LLC 2008
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overcompleteness is introduced in order to obtain more flexibility and be
able to make constructions with properties that cannot be obtained with
orthonormal bases or Riesz bases.

The central part of the chapter is formed by the sections dealing with the
unitary extension principle and variants hereof. In Section 11.1, we intro-
duce the dyadic wavelet frames and discuss some of their properties. The
section is mainly meant as an introduction to the constructions in Sections
11.2-11.3. In Section 11.2, we prove the unitary extension principle, which
in its original version goes back to the fundamental papers [55] and [56] by
Ron and Shen. It describes how one can choose functions 1, ..., such
that the multiwavelet system {DJTy1¢}e=1, . n jrez forms a tight frame
for L?(R). The structure of a multiresolution analysis is maintained in
the construction. A reformulation of the unitary extension, known as the
oblique extension principle, is derived in Section 11.3. It provides more
freedom in the construction and is useful in order to improve the approx-
imation theoretic properties, a topic that is discussed in Section 11.4. In
Section 11.5, the oblique extension principle is generalized to a construction
of dual wavelet pairs. Section 11.6 describes the unitary extension princi-
ple in signal processing terms and relates it to the perfect reconstruction
property for certain filter banks. Section 11.7 gives a short overview of the
theory for general wavelet frames. Finally, Section 11.8 presents the con-
tinuous wavelet transform, which delivers integral representations of each
f € L*(R) of the type

B %) %) b
f—/_oo /_Oo cf(a,b)y*dadb, (11.2)

provided that ¢ satisfies some admissibility conditions and that the integral
is interpreted in the right sense.

A few words about terminology are needed. The word wavelet is usually
reserved for a function 1 for which the functions

{22920 — k) jwez = (072 *Y ez (11.3)

form an orthonormal basis for L?(R). We will follow this tradition, but the
word “wavelet” will appear in several constellations. Since we are interested
in more general ways of choosing the translates and dilates than in (11.3),
we will call any discrete family of the type {@ba’b}(a,b)e,\, A C R?, a wavelet
system. A family of functions that consists of translated and dilated versions
of a single function is said to have wavelet structure.

11.1  Dyadic wavelet frames

Already in Section 3.6, we considered orthonormal bases for L?(R) having
wavelet structure. In the current section, we will concentrate on dyadic
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wavelet systems, i.e., we will only consider scalings in terms of powers of
two and translates by integers. Letting

(Df)(w) = 2"2f(22),

this means that we will consider wavelet systems of the form { DTy }; ez
for some function 1 € L?(R).

Definition 11.1.1 Let ©» € L?*(R). A frame for L*(R) of the form
{DITy2p}j kez is called a dyadic wavelet frame.

Let us investigate some of the basic properties of dyadic wavelet frames
{DITy}j wez. First, for such a frame, the associated frame operator is
given by

S:L*(R) — L*(R), Sf = Y (f, DITup) D Titp.
j,keZ
The frame decomposition, see Theorem 5.1.7, takes the form
=Y (f,STIDIT) DTy, f € L*(R).
j.keZ

As stated here, the frame decomposition is rather inconvenient: in order
to find the coefficients (f, S~1D7Ty1)), we need to calculate the action of
the inverse frame operator on all the functions DTy, j, k € Z. A slight
improvement can be obtained via a calculation showing that (Exercise 11.1)

STIDITyp = DIS™ T

thus, it is enough to find the action of S~' on the functions T} for all
k € Z — then we obtain the rest of the functions by applying the operators
DJ. In case one could prove that S~! commutes with T}, for all k € Z, a
further simplification would be obtained; but unfortunately, in general

DIS™ Ty # DIT.S™ 1.

For this reason, one cannot expect the canonical dual frame to have wavelet
structure. We will illustrate this with a concrete example, appearing in [26]
and [17]. It describes a Riesz basis, for which the canonical dual frame can
be calculated explicitly; in particular, we show that it does not have wavelet
structure. As in Section 3.6, we use the notation

Vjk = DV T,
Example 11.1.2 Let {¢;x};rez be a wavelet orthonormal basis for
L?(R). Given € €]0,1[, we define a function 6 by

0 =1 +eD.

We want to prove that {6, 1} rez is a Riesz basis and find the dual Riesz
basis. The idea is to consider # as a small perturbation of ¢ and use a
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stability result for frames to conclude that {0;i};rez is a Riesz basis.
First, the commutator relation (2.22) shows that

Vi —0j = —eDITyDyp = —e DI 1Ty, (11.4)
Using that {D71Thy1h}, kez is a subfamily of the orthonormal basis
{Wj k}j ez, it follows that for any finite scalar sequence {c;x},

2 2

> einin— 00| =€ D ciaD T Top|| =€ lejn
ik

Jsk J.k

2

Via the perturbation result stated in Theorem 5.6.1, we see that {0; 1 }; rez
is a Riesz basis for L?(R). By the definition of a Riesz basis, we can define
a bounded invertible operator

U:L*R) — L*(R), Uty =0k, j, k€L

Via Exercise 5.20, the frame operator for {0;1};rez is S = UU™, so the
canonical dual frame associated with {6, 1} rez is

{7104} jhez = {(U") U 00} jwez = {(U") " ¥jutjpez-  (11.5)

We will now calculate the functions in (11.5) explicitly. The idea is first to
calculate the operator I — U; then we can find the adjoint operator I — U™,
and finally use Neumann’s theorem to find an expression for (U*)~1.

In terms of the operator U, (11.4) means that

(I —U)pjp = —eDI T Topp = —ethjy 1 o

expanding an arbitrary f € L?(R) in the orthonormal basis {t; 1} kez, it
follows that

(I=U)f =T =U) Y (frthjm)in =—€ D (fjx)tjsnon.

k€L jkez
Thus, for f,g € L*(R),
= —e > (frtin)Wis12e.9)
k€L
= (fi—e D> (g %jr10k)05k)-
k€L

It follows that

(I-U"g=T-U)g=—€> (g%jr1.26)%5n- (11.6)
Jkez
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In particular, ||[I—U*|| = € < 1, which implies that (U*)~! can be expanded
in a Neumann series, see Theorem 2.2.3:

o

Oy t=> (1-U")",

n=0

Now (11.5) implies that the dual Riesz basis of {0, 1}, kez is

(S0} jhez = {Z(IU*)"%,k} : (11.7)
j,kEZ

n=0

We can go one step further. In fact, the action of I — U* on the func-
tions ¥; k,J, k € Z can be found via (11.6) using that {¢; x};rez is an
orthonormal basis. The outcome depends on k being even or odd:

(I — U*)’(/}j’Qk = _ijfl,ka while (I — U*)¢j,2k+1 = 07 V], ke 7. (118)
In particular, via (11.7),
5_19j72;€+1 = jok+1 for all j,k € Z.

Also, for any k # 0, the equations in (11.8) show that there exists a value
of n € N for which

(I - U*)n Yjor = 0.
Thus, S’lﬁj’gk is a finite linear combination of functions {v; 1 }; kez,
S0k = Yjok+ (I = U jon+ -+ I =U" )"0
= tjor—ej_1x+--+0, j €L kF#O.
For k=0, (11.7) and (11.8) imply that

S7M0=> (I=U")"tj0=> (—)"j_no, j €L (11.9)
n=0 n=0

In particular, the canonical dual frame of {6, }; rez does not have the
wavelet structure; the functions {S‘lej’k}j,kez do not even have the same
norm. This is in contrast with the situation for Gabor frames and frames
of translates, where we saw that the canonical dual frame has the same
structure as the frame itself.

The above calculations show that there are other properties that are not
inherited by the canonical dual frame. For example, if we assume that the
function v has compact support, then 6 also has compact support, and all
the functions {0; x } ; kez have compact support. If we look at the canonical
dual frame {S710; 1 }; kez, then we obtain functions with compact support
when k # 0 because the functions S~16; ; are finite linear combinations of
the functions in {¢; 1 }; rez in this case. However, for k = 0, the expression
(11.9) shows that the functions S™'6; o do not have compact support. O
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The calculations in Example 11.1.2 are quite tedious, so it is clear that
calculation of the canonical dual frame for a general dyadic wavelet frame
will be very complicated. From the general frame theory discussed in Chap-
ter 5, we know two ways of avoiding inconvenient frame decompositions: we
can restrict our attention to tight frames or we can look at overcomplete
frames and search for dual frames that are easier to calculate than the
canonical dual frame. In the concrete setting of wavelet frames, some other
aspects arise. In fact, the popular wavelet bases considered in Section 3.6
were based on multiresolution analysis, which leads to a very convenient
algorithmic structure. As we saw in Section 3.6, this implies a special form
for the function v generating the wavelet basis: it has the form

b= cDTx¢ (11.10)

kEZ

for a certain function ¢ satisfying a scaling equation, i.e., an equation of
the form

$(2v) = Ho(v)¢(7)

for some 1-periodic function Hy. The algorithmic structure offered by a mul-
tiresolution analysis is a great advantage compared with the use of general
wavelet orthonormal bases. Thus, while constructing wavelet frames, it is
very natural to ask the constructions to maintain the important aspects of
the multiresolution analysis. Therefore, it is also natural to require the gen-
erator ¢ for a tight frame {D7Ty1}; rez to have the form (11.10) for some
function ¢; and, if we want to construct two wavelet systems { DI Ty} jkez
and {D7 Tklﬂ}j)kez such that they form a pair of dual frames, it is natural
to require both the functions v and v to have the form (11.10). In order to
facilitate processing, we even want the coefficients in these formulas to be
finite sequences. The B-splines B,,, defined in (6.11) are obvious candidates
for the function ¢. However, as shown in [19] and [28], we cannot obtain
all of these properties simultaneously:

Theorem 11.1.3 Let B,, denote the m-th order B-spline for some m > 1.
Then there does not exist pairs of dual wavelet frames {Dka¢}j,keZ and

{Dka’lZ)}j’keZ for which ¢ and v are finite linear combinations of functions
DTy B,,, j,k €Z.

Thus, neither the approach of looking at tight frames, nor the idea of
considering wavelet frame pairs, work if we want the generator (respectively,
generators) to have the form (11.10) with ¢ being a B-spline.

It turns out that there is a solution to this problem: we will gain extra
freedom by considering systems of the wavelet-type, but generated by more
than one function.
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Definition 11.1.4 Consider two sequences of functions
V1, 0n € LA(R) and ¥y, . .., ¢, € L*(R).

We say that {D'Tythe} i kezi=1...n and {DITiibe}; kezi=1. n are a pair
of dual multiwavelet frames if both are Bessel sequences and

=" (£, D' Tipe) D' Tyhe, Vf € L*(R), (11.11)

1=1j,keZ

That Bessel sequences { DI Ty} ez e=1,...n and {Dka’ng}j’keZ,g:Lm’n
are frames if they satisfy (11.11) follows from Lemma 5.7.1. A pair of dual
multiwavelet frames is called sibling frames in [19] and bi-frames in [28].
The frame {D'Tythe}j ez o1, n itself is called a multiwavelet frame.

We note that a characterization of all dual multiwavelet frame pairs
was obtained by Frazier et al. [34]. We will not need the result in our
constructions in Section 11.2, so we state it without proof.

Theorem 11.1.5 Let Qﬂl,---ﬂﬁ_nﬂél,---ﬂ;n € L*(R) and assume that
{DITipe}jkeno=1,..n and {DITitbe};keno=1,.. n are Bessel sequences.
Then {D?Tiabe}jkezi=1,..n and {DITp)e}j ez i=1,....n are a pair of dual
multiwavelet frames if and only if the two equations

hold for a.e. v € R.

The functions 91, ..., for which {DITy1,}; ez =1, n forms a tight
multiwavelet frame can be characterized using Theorem 11.1.5. We formu-
late the result in the case of one generator 1, and leave the proof to the
reader (Exercise 11.2).

Theorem 11.1.6 A function 1 € L*(R) generates a tight wavelet frame
{0 k}ikez with frame bound A if and only if the equations

S o202 = 4,

< (11.12)
Z&(ijy)qﬁ (27(y+4q)) =0 for all odd integers q
=0

hold for a.e. v € R.
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Note that the only difference between the conditions for {1 x } ; kez being
a tight frame with frame bound equal to 1, and the characterization of
wavelets on page 77, is that the condition |[¢p|| = 1 does not appear in
Theorem 11.1.6.

11.2  The unitary extension principle

The purpose of this section is to prove the unitary extension principle of
Ron and Shen [55], which enables us to construct tight frames for L?(R)
of the form {Dka’(/Jg}j)keZ’g:Lm)n. We state the main result in Theorem
11.2.7, but we need some preparation first. We follow the approach by
Benedetto and Treiber [3].

The following proofs are based on standard Fourier analysis for 1-periodic
functions. It will be convenient to write the integrals appearing, e.g., in the
expression for the Fourier coefficients and in Parseval’s equation, as inte-
grals over the interval | — 1, Z[ rather than ]0,1[. The interval ] — 3, 1[ is
identified with the torus T, and the class of 1-periodic functions on R whose
restriction to | — %, %[ belongs to L”(f%, %), p = 1,2, is denoted by LP(T).
Similarly, L>(T) consists of the bounded measurable 1-periodic functions
on R. With this notation, L>(T) C L?*(T). We note that the spaces LP(T)
actually consist of equivalence classes of functions that are identical al-
most everywhere, so when we speak about pointwise relationships between
functions, it is understood that they can only be expected to hold almost
everywhere.

The functions 1, ...,%, will be constructed on the basis of a function
satisfying a refinement equation. Because we will work with all these func-
tions simultaneously, it is convenient to change the notation used in Section
3.6 slightly and denote the refinable function by 1 instead of ¢.

We now list the standing assumptions and conventions for this section.

General setup: Let ¢y € L?(R) and assume that
(i) There exists a function Hy € L*>(T) such that
Yo(27) = Ho(v)do (). (11.13)
(i) Tim, o do() = 1.
Further, let Hy,..., H, € L*>(T), and define 91, ...,%, € L?(R) by

Ve(27) = Hi()do(y), £=1,....n. (11.14)
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Finally, let H denote the (n + 1) x 2 matrix-valued function defined by

Ho(y) Tij2Ho(v)
Hy(y) TijpHi(y)
= | - . Y ER. (11.15)

Hy(v) T1/2Hn('7)

With this setup, our purpose is to find conditions on the functions
Hy,...,H, such that ¢1,..., 1, defined by (11.14) generate a multiwavelet
frame for L?(R). It turns out to be convenient to formulate the results in
terms of the matrices H(y), v € R. Note that if we know the functions
Hy, then we can find an explicit expression for the functions ,: in fact,
expanding H, in a Fourier series, Hy(7) = > ,cy cr0€™ 7 Lemma 3.6.3
shows that

fz creDT_abo(z) = Qch oo (22 + k). (11.16)
kEZ kEZ

Recall that we prefer the functions Hy to be trigonometric polynomials: this
implies that the sums in (11.16) are finite and therefore that the functions
1y have compact support if ¢y has compact support.

We note that the general setup presented here preserves the algorithmic
structure of a multiresolution analysis: by Theorem 3.6.6, the spaces

V; = span{ D’ Tytbo }rez, j € Z,

satisfy the conditions for a multiresolution analysis in Definition 3.6.2,
except (v). Also, by (11.16) we have that ¢1,...,1, € Vi.

One of the main tools will be to consider the periodization of a function
f: R — C, which formally is defined by

:Zf(7+n)7 ’YGR-

nez
We first show that the periodization is well defined if f € L*(R).

Lemma 11.2.1 If f € LY(R), then Y nez f(y +n) converges absolutely
for a.e. vy €R, and Pf € L*(T). Furthermore,

/ F(y) dry = 779f() (11.17)

1
2

Proof. If f € L'(R), then

/ STIf(v+n)ldy Z/ Fly+n)ldy

2 nez nez

[ 1f(7)] dy < oo. (11.18)
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Thus, >, oy f(7v 4+ n) is absolutely convergent for almost all v € R. This
proves that P f is a well-defined 1-periodic function. Since

PIOI< D If(v+n)|, ae. 7 €R,

nez

it follows from (11.18) that Pf € L!(T). Repeating the above argument,
an application of Lebesgue’s dominated convergence theorem finally shows
that (11.17) holds. O

Remember that we use the notation Ej, k € Z, to denote the function

Ei(7) = ™, 4 € R.

Lemma 11.2.2 Let g,vo € L*(R) and assume thatP(gE) € L*(T). Then

P(gt) = > (g, Yo Ex) Er (11.19)
keZ
and
[ [pame| &= X lie. om0 (11.20)
2 keZ

Proof. Since g,y € L?(R), we know that g% € L'(R); that is, by Lemma
11.2.1 the function

Plgvo)(3) = 3 gy +n)do(y +n)
nez
is well defined. Now, using (11.17),
GdoB) = [ gG)me iy

— 00

= [ (st ity = e iy

2 neZ

= /E (Z g(y +n)do(y + n)) e 2 M dy,

2 \n€ezZ

-

which is the k-th Fourier coefficient for the 1-periodic function P(g%).
Because this function belongs to L?(T) by assumption, the lemma follows:

(11.19) is just the expansion of P(g%) in a Fourier series, and (11.20) is
Parseval’s equation. O

The first main result, proved in Theorem 11.2.7, will show that a condi-
tion on the matrices H () in (11.15) implies that the multiwavelet system
{DITitbe}j ke o=1,.. n is a tight frame for L?(R). In the proof of this, it is



11.2 The unitary extension principle 263

enough to show that the frame condition is satisfied on a dense subset of
L?(R), see Lemma 5.1.2. In the following lemmas, we will work with the
dense subspace consisting of functions f for which the Fourier transform f
is continuous and has compact support:

D:={f e L*R)| fe C.(R)}. (11.21)

Lemma 11.2.3 Let ¢y € L*(R) and assume that lim,_,g %(’y) = 1. Let
f€D. Then, for any € > 0 there exists J € Z such that

(L= lIFIP < Y _I(f D Tigho)* < (L + |1 for all j > J.
keZ
Proof. Let j € Z and f € D. As a product 0f_L2(R)—functions, the
function (Djf)% belongs to L!(R); thus ’P((Djf)@/b;) is well defined by
Lemma 11.16. We will now prove that actually P((Djf)%) € L*(T). In

order to do so, we use that D7 f has compact support, say, in the interval
[~ N, N]. This implies that for v € T,

ST (D7 F)(y + n)do(y +n)
nez

N . A —
> (D7) +n)goly +n)

n=—N

PUD )| =

N

< D7 flloe D holy +m);

n=—N

as a finite linear combination of translates of a function in L*(R), the
function in the last expression clearly belongs to L?(T), which implies

that P((D7 f)ibo) € L2(T). Via the Fourier transform and the commutator
relations (2.23),

(f, DITyabo) = (Ff, FDITyabo) = (D7 f, E_yibo); (11.22)
therefore Lemma 11.2.2 shows that
STHED T = > KDY f, Byapo)?

keZ kezZ

- [ Poime)| e
1 _ 2

= [ [ 0iher - mint )| d.
T2 |n€ez
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Now let € > 0 be given. By the assumption that lim,_, 1/[0(7) =1, we can
choose b €]0,1/2[ such that 1 —e < |%(’y)\2 < 1+ € whenever |y| < b. By
taking J € Z such that D7 f has support in [—b,b] for j > J, we obtain
that for all j > J,

/_;

1
2

ST(D7F)(y + n)do(y +n)

nez

2 b . oA —
dv=/ (DY f)(7)¢o(7)Pd,

—b

and therefore
(1= DI fI[> <> [(f, DI Tigpo)|> < (1+ €)[| D f|I%.
keZ

Since D’ and the Fourier transform are unitary operators, the lemma
follows. 0

In the rest of this section, we assume that {1y, H¢}}_, is as in the general
setup on page 260. For a function f € D, an argument as in the proof of
Lemma 11.2.3 shows that (Exercise 11.3)

{{f, DI Tipe)Yher € 2(Z) for all j € Zand all £ = 1,...,n. (11.23)

We can therefore define a family of functions F;, € L*(T) by the Fourier
series

Fip:=Y (fD'Titb)E_y, j €L, £=0,1,...,n. (11.24)
keZ

Because Fj ¢ is defined in terms of v,, which is defined via 1y and Hy, it
is natural to search for an expression for Fj, in terms of F o and H,. For
convenience, we work with F;_q o:

Lemma 11.2.4 Let {¢¢, H;}}_, be as in the general setup on page 260.
Then, for all j € Z, £=0,1,...,n,

Fj—l,e(“Y) = 2_1/2(H£(V/2)Fj,0(’7/2) + T1/2H€(7/2) T1/2Fj,0('7/2))
fora.e. veR.

Proof. First, we use the properties of D7, F and their commutator
relations in Section 2.9 to see that

(£, DI " Tpy) =

Dijfv DilTkW>
D7 f, Top D™ 4py)
FDI f, FTor, D™ 4y)
Dif, E_0pDijy).

o~ o~~~
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By (11.14), we can continue with
(£, DI M Topy) = (D7 f, B_ox2"/2 Hytho)

272 [~ (D1 )G o) Ear) . (11.25)

— 00

By Lemma 11.2.1, and using the periodicity of Ea,

| 0 DT B DD P HrdeBa) () do

—00 —

W=

=

P((D? FYHeo) (7) Bk (v) d;

[N

thus, (11.25) implies that
(f, DI Tye)

= 22 [ 7 p(D? {H i) () Ean(7) dy

Nl

N

= 22 [T P o)) Earl() dy

+21/2 /; Tl/QP((Djf)EE)(v) Ty j2Eor(v) dy

= 2 [* (P HTG00) + TyyoP (D! PTG () Barl)

This calculation shows that (f, DI=1Ty1,) is the —k-th coefficient in the
Fourier expansion for the %—periodic function

P((D /) Hito) + TijP((D ) Heto)
with respect to the orthonormal basis {2/2Fyy}xez for L2(0,1/2). Using
the definition of Fj_; , and that
E_i(y) =272 2E_y.(v/2),
it follows that for a.e. v € R,

Fiove(y) =Y (£, D' Tiap) E_(7)

keZ

272N f, DI Tag) 2V 2 B ok (7/2)
kEZ

= 272 (P((DF Y HiTo) + Th o PU(D? fHit) ) (+/2). (11.26)

The function Hy is 1-periodic, so

A T

P(D? Y Hewo)(v) = B (V)P((DI F)io)(7), ae. y €R. (11.27)
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Also, by the calculation in (11.22) we have
(f, D' Tyipo) = (D7 f, E_yibo);
via Lemma 11.2.2 (check the assumptions),

Fio(y) =Y (£, DITupo) Ex(v) = > (D'f, B yibo) E_x(7)

kez kez
= P(Df)do)(). (11.28)
Inserting (11.27) and (11.28) in the expression (11.26) for F;_; finally
gives the result. O

In terms of the matrix H defined in (11.15), the result in Lemma 11.2.4
shows that for a.e. v € R,

Fj—l,o(V)
Fj_11(v)

Fi_1n(7)

(Ho(v/2)Fj0(v/2) + T1/2Ho(v/2) Ty/2Fj0(v/2)

o-1/2 | (H1(v/2)Fj0(v/2) + T1/2H1(7/2) T1y2Fj0(7/2)

(Hn(7/2)Fj0(7/2) + T1/2Hn(7/2) T1y2Fj0(7/2)

Ho(v/2) T1/2H0(7/2)

s Hi(v/2) Tij2H1(v/2) Fjo(v/2)
= 2 ( T1/2Fj0(7/2) )
Hy(v/2) TijoHn(v/2)

The following lemmas will be based on the assumption that the matrix
H () satisfies that

H(v)*H(y)=1, a.e. v €T. (11.30)
Note that the matrix H(y)*H(y) in (11.30) is a 2 x 2 matrix. Later, it

turns out that (11.30) is the essential assumption in the unitary extension
principle: in fact, given the general setup, it is the only condition we need.
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Lemma 11.2.5 Let {¢¢, Hy}}_, be as in the general setup on page 260,
and assume that H(y)*H(vy) = I for a.e. v € T. Then, for all j € Z and
all f €D,

>, DI Ty 2 ZZ| £, DI Thp) 2.

kEZ (=0 k€Z

Proof. The definition of F;_; ; and Parseval’s equation show that

ZZI [, DI T 2 Z/ |F_1.0(y) | dr. (11.31)

£=0 keZ

The assumption on the matrix H(y) means that we can consider H(v) as
an isometry from C? into C"*' for a.e. v € T. Using this together with
(11.29), it follows from (11.31) that

- i—1 2 _ -1 LI | I— Fj,o(’)’/Q) ) ?
;éw,w Trtbe)| 2 /5 H(v/2)(T1/2Fj70(7/2) Can
[t Fio(v/2) |
- /_; ( T1/27Fj,0(7/2) ) 2 “

[N

— o / (1F5.0(v/2) + T2 F50(v/2)[) dy

: -1
- / IFyo(y) 2y + / IF;o(7) .

1 3
1 1

N|=

Using the 1-periodicity of the function F} o, we conclude that

1

SOST L DI T P = / * 002y

1
(=0 k€Z 2

= D [, DITio) .

keZ

O
Lemma 11.2.6 Let {¢y, Hy}}_, be as in the general setup on page 260,
and assume that H(vy)*H () =1 for a.e. v € T. Then the following hold:
(i) {Txvo}rez is a Bessel sequence with bound 1.
(ii) If f € L*(R), then
Jim S [(f, D Tiabo)|* =

kEZ

2
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Proof. Consider a function f € D. Lemma 11.2.5 shows that for any
J €L,
S WL DT o) |* <Y [, DI Titbo) . (11.32)
keZ kEZ
Let € > 0 be given. Via Lemma 11.2.3, we can find 57 > 0 such that
DI DI Tio) | < (1+ O)lIf I
keZ
Applying (11.32) j times leads to
SO Tevo) P < I DITeo)? < (1+ 112
keZ keZ
Because € > 0 was arbitrary, it follows that
> Tewo)? < IIFI1
keZ

Because this inequality holds on a dense subset of L?(R), it holds on L?(R)
by Lemma 3.1.6. Thus, {Txo}rez is a Bessel sequence with bound 1.

For the proof of (ii), let f € L?(R). By (i) and the fact that D7 is
unitary, we know that {D7 Ty }rez is a Bessel sequence with bound 1
for all j € Z (same argument as in Exercise 5.15). Letting I C R be any
bounded interval, we can write

f=Ixi+f(1=x1).
Using the inequality |a + b|*> < 2 (|a]? + |b|?), a,b € C, we obtain that
(f; D’ Tivo)|* = [(fxr + f(1 = x1), D' Tio)|?

[(fx1, DPTrtbo) + (f(1 = x1), D Tiao) |?
2 (I(fx1, D' Tibo) | + [(f (1 = x1), D Trapo)|?) -

IN

This implies that

S ULDTo) < 2 [{fxr, D Tro)
kez keZ
+2 ) (1= x1), D Tiho)|?
kez
< 2> [{fxn DITedbo)* + 2 [1£(1 = X0l
kez

By choosing I sufficiently large, we can make || f(1—x1)||?

Thus, it is enough to show that

D 1 xn, D Tiabo) > — 0 as j — —oc.
Kez

arbitrarily small.
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Now,

2

> [ fxr DI Tiibo)|?

2y

/1 F(@) 0o @iz — k) do

keZ keZ
< P2 Y [ o - k) do
kez /1
2 2
= d .
I [, Malollde

An application of Lebesgue’s dominated convergence theorem yields that
the final expression goes to zero as j — —oo, which concludes the proof. [J

We are now ready to formulate and prove the unitary extension principle.

Theorem 11.2.7 Let {1y, Hi}}_, be as in the general setup on page 260,
and assume that H(~)*H () = I for a.e. v € T. Then the multiwavelet sys-
tem {Dkawg}j’kGZ’gzl _____ n constitutes a tight frame for L*(R) with frame
bound equal to 1, and

f= ZZZ“ DITybe) D Tiape, Vf € L*(R). (11.33)

(=1 jEZ ke

Proof. Let ¢ > 0 be given, and consider a function f € D. By Lemma
11.2.3, we can choose J > 0 such that for all j > J,

@ =IfI> < DU DI Trabo))* < (1+€)|| 11 (11.34)

kEZ

For any j € Z, Lemma 11.2.5 shows that

SN DT )

> Hf, DI Tiapo)

keZ =0 keZ
= D NED T Tpo) P+ D0 I DI )
kEZ (=1 kezZ

iterating the argument on Y, _, [(f, D~ 'Tx10)|?, it follows that for all
m < j,

n j—1

SULD o) = D WED™Tetbo) >+ > > If, DPTipe) .

kEZ kEZ {=1p=m keZ
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Via (11.34), we deduce that for all j > J and m < j,

n j—1

A=l < DULD™ Do)+ D) > [(f, DPTrae) |
kEZ (=1 p=m k€EZ
< (1+9llfII* (11.35)

By Lemma 11.2.6(ii),
mlinjooz [(f, D™ Titbo)|* = 0.
keZ
Therefore, letting m — —oo in (11.35) yields that for all j > J,

n

L=allfIP <> D D NLD TP < (1 +e)ll I

(=1 p=—00 kE€Z

Letting j — o0,

Q=ollAP <> S STUAD TP < (1+ I fI1

=1 p=—00 keZ

Because € > 0 was arbitrary, we conclude that

SN W DPTe) P = |15

(=1 peZ kEZ
for all f € D; therefore the equality holds for all f € L*(R) by Lemma
5.1.2. The expansion property (11.33) follows from Corollary 5.1.8. ]

The matrix H(y)*H(7) has four entries, so at a first glance it seems that
we have to solve four scalar equations in order to apply Theorem 11.2.7.
However, it turns out that it is enough to verify two sets of equations
(Exercise 11.4):

Corollary 11.2.8 Let {¢y, H;}}_ be as in the general setup on page 260,
and assume that

S H(y)P =1,
=0 (11.36)

> Hi(y)Tij2He(y) =0,
=0

for a.e. v € T. Then the multiwavelet system {DITytbe}jkezi=1.. n
constitutes a tight frame for L?(R) with frame bound equal to 1.

As an application of Corollary 11.2.8, we show how one can construct
compactly supported tight multiwavelet frames based on B-splines. In con-
trast with the Battle-Lemarié wavelets discussed on page 76, the generators
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will be finite linear combinations of splines By, (2z — k), k € Z, and thus
have compact support. As we have seen in Theorem 11.1.3, such a con-
struction cannot be based on a single generator: the price to pay is that we
need multiple generators.

Example 11.2.9 For any m = 1,2, ..., we consider the B-spline
¢0 = Bop,
of order 2m as defined in (6.11). By Corollary 6.2.1,
. 2m
—~ sin(my)
Yo(y) = (( > .
™y

It is clear that lim~_.q ¥o (v) = 1. Furthermore, the result in Exercise 6.7
shows that

bo(27) = cos®™ ()b (7).
Thus v satisfies a refinement equation with two-scale symbol
Hy(vy) = cos®™ (7). (11.37)

Note that Exercise 6.7 also explains why we are restricting to the case of
even-order B-splines. Now, consider the binomial coefficient

() = @

and define the functions Hy, ..., Hay,, € L°(T) by

Hy(y) = ( 22“ >sin‘(m) cos®™ L(my), £=1,...,2m. (11.38)

Using that cos(m(y — 1/2)) = sin(7y) and sin(w(y — 1/2)) = — cos(nwy), it
follows that

TyyoHe(y) = ( QZL >(_1)e cos’(my) sin®™~¥(ny), £=1,...,2m. (11.39)

Thus, the matrix H in (11.15) is given by

Ho(y)  Ty2Ho(7)
Hi(y)  TijpHi(y)

Hopm(v)  TrjaHam(7)
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cos®™ () sin®™ ()
( 21” ) sin(my) cos®™ (my)  — ( QT ) cos(my) sin®™ ! (1)

( 2;71 )Sinz(ﬂW) cos®™ 2 () < 2;71 )COSQ(ﬂ"y) sin®™ =2 (mry)

(o jsinzmm) (o ) cos?™ (77)

We now verify the conditions in Corollary 11.2.8. Using the binomial
formula

(z +y)*™ = 2n;< ) bym=t, (11.40)

we see via (11.38) that

S P = Z( ) s (52) cos22 0 )
=0

= (sin®(my) + cos? (777))2m
= 1, ~veT.

Using the binomial formula with z = —1,y = 1, the expressions in (11.38)
and (11.39) yield that

2m

ZHé JTi/2He(y) = 2 (1) cos®™ (my Z (221>
sin" () cos™™ (m )( 1=
= 0.

Now Corollary 11.2.8 implies that the 2m functions 1, . .., 19, defined
by

ve(v) = He(v/2)v0(7/2)

_ < 2m )sin2m+£(7w/2)cos2mZ(Wy/2)
‘ (7 /2P

generate a tight multiwavelet frame { D7 Tite}j kez, =1,

_____ om for L2(R). O

We want to study the properties of the frame constructed in Example
11.2.9, but we first change the definition slightly by multiplying each of the
functions Hy in (11.38) with a complex number of absolute value 1. This
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modification will not change the frame properties for the generated wavelet
system.

Example 11.2.10 We continue Example 11.2.9, but now we define

Hy(y) = i < 27? )sinf(m) cos?™ (), £=1,...,2m. (11.41)

H, only differs from the choice in (11.38) by a constant of absolute value
1, so the functions 1, ..., ¥q,, given by

Ve(2y) = Ho(o(y), £=1,...,2m, (11.42)

also generate a tight multiwavelet frame. Instead of inserting the expression
for v in (11.42), we now rewrite Hy(y) using Euler’s formula:

: ; 4 : ; 2m—4
2m eﬂ"L’y _ e—TI'Z’*{ eTK"L’Y + e—ﬂ'l’y
H, =t
o =07 ) () ()

_ 2—2m ( 22”’ ) (ewify _ e—fri’y)é (em’y _i_e—m"y)zm_e.

(11.43)
Via the binomial formula we see that Hy(v) is a finite linear combination
of terms

e—27rzm’y7 e—27rz(m—1)'y, e 6271'1,(m—1)fy7 e27rz7rw.

All coefficients in the linear combination are real. Writing

m
Hy(y) = Z cr ™k

k=—m

Lemma 3.6.3 shows that

e =2 Z Cr e DT 1o (11.44)

k=—m

That is, ¥y is a real-valued spline. Since DT,,1 has support in [0, m] and
DT_ 4 has support in [—m, 0], the spline 1, has support in [—m, m|. Our
arguments also show that the splines 1), inherit other properties from g:
they have degree 2m — 1, belong to C*™~2(R), and have knots at Z/2. [J

Let us find an explicit expression for the generators in Example 11.2.10
in the case m = 1:
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Example 11.2.11 In the case m = 1, the construction in Example 11.2.10
leads to two generators 1; and 9. Via the expression (11.43) for Hy,

1 4 , , .
mer = L2 e e oo

L om —27i

_ 2Ty _ g 2mivy

5 \/5( )
By Lemma 3.6.3, we conclude that

1

T)=—

¢1( ) \/5

See Figure 11.1. Similarly, one proves (Exercise 11.6) that

(By (2 + 1) — By(22 — 1)). (11.45)

1
o(x) = 3 (B2(2x + 1) — 2B5(2x) + B2(2x — 1)), (11.46)
which is shown in Figure 11.2. |

We note that the computational effort in Example 11.2.10 increases with
the order of the B-spline By, we start with: the number of generators
U1, ...,y increases with the order of the spline Bag,,, and (11.44) shows
that computation of 1, involves calculation of a large number of coeffi-
cients for high-order B-splines. In practice, it is annoying that the number
of generators is forced to increase if we want to obtain generators with
higher smoothness. The results in Section 11.3 will allow us to construct
multiwavelet frames with two generators based on any B-spline Bsy,,, i.e.,
with any prescribed regularity.

Example 11.2.12 In continuation of Example 11.2.10, we can also con-
struct spline frames with support on [0, 2m]. We ask the reader to provide
the details in Exercise 11.7. Letting 1g := Na,, be the B-spline of order 2m
defined in (6.2), one can prove that

Yo(27) = Ho(%)¥o() (11.47)
with
1 + e—27ri'y o —27im 2m
Hy(vy) = (2) =e 7 cos?" (). (11.48)

Because H appears from the corresponding function in (11.37) simply by
multiplication with e=2™™7 the functions

Hy(y) = e~ 2mimy ( 22n ) sin(77) cos®™¥(my), £=1,...,2m

satisfy the conditions in the unitary extension principle. We prefer to
multiply the functions with a complex number, i.e., to consider
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1-
-2 -1 0 2
— 1 -
Figure 11.1. The function ¥1 given by (11.45).
1-
-2 -1 1 2

Figure 11.2. The function ¥2 given by (11.46).

275
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Hy(y) = ite 2mm7 ( 221 ) sin(my) cos®™ ¢ (ny), £ =1,...,2m;

with this choice, we conclude that the functions 1, ..., 19, defined by

Ye(v) = Hily/2)do(7/2)
ife—QTrim'y 2m Sin2m+£(ﬂ-’y/2) COS2m_Z(7T’7/2)
(")

¢ (my/2)*™
generate a tight multiwavelet frame for L?(R). The spline functions
Y1, ..., %2, now have support on [0,2m]. We return to the case m = 1
in Example 11.3.7. U

11.3 The oblique extension principle

In this section, we keep the assumptions in the general setup on page 260.
Our purpose is to prove a more flexible version of the unitary extension
principle; let us first give some reasons why we want to do so.

In the context of approximation theory, it is desirable that a multiwavelet
frame is generated by functions {1,}}_, having a large number of vanish-
ing moments; see, e.g., Theorem 4.3.1, which shows that a large number
of vanishing moments for a smooth compactly supported function v im-
plies that the expansion coefficients (f,v; ) decay fast for j — oo. If
{W} 7—1 is constructed via the umtary extension principle, we know that
wg( ) = Hg(’y/?)wo('yﬂ) and that wo( ) = 1; it follows from here that the
number of vanishing moments for the function 1y is equal to the order of
zero for Hy at v = 0. This actually puts a restriction on the number of van-
ishing moments one can obtain for generators constructed via the unitary
extension principle:

Example 11.3.1 We return to the B-spline Bs,, of order 2m considered

in Example 11.2.9; it satisfies a refinement equation with two-scale symbol

Ho(y) = cos”™ (7).

If we want to construct a frame via the unitary extension principle, the
conditions in Corollary 11.2.8 in particular state that

1= | Hoy) 2,
=0
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i.e., that
Z |Ho(7)]? = 1 — cos®™ (7). (11.49)

The order of the zero at v = 0 for the function 1 — cos (1) is 2, so
also on the left-hand side of (11.49) we can only factor 42 out; this implies
that at least one of the functions |Hy|? at most can have a zero at v = 0
of order 2, and therefore at least one of the functions ¢, can at most have
one vanishing moment. O

An important reformulation of Theorem 11.2.7 was simultaneously ob-
tained by Daubechies, Han, Ron, and Shen in [28] and Chui, He, and
Stockler in [19]. It gives a more flexible recipe for construction of frames
than Theorem 11.2.7, and can, e.g., be used to construct tight frames with
a higher number of vanishing moments. The result is called the oblique
extension principle:

Theorem 11.3.2 Let {¢¢, Hi}}_, be as in the general setup on page 260.
Assume that there exists a strictly positive function § € L>°(T) for which

lim 6(y) =

and such that for a.e. v € T,

Ho(\)Ho(y +1)0(27) + > He(v)He(y+v)
=1
_ { g(V) Zizzl (11.50)

Then the functions {D?Tytbe}j kez,i=1,....n constitute a tight frame for
L?(R) with frame bound equal to 1.

Proof. Assume that the conditions in Theorem 11.3.2 are satisfied, and
define the function 19 € L?(R) by

= VI (). (11.51)

Define the 1-periodic functions H\B, ceey f[; by

0(27)
0(7) ()
The idea in the proof is to apply the unitary extension principle to

1/)0,H0,.. H and thereby obtain a tight frame {DJTkwg}L KEZL=1,....n}
finally, it turns out that 1/)5 =Y, l=1,....n

Ho(y) = Ho(y), Hy(7) = Hi(vy), £=1,...,n. (11.52)
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We now prove that {[0, ;Ivo, ..., H, satisfy the conditions in the general
setup. First,

Do@) = VIR e(2) = VI He(1)da()
— G Ha(()
= Ho()a(r)

Also,

hmwo ) = lim (\/_wo )

Via the definition (11.52) and (11.50) with v =0,

23 2 9(27) 2 |H€(’7)|

= 1, ae yveT.
Thus, Ho, ..., H, € L>(T). Because 6(2(v + 3)) = 0(2v), we also see that

Y Ho(y) oy + &

T
Hy( Hw+ =) = Y )
Z AR 910601+ 3) 2
1 n N
b > H)Hilr + )
9(7)9(v+%)e§—:1 T
= 0, ae~veT

Defining the functions 17):, . ,QZJ\;L by

it follows from Theorem 11.2.7 that the functions {DkaE}j,kGZl:l,...,n
constitute a tight frame for L?(R) with frame bound equal to 1. The proof
is now completed by the observation that for £ =1,... . n,

De(2y) = He(v)dho(y) = V/O(7)He(7) elw){l?o(v) = Du(29),
which shows that ¢, = {p\;. (]

By taking & = 1 in Theorem 11.3.2, we obtain Theorem 11.2.7. From
the extra freedom in Theorem 11.3.2 concerning the choice of 8, one could
expect it to be a more general result than Theorem 11.2.7, but the proof
shows that the class of frames that can be constructed is the same for the
two theorems. However, in practice Theorem 11.3.2 gives more flexibility
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because it naturally leads to some constructions one would not expect from
Theorem 11.2.7. Let us explain this in more detail.

Suppose that v is a compactly supported function satisfying (11.13) for
some function Hy € L>°(T), and that 6 and H,, ¢ = 1,...,n are trigono-
metric polynomials satisfying the conditions in Theorem 11.3.2. Lemma
3.6.3 shows that the generators v, for the frame {D/Tytp¢}; kez r=1,..n
have compact support. Now, the proof of Theorem 11.3.2 shows that the
same frame can be constructed via Theorem 11.2.7: if we define 19 by
(11.51), then the functions v, defined via (11.53) and (11.52) will satisfy
the conditions in the unitary extension principle, and ¢, = 2/)\[:. However, in
general 1y is not compactly supported, so the fact that the resulting frame
{DITitpe}j keno=1,.. n is generated by compactly supported functions is
somewhat miraculous and could certainly not be predicted in advance. In
short, this shows that there are constructions that appear naturally via
Theorem 11.3.2, but one would not even think about constructing them
via Theorem 11.2.7.

In practice, it is desirable that a multiwavelet frame contains as few
generators as possible. We will now show how to construct frames with
two or three generators based on the oblique extension. In order to apply
the oblique extension principle, one needs to choose the functions 6 and
Hy, ..., H, simultaneously such that (11.50) is satisfied. It is not clear how
to do this in general, but we now prove that an extra condition on the
choice of 8 will make it easy to construct frames.

Corollary 11.3.3 Let vy and Hy be as in the general setup on page 260.
Let 0 € L>=(T) be a strictly positive function for which lim,_,0(y) = 1,
chosen such that the function

n(v) = 0(y) — 6(27) (|H0(7)|2 + |Ho(vy + ;)F) (11.54)

is positive as well. Fiz an integer n > 2 and let {G¢}}_, be I-periodic
trigonometric polynomials for which

n

- I
> IGUIF =1, and Y- Ge()Gely+5) =0, YR (1155)
=2 =2

Let p,o be 1-periodic functions such that
p(I?=0(), loe()>=n(), (11.56)

and define the 1-periodic functions {H,}}_, by

Hi(y) = e*™ p(2y)Ho(v + %)’ Hi(7) = Ge(y)o(y), £=2,...,n.

Then the functions {1e}y_, given by (11.14) generate a tight frame
{DITyabe}jkezo=1,..n for L*(R).
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Proof. We check that the functions § and H, satisfy (11.50). First, for

v €T,
|Ho(1)I?0(27) + > [He()I?
= |Ho(7)[0(2y) + [Ho(y + )\ o2V + o (7)1 ZIGe
= [Ho(7)[?0(2y) + [Ho(v + )\ 0(27) +n(v)
= 0(7).
Similarly,

n

Ho(v)Ho(y + %)9(27) + Y Hy(y)Hel(y + %)
/=1

= Ho)Holy +5)0(2)

T oris o T
+p(27)p(2(y + 5))62””6 2w 12) B () Ho (y + 3)

ooy +5) 3 GenGel +3)
(=2

2

= Ho(n)Holy + 5)6(27) ~ 6(23) Ho() o3 + 3)
= 0.
(|

If the condition (11.54) is satisfied for an appropriate function 6, Corol-
lary 11.3.3 makes it relatively easy to obtain frames with for example three
generators. For example, (11.55) is satisfied with

! Gs(y) = %

Thus, in order to apply Corollary 11.3.3, the remaining work consists in
finding p, o such that (11.56) is satisfied. It turns out that if the functions
6 and n are trigonometric polynomials, then the functions p and o can be
chosen to be trigonometric polynomials as well. This is the outcome of the
so-called spectral factorization, which is described in Lemma 3.5.5.

The assumption (11.54) even implies that we can construct a tight mul-
tiwavelet frame generated by two functions. The reader is asked to provide
the proof in Exercise 11.8:

e, (11.57)
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Corollary 11.3.4 Let vy and Hy be as in the general setup on page 260.
Let § € L>(T) be a strictly positive function for which lim,_o6(y) = 1,
chosen such that the function n in (11.54) is positive as well. Define the
functions p,o as in (11.56) and let

() = ) Holy +5), Ha(r) = Ho()o(y).  (1159)

Thgn the functions {ﬂ)g}%:l giwen by (11.14) generate a tight frame
{DITye}j ke =12 for L*(R).

Note that if § and H are trigonometric polynomials, then 7 defined in
(11.54) also is a trigonometric polynomial. The assumption that 6 and 7
are positive implies by Lemma 3.5.5 that we can choose p,o in (11.56)
to be trigonometric polynomials. In this case, the generators 1, in Corol-
lary 11.3.3 and Corollary 11.3.4 are finite linear combinations of functions
DTy1pg by Lemma 3.6.3.

The oblique extension principle is very useful in order to construct
multiwavelet frames based on B-splines. Even the extra assumptions for
reduction to two or three generators can be fulfilled:

Theorem 11.3.5 Let Bo,, denote the B-spline of order 2m with two-scale
symbol Hy(y) = cos>™(mv). Then, for each positive integer M < 2m, there
ezists a trigonometric polynomial 6 of the form

M-—1 ,
0(7) =14 Y c;jsin®(my), (11.59)

j=1
for which the following hold:
(1) ¢; >0 forallj=1,...,M —1, ie., 0(y) >0 for all y € R;
(i) The function n in (11.54) is positive;

(iii) The generators in the tight wavelet frames constructed via the oblique
extension principle and its corollaries have M wvanishing moments.

The coefficients cj, 7 =1,...,M —1 can be determined via the requirement
that
4m
oo 2] - 1 ) M-1 ] u
y! — ]
1+Z G _1+;ch +O(Jy/M) asy — 0.
(11.60)

Theorem 11.3.5 is proved in [28]. Thus, we can apply the result in
Corollary 11.3.4 to construct multiwavelet frames with two generators
based on any B-spline Bs,,. As already mentioned, if we choose the func-
tions p,o in (11.56) to be trigonometric polynomials, then the associated
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frame generators 1, and 1), are finite linear combinations of functions
Bom (2x — k), k € Z. By choosing m large enough, we can thus obtain gen-
erators belonging to any prescribed smoothness class C™V(R). In contrast,
in the application of the unitary extension principle in Example 11.2.9, the
number of generators was forced to grow with the desired smoothness.

Let us demonstrate the calculation of the coefficients ¢; in (11.59) in the
case M = 2:

Example 11.3.6 Let us find the trigonometric polynomial associated with
the B-spline Bs,,, m € N, and M = 2. Note that

(2 —1)! " 11 m
1 J = (1 —
+Z 25)! 2]+1y <+6y+20y+ )
2
= 1+ oy +0lyP).

This proves that for M = 2, (11.60) is satisfied with ¢; = 2m/3. Thus, the

desired trigonometric polynomial is

2m 1 —cos(2my)  3+m
3 2 -3

0(y) = 1+2?msin2( v) =1+— —%cos(%r'y). O

We now give an example of frame constructions via Theorem 11.2.7 and
Theorem 11.3.2.

Example 11.3.7 We consider the function g = N5. As we have seem in
Example 11.2.12,

No(2v) = Ho(7)Na(7),

where

(1 + 6727ri’y)2
4

We first revisit Example 11.2.12 and then give constructions via the oblique
extension principle and its corollaries.

Ho(v) = = 72 cos® ().

(i) Defining H; and Hs by

. 1 ;
Hi(y) = ie 2™/2sin(my) cos(ﬂ'fy)zﬁe_%”isin@ﬂ’y)
2 .
(1 —27Ti'y)2

Hy(y) = —e 2™ sin®(my) = (11.61)
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it follows from Example 11.2.12 that the functions w) := 11 and 15 defined
via (11.14) generate a tight frame. They are given by (Exercise 11.9)

O(@) = —=(Na(22) — Ny(22 — 2)), (11.62)

Sl

(No(22) — 2Na(22 — 1) + No(22 — 2)) . (11.63)

N | =

Uo(z) =
See Figures 11.3-11.4.
(i) An alternative construction can be obtained via the oblique extension
principle. Let
4 — cos(277y)

by) = —— . (11.64)

Note that this is exactly the function we constructed in Example 11.3.6
corresponding to the piecewise linear B-spline and M = 1.

In this example, we keep the choice of Hy in (11.61). Thus, if we want
to use the oblique extension principle, we have to choose H7 such that the
two conditions in (11.50) are satisfied; that is, we require that

() = 60— [Ho(1)027) — [Ha()]2,
and
IO +3) = —Ho()Holy + 3)0(2y) ~ Ha(\)Ha(y + 3).

Inserting 0, Hy, and H; leads to the equations
2 1 2 2
[Hi(V)I7 = & (cos(2m) +2)(cos(2my) — 1)7,

i) Hi(r+3) = 5(cos(2my) +2)(cos(2m7) — 2
X (cos(2my) — 1)(cos(2my) + 1)

These equations are satisfied if we let

Hi(y) = (cos(2my) + 2)(cos(27y) — 1)

Sl

1
%(cos2 (277y) + cos(27y) — 2)
_ (647r1'y + e—47r1'y + 262#1’\/ + 26—2#1’7 _ 6)

46

Via the choice of 17 in the general setup, this leads to (Exercise 11.9)

b)) = T\l/é(Nz(2v—2)+2Nz(2v—1)—6N2(27))

T+ (2Na(27 + 1) + Na(2y +2)). (11.65)

2V/6
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-14

Figure 11.3. The function wy) given by (11.62).

1
-1 0 2 3
,1<

Figure 11.4. The function ) given by (11.63).

-14

Figure 11.5. The function 1/15”.) given by (11.66).
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This function has support on [—1,2]. Instead of taking this generator,
we take

W) = z/n( —1) (11.66)

- 2\/_(]\72(27 4) + 2N3(2y — 3) — 6N2(2y — 2))

2f

which generate the same wavelet system and has support on [0,3]. The

(2N2(2y — 1) + Na(27)),

function wgn‘) is shown in Figure 11.5. (|

11.4 Approximation orders

In this section, we give some more reasons for constructing frames via
the oblique extension principle. More information can be found in [28].
We assume again that {Hy,¢¢}}_, is as in the general setup, and that
{DITytpe}j kemo=1,.. n is a tight frame constructed via the oblique exten-
sion principle. We restrict our discussion to the case of tight wavelet frames
based on even-order B-splines, i.e., )9 = Ba,, for some m € N. Based on
the refinable function g, we let

V; = span{ D’ Tj1o }j.rez-

For s > 0, consider the Sobolev space

n@={rr=c| [T ePashPra <o)

H,(R) is a Banach space with respect to the natural norm,

e, = (/_O; FOP(+ I’y|2)sdv>l/2.

Compared with the unitary extension principle, the oblique extension
principle and its corollaries give more freedom in the construction of tight
frames, due to the different choices of 6 one can start with. However, for
practical purposes, the main point is which properties we can expect of
the constructed frame, and it turns out that some desirable properties will
restrict the class of usable functions 6 considerably.

We say that 1y provides approximation order s if for all f in the Sobolev
space H*(R),

dist(f,V;) = O(277%),
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i.e., if there exists a constant C' > 0 such that
dist(f,V;) < C277%, Vj € Z.

For the tight frame {DITyty}; ez =1, n, we know from the frame
decomposition (5.9) that for all f € L*(R),

F=320"0 (f DI Tutbe) D Tie.

(=1 jEZ ke

As an approximation of f, we can use

Quf =YY > (f, DI Tite) D' Ty

0=1j<J keZ

for a reasonably large value of J € Z. We say that the frame
{DITyabe}j kezo=1,...n provides approzimation order s if for all f € H*(R),

If = Qufll = 027*).

When speaking about “the approximation order,” it is in both cases
understood that we mean the largest possible order.

We know that v1,...,v, € Vi, s0 Q;f € V; for all J € Z; thus, the
approximation order of the frame { DTyt }; kezo=1.....n cannot exceed the
approximation order of the underlying refinable function 1. Note that in
the case of a classical multiresolution analysis, where a refinable function
leads to the construction of an orthonormal basis {D7Ty1)}; kez for L?(R),
the operator @) is the orthogonal projection onto V; and the two types of
approximation orders coincide; in general they might be different.

Since every implementation has to be done with a finite collection of vec-
tors, the approximation order of {D7Ty1)¢}; kez o=1,....n is clearly important
in many applications: we usually want it to be as large as possible. One
can prove that the refinable function ¥y = Bs,, provides approximation
order 2m. With the function @ chosen as in the oblique extension princi-
ple, one can prove that the approximation order of {DjT]ﬂ/)g}j,kez,g:L“_,n
is min(2m,2M). Thus, by choosing M sufficiently large, see Theorem
11.3.5, we can obtain the approximation order 2m; this is the best possible
approximation order we can hope for with the given function ¥y = Ba,.

11.5 Construction of pairs of dual wavelet frames

So far, the constructions via the extension principles have concerned tight
frames. However, the technique is more far-reaching, and one can actually
extend the results and construct dual multiwavelet pairs. We cite a result
from [19] and [28] concerning construction of dual pairs of multiwavelet
frames:



11.5 Construction of pairs of dual wavelet frames 287

Theorem 11.5.1 Let {Hy, e}, and {Kg,%}?zo be two sets of func-
tions, satisfying the conditions in the general setup on page 260, and such

that for some C > 0 and p > %

— - C’
[0 (M1, [Yo (V)] < mp e € R. (11.67)

Assume that there exists a function 8 € L*(T) such that limy_o6(y) =1
and

Ho(v)Ko(y +v) ZH@ VKo(y +v)
= { g(” jﬁ;jg (11.68)

Then {DI Ty} kezo=1,...n and {DITpe}j kez i=1,...n are a pair of dual
multiwavelet frames.

To find a pair of dual frames via Theorem 11.5.1 is actually much easier
than to construct tight frames via the oblique extension principle. One
reason is that the function # is not required to be positive. Another reason
is that we have freedom to chose two sets of trigonometric polynomials H,
and Ky: in fact, the condition (11.50) in the oblique extension principle
corresponds exactly to (11.68) with Hy = K/, and is more complicated to
satisfy.

Similar to what we saw for the oblique extension principle, we can use
Theorem 11.5.1 to provide explicit constructions of dual pairs of frames
with multiple generators. In the rest of this section, we will use the
following:

Setup for construction of pairs of dual wavelet frames:
Let {0, Ho}, { Ko, %} be as in the general setup on page 260, and assume

that (11.67) is satisfied. Let 8 € L>°(T) be a real-valued function for which
limy_ 0(y) = 1, and assume that the function

n(v) = 0(7) — 6(27) (Ho(’Y)Ko( )+ Holy + 0Kl + ;) (11.69)

is real-valued and has a zero of order at least 2 at the origin. Choose
real-valued functions 7y, 72 € L*(T) such that

n(y) = 2n(v)n2(7), and n1(0) = n2(0) =0, (11.70)
and choose two 5 per1od1c and real-valued functions 61,05 such that
0(2y) = 01(7)62(7)- (11.71)

O
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Let us comment on these assumptions and choices. First, the choice of
%—periodic functions in (11.71) is possible because v — 6(2v) has period %

In the construction of tight multiwavelet frames in, e.g., Corollary 11.3.3,
we had to perform a spectral factorization of the functions 6 and 7. The
choices of the functions 7y,72,601,02 in (11.70) and (11.71) will replace
the spectral factorization: in fact, we now prove how one can construct a
multiwavelet frame based on these functions. We note that in general it is
much easier to find functions satisfying (11.70) and (11.71) than to perform
a spectral factorization; the price we have to pay is that we in general do
not obtain a tight frame.

Corollary 11.5.2 Assume the setup on page 287 and define {H,};_, and
{Ke}i_, by

Hi(y) = ™70, (v) Ko (v + %)» K1 (y) = €20, () Ho (v + %),
Hy(7) = m(v), Ka(v) = n2(7),
Hg( ) 2%17771(7) K3( ) e27rz'y772(7)

Define the associated functions {¢}i_, and {wg}ezl as in the general

setup on page 260. Then {DITxtby}j kezi=1.2,3 and {DITptb}j ezi=12.3
constitute a pair of dual multiwavelet frames.
Proof. For v =0,

3

Hy(7)Ko(1)0(2y) + Y He(7) K. ()
=1

= HoRol() + 61(18(0)Ko(y + 5) ol + 3) + 2m (1ma()

1
3)

= Ho()Ko(7)0(27) + 6(27) Kol + %)Ho v+

+0) — 020) (oG + Holty + ) o+ 3) )

= 0()-
The proof that (11.68) holds for v = % is similar and is left to the reader
(Exercise 11.5). O

Corollary 11.5.3 Assume the setup on page 287 and let

; 1 , 1
Hi(7) = ™0 (1)Kol +5), Ki(7) = T 0:(0) Ho(3 + 3),

Hj(v) = m(2v)Ho(7), Ka(v) = n2(27)Ko(7)-

Then {DITyabe}j kez,o=1,2 and {Dka’L/je}j’keZl:LQ constitute a pair of dual
multiwavelet frames.



11.5 Construction of pairs of dual wavelet frames 289

We have assumed the factorizations of #(2-) and 7 to be real-valued.
This is not strictly necessary. However, if 8, Hy, and K are trigonometric
polynomials and 71,72 and 6,05 are real-valued trigonometric polynomi-
als, then the frame generators {¢,}3_, and {¢;}3_, are symmetric if the

refinable functions vy and 1y are symmetric real-valued functions. Thus,
the above process will lead to symmetric dual wavelet pairs when applied
to even-order B-splines.

Example 11.5.4 We give an example of a frame construction with two
generators. We will base the choices of Hy, Hy and K, K5 on the same
refinable function, namely a translated B-spline of order 2. That is, we
take 1y = 1/;0 = T Bo; the associated two-scale symbol is

(1 + e—27ri’y)2

: = e ™ cos? (7).

Ho(v) =

We again take

o) = 4 — co;(?wv);

as proved in Example 11.3.7 this leads to
2
n(y) = 5(8 cos* (1) + 1)(cos(my) — 1)%(cos(my) + 1) (11.72)

If we want to apply Corollary 11.5.3, we need to find functions 71,12, 61, 02
satisfying (11.70) and (11.71). This is easy: the expression (11.72)
immediately gives several choices for 1y, 79, for example

1
m(y) = 3@ cos* (m7) + 1)(cos(my) — 1)(cos(my) + 1)%,
n2(v) = (cos(my) —1).
Concerning 6,05 we simply take

4 — cos(4m7)

01(7) =1, bOa(y) =0(2v) = 3

The functions in Corollary 11.5.3 are now as follows:

; 1
Hi() = @m0()Koly + 3)
(1 _ eQTri'y)2 '

esz’y :
4
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; 1
Ki(y) = €™0:2(y)Ho(v + 3
- e27ri’y 4 B e47ri'y + e—47ri'y (1 _ e27ri'y)2 .
B 3 6 4 ’
Hy(y) = m(2v)

N % < 271'17 + 6—271—17)4 N 1) (627ri'y ze—?ﬂi'y B 1>

< 271'1’)/ _’_67271'@7 N 1>2 (1 + e—27ri'y)2.

X

4 b
Ka(v) =

_ 27rz'y + e—27rz'y . (1 + e—27ri'y)2
- 2 4 '

With these choices, { DTy} ez e=1,2 and {Dka’l;g}j)kez)g:LQ consti-
tute a pair of dual multiwavelet frames. O

11.6 The signal processing perspective

In Section 11.2, we gave a functional analytic presentation of the unitary
extension principle. We will now look at this result once more and formulate
it in signal processing terms.

We will first reformulate the equations in Corollary 11.2.8 in terms of the
Z-transform. Formally, the Z-transform of a sequences {hy }rez is defined
as the infinite series (depending on a variable z € C)

= Z hkzik

keZ

We will not worry too much about the exact domain of z € Z for which the
Z-transform of a given sequence {hy }rez converges. The reason is that we
mainly are interested in finite sequences {hy }kez, for which the Z-transform
is defined for all z # 0. Besides such finite sequences, we will only consider
the Z-transform of sequences {hj}rez, which are Fourier coefficients; for
such sequences, the Z-transform converges for a.e. z € C with |z] =1, and
this turns out to be sufficient for our purpose. In engineering language, the
sequence {h }rez is often called a filter.

Consider the 1-periodic functions Hy, ¢ = 0,...,n, in the general setup
on page 260. We can write these functions in terms of their Fourier series,
with Fourier coefficients hy ¢, k € Z:

(7) _ Z hk)ze%rikv'

kEZ
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Note that in terms of the Z-transform, this means that
= S () = e,
kEZ

We can now formulate the main condition in the unitary extension
principle in terms of the Z-transform:

Theorem 11.6.1 Assume that the functions Hy, ¢ = 0,...,n, have real
Fourier coefficients hy ¢, k € Z. Then the conditions (11.36) hold if and
only if the equations

ZHe VHo(z ) = 1,

" (11.73)
S = 0
£=0
hold for a.e. z € C for which |z| = 1.
Proof. Let us rewrite the terms appearing in (11.36):
TijaHe(y) = He(e *707Y2) = Hy(—e ™),
and, because the coefficients hy ¢ are assumed to be real,
Z hk e —2miky _ Z(627m'y)
keZ
Thus (11.36) is equivalent to the conditions
Z 2m’y ( 27ri'7) = 1,
£=0
Z 27rz'y Hg 727rz'y) 0.
=0
Putting z = €™ now leads to the result. O

Very often, conditions involving filters are formulated in terms of the
so-called polyphase decomposition of the Z-transform. In order to introduce
that, note that we can decompose a sequence {hy}rez into “even® and
“odd“ parts:

("'ah—Qah—lahOahlah27"') = ("'7h—2707h070ah25"')
4 (,0,h1,0, 1,0, ).
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By linearity, this decomposition implies that the Z-transformation of
{hi}rez can be written as

H(z) = [+ +hoaz®+ho+hoz? 4]
bzt hgz T 4]
[...+h_222+h0+h22*2+...]
+z7t [--~+h—122 + h1 + haz 2 —|—]

= Y haz P42 hoppaz (11.74)
kEZ kEZ

The polyphase components of H (z) are now defined as the two functions

1:170(2) = Z horz ™", E(Z) = Z hog12 %
kEZ kEZ

thus, via (11.74), the Z-transformation has the polyphase decomposition
H(z) = Ho(22) + 2~ ' Hy(2?).

Consider now a given sequence of 1-periodic functions Hy, £ =0,...,n, or,
equivalently, a sequence of filters {hy ¢}rez, ¢ = 0,...n. Associated with
the filter {hy ¢}rez, we denote the polyphase components of H, by E[\g;)
and I?Zl. Define the (n + 1) x 2 matrix of polyphase components H, by

Hoo(2) Hoa()
Hl,O(Z) Hlyl(z)

Hy(z) = (11.75)

—_— o~

Hmo(z) anl(Z)
We will now formulate Theorem 11.6.1 in terms of the matrix H,(z) and

its transpose H! (z).

Theorem 11.6.2 Assume that the functions Hy, ¢ = 0,...,n, have real
Fourier coefficients hy e, k € Z. Then the condition (11.73) is satisfied if
and only if

HI(z""YHy(2) = %I (11.76)

for almost all z € C with |z| = 1.

Proof. Note that Igzk(z_l) = I/{\[k(z) for £ =0,...,n, k = 0,1; this
implies that H (z7') = HI'(z). In terms of the entries of the matrix H(z),
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the condition (11.76) means that for almost all z € C with |z| = 1,

Y || = 5
£=0
o — 2
> |Hae) = 3
(11.77)
ZHeo DHei(z)= 0,
ZH“ YWHyo(z) = 0.

On the other hand, in terms of the polyphase decomposition, the two terms

n (11.73) can be written as

> He(2)Ho(=""!
(=0

Z\I%<z2>]2+2\f%<z
=0

(11.78)

S (Hiole) + = Hoa () (Hrale) + 2 (7))
£=0

2)’2

+ZZH50 )Hy (2 _IZHZO 2)Hya(22),
respectively,
> Hy(2)Hy(—27") (11.79)
=0
_ Z(ﬁ,}(ﬁ)ﬂ Hoa(z )) (Hm(z*?)sz“(z 2))
=0
n o 2 n o 2
= ‘Hg,O(ZQ)’ —Z‘H€,1(22)’
=0 =0
~2 Y Hio(z")Hea(z%) + 27" Y Heo(z" ) Hea (%)
=0 =0

From here, it follows that if (11.77) is satisfied, then the conditions in

(11.73) are satisfied as well.

Now assume that (11.73) holds. Adding, respectively, subtracting, the

two equations in (11.73), and using the

expressions derived in (11.78) and
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(11.79) leads to the equations

23" |Feo(2)| + 227" > il Hia() =
= (11.80)
22’[%@2’ +222H40 VHea(27%) = 1.
=0
The terms z~! Z?:O%(Z_Z)H&l(zp) and 2>, Hyo(22)Hyq(272) are

the complex conjugated of each other, but by (11.80) they are also real;
thus,

‘1ZHM YHyq(z —ZZH@O VHei(272) € R, (11.81)

Finally, applying the first equation in (11.73) with z replaced by —z leads
to

=0
= Z‘Hzo )‘2+Z‘He1 ‘
—2 Y Hyo(*)Hea(z ‘1ZHZO 2YHyq1(2%).
=0

Again by addition and subtraction with the equation in (11.79), this leads
to

22’1@}(%‘*222}1@0 VHy1(272)) = 1,
{=0

n
QZ‘H¢,1(22 ‘ ZHN 2 Hpa(22) = 1.
=0

Combining (11.82) with (11.80) and (11.81) finally leads to (11.77). O

(11.82)

It turns out that the condition (11.76) in Theorem 11.6.2 is well-known
in the context of filter banks. In the rest of this section, we discuss this
connection.

Intuitively, a filter bank is some kind of “black box,” which performs
operations on an incoming signal (i.e., a sequence of numbers). Typically, a
filter bank splits the incoming signal into certain subsignals, which contain
particular information about the signal. For this reason, filter banks of
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that type are called analysis filter banks. After processing the subsequences
coming out of the analysis filter bank, engineers usually wish to get back to
the original input sequence. Therefore, it is essential that an analysis filter
bank is followed by another filter bank, which reconstructs the original
signal from the subsignals; such a filter bank is called a synthesis filter
bank. In that case, the entire system consisting of the two filter banks is
said to have the perfect reconstruction property.

The filter banks considered here will contain three operations on the
incoming sequence {xy }rez:

e Convolution with a sequence {hy}rez: The outcome is a new
sequence, whose k-th coordinate is given by > ;) hnZg—n.

e Downsampling: The outcome is the sequence

l {xk}kEZ = ( L—2,X0, T2, " }
Thus, downsampling removes each second element in the sequence.

e Upsampling: The outcome is the sequence

T {xk}kGZ = ( : 'x—1»0,$0,0>$1»' o }

Thus, upsampling inserts zeroes between the elements in the
sequence.

Note that downsampling is the left-inverse of upsampling, but not the right-
inverse.

We will now describe a particular filter bank. The analysis filter bank will
split the incoming signal {xy }rez into n+1 subsignals: each of these signals
is obtained by convolving {xy}rez with a sequence hye, ¢ = 0,...,n,
followed by a downsampling. The synthesis filter bank first upsamples each
of the incoming n + 1 subsignals, then convolves the resulting sequences
with sequences {gx ¢}rez, £ =0,...,n, and finally add the outcoming n+1
signals; see Figure 11.6. We will assume that the sequences {hy ¢ }rez and
{gre}kez, £ =0,...,n, are related by

Gt =h_pe, k€ZL=0,...,n.

For the above system consisting of the analysis filter bank followed by the
synthesis filter bank, the perfect reconstruction property can be formulated
in terms of the polyphase components associated with the filters {hg ¢ }rez:

Theorem 11.6.3 For the considered filter bank, the perfect reconstruction
property is equivalent to the condition

Hg(z_l)Hp(z) =1 for z € C with |z| = 1. (11.83)

A proof of Theorem 11.6.3 can be found in [6]. Note that the conditions

in (11.83) and (11.76) are really “identical:” if one of these conditions is
satisfied, the other will be satisfied if the filter sequences {hy¢}rez are
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—] f? ;_i]] - l 5 | —> T 5 P> g;{[‘]] -
) hm |2 12 S
ja ] L ] [l =] -
‘xn : : (+) -"'}u
L] L]
— h;h‘] L) 12 L, — TZ L, ‘g},‘-n} ]

Figure 11.6. A filter bank consisting of an analysis filter bank composed with a
synthesis filter bank.

either multiplied or divided by v/2. In other words: if the condition (11.76)
(and the general setup for the unitary extension principle) are satisfied,
then the functions

7/’@ = \/izhk,KDT—kdj(% = 17' -y 1,

keZ

generate a tight frame with frame bound 1; if (11.83) is satisfied, the
functions

w@ = th,fDT—kw(% = 1) - N,

keEZ

generate a tight frame with frame bound 1.

Thus, the conditions in Theorem 11.6.2 for construction of a tight wavelet
frame are equivalent to the perfect reconstruction property for the above
filter bank.

11.7 A survey on general wavelet frames

In this section, we will give a short description of wavelet frames with
general dilation parameters and translation parameters. The reader might
observe that many of the results are parallel to results obtained for Gabor
frames in Chapter 9.

We will consider the functions 1*? in (11.1), with the assumption that
the points (a, b) are restricted to discrete sets of the type {(a’, kba?)}; rez,
where a > 1,b > 0; a is the dilation parameter or scaling parameter and b
is the translation parameter. We hereby obtain the functions

(Tkpai Dai ) () = (Das Tiptp) () = #%ﬁ(az -

J

kb), j. k€.
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Re-indexing (i.e., replacing j by —j), we see that
{Tipai Dai}j wez = {a?*(az — kb)}j kez. (11.84)

Definition 11.7.1 Let a > 1,b > 0 and ¢ € L*(R). A frame for L*(R) of
the form {a?/*y(a?x — kb)}, rez is called a wavelet frame.

We first present a necessary condition for {a’/?¢(a’x — kb)}, rez to be a
frame, due to Chui and Shi [20]. It plays the same role in wavelet analysis
as Proposition 9.1.2 does for Gabor frames.

Proposition 11.7.2 Let a > 1,b > 0 and v € L*R) be given. If
{a??Y(a?x — kb)}; kez is a frame with frame bounds A, B, then

N~ 2
bA < Z ’w(ajv)’ <bB, a.e. yv€R.
jez

A sufficient condition for the wavelet system in (11.84) being a frame
was obtained by Daubechies [25]. Casazza and Christensen obtained the
following slight improvement, see [8] and [11]:

Theorem 11.7.3 Let a > 1,b > 0 and 1) € L*(R) be given. Suppose that

1 A
B := 5, sup Z ’1/)(aj’y)¢(aj'y—|— k/b)’ < oc. (11.85)
[v|€[1,a] j.kEZ

Then {a?/*(a/z — kb)}j kez is a Bessel sequence with bound B, and for
all functions f € L2(R) for which f € Co(R),

S DTl =5 [ 1F)P Y ey (1180

J.k€EZ o jez
4y % [ )T akda ey - k) do.
k0 jez ’ —°
If furthermore

A= g S]] - X e k) | >0
JEZ

rl€lLal ==
(11.87)

then {a?/?y(a’x — kb)}; kez is a frame for L*(R) with bounds A, B.

Nothing guarantees that a wavelet frame {a’/?t(a’z — kb)}; xez con-
structed via Theorem 11.7.3 has a convenient dual frame: the canonical
dual frame might not even have the wavelet structure. A construction of a
pair of dual wavelet frames that is similar to the results for Gabor frames
presented in Section 9.4 can be found in [51].
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It is clear from the definition of a frame that a wavelet system ¥ con-
taining a frame {a’/?y(a’z — kb)}; rez is itself a frame if and only if
U is a Bessel sequence. An example of a wavelet system that contains
{a//*p(a’x — kb)}jkez is

{a?*p(a? z — kb/n)}j rez, (11.88)

where n € N. We say that the wavelet system in (11.88) is obtained via
oversampling with factor n of {a?/?y(a/x — kb)}jkez.

Oversampling will in general change the frame bounds, and for a tight
wavelet frame it might happen that the oversampled frame is no longer
tight. A positive result was obtained in [21], where the given conditions
imply that {a’/?y(a’x — kb/n)}, ez is tight if {a//?¥(a’x — kb)}; rez is
tight:

Theorem 11.7.4 Let a > 2 be a positive integer and b > 0. Suppose that
{a??P(a?x — kb)},kez is a frame for L2(R) with bounds A, B. Then, for
any positive integer n that is relatively prime to a, the family in (11.88) is
a frame for L*(R) with bounds nA,nB.

In the special case a = 2, we see that tightness is preserved if n is odd.
There exists examples, showing that tightness might not be preserved if n
is even, cf. [22].

We saw in Example 11.1.2 that the canonical dual of a wavelet frame
might not have the wavelet structure. However, there are cases where one
can find another dual, which is also a wavelet system; such cases are charac-
terized in Theorem 11.1.5. Ifthe frame {a?/%¢(a’x —kb)}, rez has a wavelet
dual {a?/?¢(a’z — kb)};rez and n is a positive integer that is relatively
prime to a, then the oversampled system (11.88) also has a dual with the
wavelet structure, namely {%aj/%/?(ajx — kb/n)}j kez. We refer to [21] for
a proof.

Theorem 11.7.3 gives a sufficient condition for a function v € L*(R)
to gencrate a wavelet frame {1} . }; kez, expressed in terms of the Fourier
transform 7,/; For special classes of functions ¥, we can give simpler con-
ditions for ¢ generating a wavelet frame. We will now consider functions
1 for which 1[) is a characteristic function for a Lebesgue measurable set
K in R. In order for yx to belong to L*(R), we assume that K has fi-
nite Lebesgue measure. Further, for convenience, we only consider the case
where the translation parameter is b = 1 and the dilation parameter is
a=2.

Definition 11.7.5 A Lebesgue measurable set K in R is called a frame
wavelet set if | K| < 0o and the function ¢ defined by ¢ = Xk generates a
wavelet frame {DITy1p}; kez for L*(R).

We will now present conditions for a set K C R being a frame set. We
begin with some definitions:
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Definition 11.7.6 Let K be a measurable set in R with finite measure.
We say that

(i) x,y € R are d-equivalent if there is an j € Z such that
r=2y.

For x € K, the number of elements y € K which belong to its -
equivalence class is denoted by S (x). Finally, let

K(,k):={x € K:0k(x) =k}, keN.
(ii) z,y € R are T-equivalent if there is an k € Z such that
r=y+k.

For x € K, the number of elements y € K which belong to its T-
equivalence class is denoted by T (x). Finally, let

K(r,k):={z e K : 7x(x) =k}, ke N.

Using the above notation, Dai et al. [24] were almost able to characterize
frame wavelet sets:

Theorem 11.7.7 Let K be a Lebesque measurable set in R with finite
measure. Then the following holds:

(i) K is a frame wavelet set if Ujcz2K(1,1) =R (up to a null set) and
there exists M € N such that K(§,m) and K(r,m) are null sets for
m > M; in this case, one is a lower frame bound for {DITy}; kez
and M5/2 is an upper frame bound.

(i) If K is a frame wavelet set, then U;cz2/ K =R (up to a null set) and
there exists M € N such that K (5, m) and K(r,m) are null sets for
m > M.

For frame wavelet sets generating a tight frame, a complete characteri-
zation is obtained:

Theorem 11.7.8 A Lebesgue measurable set K in R with finite measure
is a frame wavelet set generating a tight frame if and only if the following
conditions hold:

(i) Ujez2' K =R (up to a null set);
(ii) for some m > 1 we have K = K(7,1) = K(0,m).

In case (i) and (i) are satisfied, the frame bound for { DI T}; kez is equal
to m.
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Let us show how the conditions in Theorem 11.7.8 can be reformulated.
The condition K = K(7,1) means exactly that for v € R, the point v+ &
belongs to K for at most one value of k € Z; or, expressed differently, that

S xx(y+k) <1, ae yeR. (11.89)
k€EZ
Now assume that
U 27K =R, and for some m € N, K = K (5, m). (11.90)

jez

Then, given v € R there exists j/ € Z such that Q*jl’y € K. The ¢-
equivalence class of 277 « contains exactly m elements, so

ZijK(’y) =m, a.e. v €R. (11.91)
JEZL
Similarly, one proves that if (11.91) holds for some m € N, then (11.90)
holds. Thus we have obtained an equivalent formulation of Theorem 11.7.8:

Theorem 11.7.9 A Lebesgue measurable set K in R with finite measure
is a frame wavelet set generating a tight frame if and only if (11.89) and
(11.91) are satisfied for some m > 1.

We illustrate the use of Theorem 11.7.9 with some examples:

Example 11.7.10 (i) Let K = [—1, —1[U]L, 1]. Then, for any v # 0 there

exists exactly one value of j € Z such that v € 27K, so (11.91) is satisfied
with m = 1. Equation (11.89) is also satisfied, so K is a frame wavelet set,
which generates a tight frame with frame bound one.

(i) Similarly, for n = 1,2, ..., the set K = [—%, — 527 [U] 57, 3] is a frame
wavelet set, which generates a tight frame with frame bound n.

(iii) Let K = [-2,—%1[U[$, 3. Then
1 1 11
K(Tvl) - [_iv_i[u[gv Z[’
and Ujez2/ K = R up to a null set. Also, for m > 2 we have
K(6,m) = K(r,m)=0.

Thus, by Theorem 11.7.7, K is a frame wavelet set. ]

11.8 The continuous wavelet transform

So far, we have concentrated on series expansions in terms of wavelet sys-
tems. We will now give an introduction to the continuous wavelet transform,
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which delivers wavelet-type expansions in terms of integrals rather than
discrete sums. Let ¢ € L*(R). We say that v satisfies the admissibility
condition if

Cy = /00 Md’y < 0. (11.92)

We also say that v is admissible. Note that if 1[) is continuous in 0,
which is, e.g., the case if 1) € L'(R), then (11.92) can only be satisfied if
¥(0) = 0, ie., if [7_w(x)de = 0. But if this condition is satisfied, weak
decay conditions on ¢(v) for 4 — £oc imply that (11.92) is satisfied.

Given an admissible function ¢ € L?(R), we define the continuous
wavelet transform with respect to ¢ of the function f € L2(R) as the
function W, (f) of two variables given by

Wy (f)(a,b) = “b)

(o
|t

a

Proposition 11.8.1 Assume that v is admissible. Then, for all functions
f.9 € L*(R),

dadb
a2

/_‘X’ /_‘” Wa(f)(a: )W (9)(a.b) Cy(f.9). (11.93)

Proof. Using the commutator relations for the Fourier transform and the
operators Ty, D, in (2.23),

Wy(f)a,0) = (f,v*")
= <‘7:f7 fTbDa'(/)>

= (f, E—bD1/a1/3>

[ F()e27 a2 (a) dry.

Consider for a moment a fixed value for a; then, this expression is the
Fourier transform of the function

Fo(y) = f()la]*?(av),

calculated at the point —b. Letting

Ga(7) = 4(7)lal**P(ay),
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it follows that

| watnia @@ o
7G>
7G>

F3() lal [d(ay)|dy.

/
/Fa

Inserting this expression in the left-hand side of (11.93) and using Fubini’s
theorem gives

| wne oo

/'/ F()3) lal i) 2d g
B [OO (/oo| ‘W(‘Wﬂ da) F()a() d.

By a change of variable,

oo 1 “ 2 B oo 1 R 2 B )
IWHWMNM—[Waw@Mm%%

thus

/ /tWﬁwwmx%ﬁ“%::QM@

Cy(f,9)-

As in the Gabor case, we write the result in (11.8.1) as

abdadb ,
;= / / W (1)@ b C% ;¢ 12(R), (11.94)

where the integral is understood in the weak sense.
Connecting with the theory for continuous frames in Section 5.8, we have
the following:

Corollary 11.8.2 If1 € L?(R) is admissible, then {¢)**} 40, per is a con-
tinuous frame for L*(R) with respect to RxR\{0} equipped with the measure
1

= dadb.

a2
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11.9 Exercises

11.1 Let {DITyv}; kez be a frame with frame operator S. Prove that
S commutes with the dilation operator D, and thereby that

{ST' DT} kez = {D? ST Ti}j ez

11.2 Prove Theorem 11.1.6 via Theorem 11.1.5.

11.3 Show how to modify the proof of Lemma 11.2.3 in order to prove
(11.23).

11.4 Verify that (11.30) and (11.36) are equivalent.

11.5 Complete the proof of Corollary 11.5.2 by showing that (11.68)
holds for v = 1/2.

11.6 Derive the expression (11.46) for the function 5.
11.7 Prove (11.47) and provide the missing details in Example 11.2.12.

11.8 Prove Corollary 11.3.4 (Hint: The proof is similar to the proof of
Corollary 11.3.3, except that one has to replace the function 6 in
the oblique extension principle by 6 — 7.)

11.9 Derive the expressions in (11.62), (11.63), and (11.65).

11.10 Consider the B-spline Bs.
(i) Use the results in Example 11.2.9 and Example 11.2.11 to cal-

culate the Z-transforms Hy, ¢ =0, 1,2, and verify that the
conditions in Theorem 11.6.1 are satisfied.

(ii) Calculate the polyphase components for the Z-transforms
Hy, £=0,1,2 and verify that the matrix H'(z) satisfies the
conditions in Theorem 11.6.2.

11.11 Calculate the coefficients ¢; in Theorem 11.3.5 for m = 4, M = 2.

11.12 Assume that K is a frame wavelet set, and let § € L?(R) be a
function with support on K. Assume that there exist constants
C, D > 0 such that C' < |0] < D. Prove that the function 1 €
L2(R) defined by ¢) = Oxx generates a wavelet frame.



List of Symbols

ged(p,q) :

The real numbers.

The strictly positive real numbers.

The natural numbers: 1,2,3,....

The integers.

The rational numbers.

The complex numbers.

The largest common divisor for p, ¢ € N.

The integer part of x € R, i.e., the largest integer not
exceeding x.

The complex conjugated of x € C.

Banach spaces.

Hilbert spaces.

Orthogonal direct sum.

The space of measurable functions f : R — C for which
Je | (@) Pda < oo,

The space of k times differentiable functions with a
continuous k-th derivative.

The space of continuous functions f :]a,b[— C.

The Fourier transform, for f € L*(R) given by

7)) = fy F@)e 2w da.

The space of square summable sequences on I.

The Lebesgue measure of a Borel set I, or when [ is discrete,
the number of elements in I.

The indicator function for a set A,

xa(z) =1if z € A, otherwise 0.

The closure of a set A.

The orthogonal complement of a subset A in a Hilbert space.
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MSE :

The support of the function f: suppf = {x € R: f(x) # 0}.
The Kronecker delta: §;,; =1if k=37, 0p; =0if k # 7.
The translation operator (T, f)(x) = f(z — a).

The modulation operator (E,f)(x) = e2™* f(x).

The dilation operator (Dqf)(z) = 2=f(%), a> 0.

a
The dilation operator (Df)(x) = 2'/2f(2x).
The frame operator.
The pre-frame operator.
The pseudo-inverse of the operator U.
The kernel of the operator U.
The range of the operator U.
The mean-square error.
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B-spline, 139

Balian—Low theorem, 92
Banach space, 34
Banach—Steinhaus theorem, 36
band-limited function, 83
basis, 55, 78
Battle-Lemarié wavelets, 76
Bessel bound, 53

Bessel sequence, 53
bi-frames, 259

biorthogonal sequences, 60
biorthogonal system, 81
bounded operator, 36

canonical basis for ¢2(N), 57
canonical dual frame, 7, 101
canonical tight frame, 109

Cauchy sequence, 34
Cauchy—Schwarz’ inequality, 37
coefficient functional, 81
coherent frame, 151

coherent structure, 71
commutator relations, 48
complete sequence, 35
compression, 94

condition (A), 223

condition (CC), 204

condition (R), 223, 242
condition number, 11
continuous frame, 129
continuous operator, 36
continuous wavelet transform, 301
convergent series, 35
convolution, 46, 140

Daubechies wavelets, 76

dense subset, 35

dilation operator, 47, 253

dilation parameter, 296

discrete Fourier transform basis, 18
discrete frames, 129
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dual frame, 8

dual frame pair, 103
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exact frame, 118
expansion property, 90

Fatou’s lemma, 43, 45
Feichtinger algebra, 222
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filter bank, 294

finite sequence, 35
forward difference operator, 146
Fourier series, 70

Fourier transform, 46
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frame bounds, 3, 98
frame coefficients, 7, 102
frame decomposition, 102
frame operator, 4, 100
frame wavelet set, 298
functional, 38

Gabor basis, 71

Gabor frame, 197

Gabor system, 196

Gabor transform, 222
generalized dual, 137
generalized frame, 129
generalized inverse, 20, 25
generator, 197

Gram matrix, 64, 67

Haar function, 73
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Hilbert space, 37
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inversion formula, 46

Janssen’s tie, 206

knots, 139
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Lebesgue point, 45, 49, 242
Lebesgue’s theorem, 43
linear independence, 2
localized frames, 223

matrix representation, 13
mean square error, 28
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Neumann’s theorem, 36
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null set, 44

oblique dual, 167

oblique extension principle, 277
operator, 36

operator norm, 36
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optimal Riesz bounds, 63
orthogonal complement, 37
orthogonal projection, 39
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overcomplete frame, 4, 106
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Paley-Wiener space, 83
Parseval’s equation, 56
partition of unity, 140, 211
perfect reconstruction, 295
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polyphase decomposition, 291
positive operator, 40

pre-frame operator, 4, 100
pseudo-inverse matrix, 20
pseudo-inverse operator, 41, 108
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shift-invariant systems, 251
short-time Fourier transform, 222
sibling frames, 259
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sinc-function, 83
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spectral factorization, 280
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spline, 139
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vanishing moments, 93

Walnut representation, 224
wavelet, 73, 254

wavelet basis, 72

wavelet frame, 297

wavelet structure, 254
wavelet system, 254
Wexler-Raz theorem, 214
Weyl-Heisenberg frame, 197
white noise, 132
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Z-transform, 290
Zak transform, 227
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