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1 Introduction

Hilbert spaces [1, Def. 3.1-1] and the associated concept of orthonormal bases are of fundamen-
tal importance in signal processing, communications, control, and information theory. However,
linear independence and orthonormality of the basis elements impose constraints that often make
it difficult to have the basis elements satisfy additional desirable properties. This calls for a the-
ory of signal decompositions that is flexible enough to accommodate decompositions into possibly
nonorthogonal and redundant signal sets. The theory of frames provides such a tool.

This chapter is an introduction to the theory of frames, which was developed by Duffin and Scha-
effer [2] and popularized mostly through [3-6]. Meanwhile frame theory, in particular the aspect
of redundancy in signal expansions, has found numerous applications such as, e.g., denoising |7,
8], code division multiple access (CDMA) [9], orthogonal frequency division multiplexing (OFDM)
systems [10], coding theory [11},|12], quantum information theory [13], analog-to-digital (A/D) con-
verters [14-16], and compressive sensing [17H19]. A more extensive list of relevant references can be
found in [20]. For a comprehensive treatment of frame theory we refer to the excellent textbook [21].

2 Examples of Signal Expansions

We start by considering some simple motivating examples.
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Figure 1: Orthonormal basis in R?.

Example 2.1 (Orthonormal basis in R?). Consider the orthonormal basis (ONB)

f) -l

in R? (see Figure . We can represent every signal x € R? as the following linear combination of
the basis vectors e; and es:

X = <X, e1> e + <X,€2> €es. (1)

To rewrite in vector-matrix notation, we start by defining the vector of expansion coefficients

= [ (] - [ == o o

It is convenient to define the matrix
-
aler| |10
re )=l 3l

Henceforth we call T the analysis matriz; it multiplies the signal x to produce the expansion
coefficients
c =Tx.

Following , we can reconstruct the signal x from the coefficient vector ¢ according to

x=T'c= [el eg] c= [el eg] [g: 23] = (x,e1) e + (x,e2) €. (2)
We call - 1o
= [el eg] = |:0 1:| (3)

the synthesis matriz; it multiplies the coefficient vector ¢ to recover the signal x. It follows from

that is equivalent to
C omTm.. |1 010
x=T Tx—[0 Ul 11* (4)

The introduction of the analysis and the synthesis matrix in the example above may seem artificial
and may appear as complicating matters unnecessarily. After all, both T and T are equal to the
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Figure 2: Biorthonormal bases in R2.

identity matrix in this example. We will, however, see shortly that this notation paves the way to
developing a unified framework for nonorthogonal and redundant signal expansions. Let us now
look at a somewhat more interesting example.

Example 2.2 (Biorthonormal bases in R?). Consider two noncollinear unit norm vectors in R2.
For concreteness, take (see Figure [2)

o] wesl]

For an arbitrary signal x € R?, we can compute the expansion coefficients

C1 £ <X7 e1>

L

C2 <Xa e2> .

As in Example above, we stack the expansion coefficients into a vector so that

e=[o) = looel] = et == [ve jval ®)

Analogously to Example 2.1} we can define the analysis matrix

T2 el] [ 1 0
Tled| T l1/V2 1/V2
and rewrite as
c = Tx.

Now, obviously, the vectors e; and e are not orthonormal (or, equivalently, T is not unitary) so
that we cannot write x in the form . We could, however, try to find a decomposition of x of the
form

X = <X, e1> e + <X, 62> €9 (6)

with €;,8&; € R?. That this is, indeed, possible is easily seen by rewriting @ according to

X = [él éz] Tx (7)



and choosing the vectors &; and & to be given by the columns of T~! according to
(&1 &]=T"" (8)

Note that T is invertible as a consequence of e; and e, not being collinear. For the specific example

at hand we find
. _ 1 0
(&1 & =T = [_1 \/Q}

SO

Note that implies that T [él ég] = I, which is equivalent to

and therefore (see Figure

.
[Eﬂ (& &) =L

More directly the two sets of vectors {ej, ez} and {€1, €2} satisfy a “biorthonormality” property
according to

1, 7=k
<ej7ék>: J ’ ]ak:]-vQ
0, else

We say that {e1, ez} and {€;,é>} are biorthonormal bases. Analogously to (3], we can now define
the synthesis matrix as follows:

- 1 0
T 2 74 ae ] —
T = [el eg] = |:_1 \/§:| .
Our observations can be summarized according to

x = (x,e1) €1 + (x,e2) &

=TTce=T'Tx

15 Al b yual==o i Y

Comparing @ to , we observe the following: To synthesize x from the expansion coefficients c
corresponding to the nonorthogonal set {e1,e2}, we need to use the synthesis matrix TT obtained
from the set {€1, €2}, which forms a biorthonormal pair with {e;,e2}. In Example {e1,e2} is
an ONB and hence T = T , or, equivalently, {e1,e2} forms a biorthonormal pair with itself.

As the vectors e; and es are linearly independent, the 2 x 2 analysis matrix T has full rank and is
hence invertible, i.e., there is a unique matrix T~! that satisfies T™'T = I,. According to this
means that for each analysis set {e;,e2} there is precisely one synthesis set {€1,&;} such that (6]
is satisfied for all x € R2.

So far we considered nonredundant signal expansions where the number of expansion coefficients
is equal to the dimension of the Hilbert space. Often, however, redundancy in the expansion is
desirable.
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Figure 3: Overcomplete set of vectors in R2.

Example 2.3 (Overcomplete expansion in R?, [20, Ex. 3.1]). Consider the following three vectors
in R? (see Figure [3)):

|1 10 |1
81=|gl> 8= || 8= | _q]|-
Three vectors in a two-dimensional space are always linearly dependent.

In particular, in this
example we have g3 = g1 — g2. Let us compute the expansion coeflicients ¢ corresponding to
{g1,82,83}:

C1 <X7 g1> g—lr 1 0
c=|ca| 2 |(x,22)| = |gs|x=1]0 1]|x (10)
C3 <X7 g3> g;ir 1 -1

Following Examples [2.1] and we define the analysis matrix

gl

1 0
TZ |gl| 2|0 1
gl 1 -1

and rewrite as

c =Tx.

Note that here, unlike in Examples and c is a redundant representation of x as we have
three expansion coefficients for a two-dimensional signal x.

We next ask if x can be represented as a linear combination of the form

x = (x,81) 81 + (X, 82) 82 + (X,83) 83 (11)
—— —_—— ——
c1 co

C3

with &1, 82,83 € R?? To answer this question (in the affirmative) we first note that the vectors
g1,82 form an ONB for R2. We therefore know that the following is true:

X = (x,g1) 81 + (X, 22) g2
Setting

(12)

g1 =81, 82=82, §3=0



obviously yields a representation of the form . It turns out, however, that this representation
is not unique and that an alternative representation of the form can be obtained as follows.
We start by adding zero to the right-hand side of :

X = (X,81)81 + (X,82) 82 + (x,81 — 82) (81 — &1) -

0
Rearranging terms in this expression, we obtain
x = (x,81) 281 + (x,82) (82 — 81) — (X, 81 — 82) &1- (13)
We recognize that g — g2 = g3 and set
g1 =2g1, &2=82— 81, 8 = —81- (14)

This allows us to rewrite as

X = <X7g1> gl + <X7g2> gZ + <X7g3> g3~

The redundant set of vectors {g1,g2,g3} is called a frame. The set {g1,82,83} in is called a
dual frame to the frame {g1, g2, gs}. Obviously another dual frame is given by g1 = g1, &2 = g2,
and gz = 0. In fact, there are infinitely many dual frames. To see this, we first define the synthesis
matrix corresponding to a dual frame {g1, &2, 83} as

TN 2 [g1 & &) (15)
It then follows that we can write

X

(x,81) 81 + (x,82) &2 + (x,83) 83
=T'c= 'i‘TTx,

which implies that setting TT = [&1 &2 &3] to be a left-inverse of T yields a valid dual frame. Since
T is a 3 x 2 (“tall”) matrix, its left-inverse is not unique. In fact, T has infinitely many left-inverses
(two of them were found above). Every left-inverse of T leads to a dual frame according to ([15)).

Thanks to the redundancy of the frame {g1, g2, g3}, we obtain design freedom: In order to synthesize
the signal x from its expansion coefficients ¢, = (x,8;), k = 1,2, 3, in the frame {g1, g2, 83}, we
can choose between infinitely many dual frames {g1,82,83}. In practice the particular choice of
the dual frame is usually dictated by the requirements of the specific problem at hand. We shall
discuss this issue in detail in the context of sampling theory in Section [5.2

3 Signal Expansions in Finite-Dimensional Hilbert Spaces

Motivated by the examples above, we now consider general signal expansions in finite-dimensional
Hilbert spaces. As in the previous section, we first review the concept of an ONB, we then consider
arbitrary (nonorthogonal) bases, and, finally, we discuss redundant vector sets — frames. While the
discussion in this section is confined to the finite-dimensional case, we develop the general (possibly
infinite-dimensional) case in Section



3.1 Orthonormal Bases

We start by reviewing the concept of an ONB.

Definition 3.1. The set of vectors {e;} |, e, € CM, is called an ONB for CM if

1. span{ek}ﬂ/le = {cie; + es + ... +cyenr|cr,co,. .., e €CH=CM
2.

1, k=j
<ek,ej>: ’ j k,j:L...,M.
0, k#j

When {ek}ﬁi 1 is an ONB, thanks to the spanning property in Definition every x € CM can
be decomposed as

M
X = Z Crek. (16)
k=1
The expansion coefficients {ck}]kv[: 1 in (16)) can be found through the following calculation:
M M
(x,ej) = <Z ckek,ej> = ch (er,ej) = ¢j.
k=1 k=1

In summary, we have the decomposition

M-

(x, ex) eg.

>
Il

1
Just like in Example in the previous section, we define the analysis matrix
ef
T: |
el

If we organize the inner products {(x,ex)}L, into the vector ¢, we have

(x,e1) ef
c= : =Tx=| : | x
(x,en) elly
Thanks to the orthonormality of the vectors ey, e, ..., ey the matrix T is unitary, i.e., TH = T~!
and hence
elH (e1,e1) -+ (ewm,er)
TT'=| : |[e1 ... en]= : : =TIy = T"T.
elly (e1,enr) -+ (em,en)

Thus, if we multiply the vector ¢ by TH, we synthesize x according to

M
THe = THTx = Z(x,ek>ek =Iyx =x. (17)
k=1



We shall therefore call the matrix TH the synthesis matrix, corresponding to the analysis matrix
T. In the ONB case considered here the synthesis matrix is simply the Hermitian adjoint of the
analysis matrix.

3.2 General Bases

We next relax the orthonormality property, i.e., the second condition in Definition 3.1} and consider
general bases.

Definition 3.2. The set of vectors {ej}4L,, e, € CM, is a basis for CM if

1. span{ek}kle = {clel +coeg + ...+ cyen ’Cl, Co,...,CN € (C} =CM
2. {ex}L, is a linearly independent set, i.e., if Z]k\il cxer = 0 for some scalar coefficients
{Ck}é\/[:p then necessarily ¢, =0 for all k =1,..., M.

Now consider a signal x € C™ and compute the expansion coefficients
cr 2 (x,e), k=1,...,M. (18)

Again, it is convenient to introduce the analysis matrix

ef!

T | :
e
and to stack the coefficients {c;}2. | in the vector ¢. Then (18) can be written as

c = Tx.

Next, let us ask how we can find a set of vectors {€;,...,€x}, € € CM k=1,..., M, that is dual
to the set {ei,...,ep} in the sense that

M M
X = Z Ckék = Z <X, ek) ék (19)
k=1 k=1

for all x € CM. If we introduce the synthesis matrix

T™ 26, - eyl
we can rewrite in vector-matrix notation as follows

x = THe = THTx.

This shows that finding vectors €1, ..., €;; that satisfy is equivalent to finding the inverse of

the analysis matrix T and setting TH = T~!. Thanks to the linear independence of the vectors
{ek}ﬂi 1> the matrix T has full rank and is, therefore, invertible.

Summarizing our findings, we conclude that in the case of a basis {ek}ﬂ/[: 1, the analysis matrix and
the synthesis matrix are inverses of each other, i.e., THT = TTH = I,,. Recall that in the case of



an ONB the analysis matrix T is unitary and hence its inverse is simply given by TH [see ], SO
that in this case T = T.

Next, note that TTH = I, is equivalent to

el (€1,e1) -+ (em,er)
(&1 ém| = =1y
el (61,en) -+ (€mem)
or equivalently
1, k=j
(e, &) =4 T k=1, M. (20)
0, else

The sets {e 1, and {&}}, are biorthonormal bases. ONBs are biorthonormal to themselves in
this terminology, as already noted in Example We emphasize that it is the fact that T and
TH are square and full-rank that allows us to conclude that THT = I,; implies TTH = I,; and
hence to conclude that holds. We shall see below that for redundant expansions T is a tall
matrix and THT # TT" (THT and TTH have different dimensions) so that dual frames will not
be biorthonormal.

As T is a square matrix and of full rank, its inverse is unique, which means that for a given analysis
set {ex}M |, the synthesis set {&;}2L, is unique. Alternatively, for a given synthesis set {&j L,
there is a wunique analysis set {ek}éw: 1- This uniqueness property is not always desirable. For
example, one may want to impose certain structural properties on the synthesis set {ék}{y: ; in
which case having freedom in choosing the synthesis set as in Example [2.2] is helpful.

An important property of ONBs is that they are norm-preserving: The norm of the coefficient
vector c is equal to the norm of the signal x. This can easily be seen by noting that

||c||2 =cle = x"THTx = x"1;x = ||x||2, (21)

where we used . Biorthonormal bases are not norm-preserving, in general. Rather, the equality
in is relaxed to a double-inequality, by application of the Rayleigh-Ritz theorem |22, Sec.
9.7.2.2] according to

Aumin (THT) 1)1 < fle|? = x"THTx < Amax (THT) %12 (22)

3.3 Redundant Signal Expansions

The signal expansions we considered so far are non-redundant in the sense that the number of
expansion coefficients equals the dimension of the Hilbert space. Such signal expansions have a
number of disadvantages. First, corruption or loss of expansion coefficients can result in signifi-
cant reconstruction errors. Second, the reconstruction process is very rigid: As we have seen in
Section for each set of analysis vectors, there is a unique set of synthesis vectors. In practical
applications it is often desirable to impose additional constraints on the reconstruction functions,
such as smoothness properties or structural properties that allow for computationally efficient re-
construction.

Redundant expansions allow to overcome many of these problems as they offer design freedom and
robustness to corruption or loss of expansion coefficients. We already saw in Example that in



the case of redundant expansions, for a given set of analysis vectors the set of synthesis vectors that
allows perfect recovery of a signal from its expansion coefficients is not unique; in fact, there are
infinitely many sets of synthesis vectors, in general. This results in design freedom and provides
robustness. Suppose that the expansion coefficient c3 = (x, g3) in Example is corrupted or even
completely lost. We can still reconstruct x ezxactly from .

Now, let us turn to developing the general theory of redundant signal expansions in finite-dimensional
Hilbert spaces. Consider a set of N vectors {g1,...,gn}, g € CM, k=1,...,N, with N > M.
Clearly, when N is strictly greater than M, the vectors gi,...,gxy must be linearly dependent.
Next, consider a signal x € C™ and compute the expansion coefficients

Ck:<X,g]€>, ]{2:1,...,N. (23)

Just as before, it is convenient to introduce the analysis matrix
gt
T2 | (24)
gl
and to stack the coeflicients {ck}fy:l in the vector c. Then can be written as
c=Tx. (25)

Note that ¢ € CY and x € CM. Differently from ONBs and biorthonormal bases considered
in Sections and respectively, in the case of redundant expansions, the signal x and the
expansion coefficient vector ¢ will, in general, belong to different Hilbert spaces.

The question now is: How can we find a set of vectors {g1,...,&n}, & € CM, k=1,..., N, such
that
N N
=Y o= o) 26)
k=1 k=1

for all x € CM? If we introduce the synthesis matrix
T (g o
we can rewrite in vector-matrix notation as follows
x = THe = THTx. (27)

Finding vectors g1,...,&x that satisfy (26]) for all x € CM is therefore equivalent to finding a
left-inverse TH of T, i.e.,
T™HT = 1.

First note that T is left-invertible if and only if CM = span{gk}fc\;l, i.e., if and only if the set of
vectors {gy}_, spans CM. Next observe that when N > M, the N x M matrix T is a “tall”
matrix, and therefore its left-inverse is, in general, not unique. In fact, there are infinitely many
left-inverses. The following theorem [23, Ch. 2, Th. 1] provides a convenient parametrization of all
these left-inverses.

10



Theorem 3.3. Let A € CN*M N > M. Assume that rank(A) = M. Then AT = (AHA)~1AH
is a left-inverse of A, i.e., AYA = 1,;. Moreover, the general solution L € CM*N of the equation
LA =1, is given by

L=A"+M(Iy—-AA"), (28)

where M € CM*N s an arbitrary matriz.

Proof. Since rank(A) = M, the matrix AHA is invertible and hence AT is well defined. Now, let
us verify that A' is, indeed, a left-inverse of A:

ATA = (AHA)TARA =1, (29)
The matrix AT is called the Moore-Penrose inverse of A.

Next, we show that every matrix L of the form is a valid left-inverse of A:

LA = (AT +M(Iy — AAU) A
=ATA+MA - MAATA
—— ——
Ine Ing
=1, + MA — MA =1,,,
where we used (29) twice.

Finally, assume that L is a valid left-inverse of A, i.e., L is a solution of the equation LA = I,,.
We show that L can be written in the form . Multiplying the equation LA = I; by AT from
the right, we have

LAAT = AT

Adding L to both sides of this equation and rearranging terms yields

L=A"+L-LAAT= AT+ L(Iy — AAT),

which shows that L can be written in the form (with M = L), as required. O
We conclude that for each redundant set of vectors {g1,...,gx} that spans CM, there are infinitely

many dual sets {g1,...,8n} such that the decomposition holds for all x € CM. These dual
sets are obtained by identifying {g1,...,&nx} with the columns of L according to

[g1 gN]:L,

where L can be written as follows
L=T +M(Iy—TT")
and M € CM*N is an arbitrary matrix.

The dual set {g1,...,8n} corresponding to the Moore-Penrose inverse L = Tt of the matrix T,
ie.,
& - gn] =T = (THT)~'T"

is called the canonical dual of {g1,...,gn}. Using (24)), we see that in this case

g = (T"T) 'gy, k=1,...,N. (30)

11



Note that unlike in the case of a basis, the equation THT = I, does not imply that the sets {gk}szl
and {gk}ggl are biorthonormal. This is because the matrix T is not a square matrix, and thus,
THT # TTH (THT and TTH have different dimensions).

Similar to biorthonormal bases, redundant sets of vectors are, in general, not norm-preserving.
Indeed, from ([25) we see that
el = x"THTx

and thus, by the Rayleigh-Ritz theorem [22, Sec. 9.7.2.2], we have
Auin TV ) [x]12 < ]2 < A (TT) 1) (31)
as in the case of biorthonormal bases.

We already saw some of the basic issues that a theory of orthonormal, biorthonormal, and redundant
signal expansions should address. It should account for the signals and the expansion coefficients
belonging, potentially, to different Hilbert spaces; it should account for the fact that for a given
analysis set, the synthesis set is not unique in the redundant case, it should prescribe how synthesis
vectors can be obtained from the analysis vectors. Finally, it should apply not only to finite-
dimensional Hilbert spaces, as considered so far, but also to infinite-dimensional Hilbert spaces.
We now proceed to develop this general theory, known as the theory of frames.

4 Frames for General Hilbert Spaces

Let {gr ke (K is a countable set) be a set of elements taken from the Hilbert space H. Note that
this set need not be orthogonal.

In developing a general theory of signal expansions in Hilbert spaces, as outlined at the end of
the previous section, we start by noting that the central quantity in Section [3| was the analysis
matrix T associated to the (possibly nonorthogonal or redundant) set of vectors {gi,...,gn}.
Now matrices are nothing but linear operators in finite-dimensional Hilbert spaces. In formulating
frame theory for general (possibly infinite-dimensional) Hilbert spaces, it is therefore sensible to
define the analysis operator T that assigns to each signal x € H the sequence of inner products
Tz = {(z,gk) }xex. Throughout this section, we assume that {gi}rex is a Bessel sequence, i.e.,
> okek (2, gi)|* < oo for all = € H.

Definition 4.1. The linear operator T is defined as the operator that maps the Hilbert space H
into the space [? of square-summable complex sequencesﬂ T : H — [?, by assigning to each signal
x € H the sequence of inner products (x, gx) according to

T: 2 — {(x, gk) brek-

Note that ||[Tz||> = > ek [z, gi)|?, i.e., the energy ||Tz||2 of Tz can be expressed as
2
IT|® = o, gl (32)
kel

We shall next formulate properties that the set {gx}rex and hence the operator T should satisfy if
we have signal expansions in mind:

!The fact that the range space of T is contained in [? is a consequence of {gx}rex being a Bessel sequence.

12



1. The signal x can be perfectly reconstructed from the coefficients {(x, gi)}rexc. This means
that we want (z,gr) = (y,gx), for all k € K, (i.e., Tx = Ty) to imply that z = y, for all
x,y € H. In other words, the operator T has to be left-invertible, which means that T is
invertible on its range space R(T) = {y € 1> : y = Ta, = € H}.

This requirement will clearly be satisfied if we demand that there exist a constant A > 0 such
that for all z,y € H we have
Allz = y|* < || T2 - Ty|>.

Setting z = z — y and using the linearity of T, we see that this condition is equivalent to
Allz|* < ||T=| (33)
for all z € H with A > 0.

2. The energy in the sequence of expansion coefficients Tz = {(z, g) }xex should be related to
the energy in the signal x. For example, we saw in that if {ek}ﬁil is an ONB for CM,
then

M
ITx[> = [(x,ex)|* = [|x||?, for all x € CM. (34)
k=1
This property is a consequence of the unitarity of T = T and it is clear that it will not hold

for general sets {gx }rex (see the discussion around and (31)). Instead, we will relax (34)
to demand that for all x € H there exist a finite constant B such tha

IT2l|* = [z, g)|* < Bl (35)
kek

Together with this “sandwiches” the quantity ||Tx||? according to
2 2 2
Allz[[* < Tz|” < Bll«||”.
We are now ready to formally define a frame for the Hilbert space H.

Definition 4.2. A set of elements {gx}rex, gx € H, k € K, is called a frame for the Hilbert space
H if
Allz)? <Y (2, gi)* < Bllz|?, forall z e, (36)
kel
with A, B € Rand 0 < A < B < co. Valid constants A and B are called frame bounds. The largest

valid constant A and the smallest valid constant B are called the (tightest possible) frame bounds.
Let us next consider some simple examples of frames.

Example 4.3 ([21]). Let {e;}?2, be an ONB for an infinite-dimensional Hilbert space H. By
repeating each element in {ej}?2, once, we obtain the redundant set

{96321 = {e1, e1, 2,60, .}.

2Note that if is satisfied with B < oo, then {gx }rex is a Bessel sequence.

13



To see that this set is a frame for H, we note that because {ey};, is an ONB, for all z € H, we

have
oo

>l en)? = ll=)l?

k=1

o o x

2 2 2
Sl g =3 lasen? + 3 i en)l? = 20l
k=1 k=1 k=1

This verifies the frame condition and shows that the frame bounds are given by A = B = 2.

and therefore

Example 4.4 ([21]). Starting from the ONB {e;};2,, we can construct another redundant set as
follows

(o017 = {1, Jen Ten en en T

To see that the set {g,}32, is a frame for #, take an arbitrary « € H and note that

Sl i) Zk< > Zk s en) = 3 [ ex)? = 2]
k=1 k=1

We conclude that {g;}7°, is a frame with the frame bounds A = B = 1.

From (32)) it follows that an equivalent formulation of is
Allz||* < ||Tz||? < B|jz||?, forall zeH.

This means that the energy in the coefficient sequence Tz is bounded above and below by bounds
that are proportional to the signal energy. The existence of a lower frame bound A > 0 guarantees
that the linear operator T is left-invertible, i.e., our first requirement above is satisfied. Besides
that it also guarantees completeness of the set {gx }rex for H, as we shall see next. To this end, we
first recall the following definition:

Definition 4.5. A set of elements {gx}reic, 9 € H, k € K, is complete for the Hilbert space H
if (x,gx) = 0 for all £ € K and with x € H implies x = 0, i.e., the only element in H that is
orthogonal to all g, is x = 0.

To see that the frame {g}rei is complete for H, take an arbitrary signal x € H and assume
that (z, gx) = 0 for all k € K. Due to the existence of a lower frame bound A > 0 we have

2
Allz]> <), g1)* = 0,
kel

which implies ||z||*> = 0 and hence z = 0.

Finally, note that the existence of an upper frame bound B < oo guarantees that T is a bounded
linear operatmﬂ (see [1, Def. 2.7-1]), and, therefore (see [1, Th. 2.7-9]), continuousﬂ (see [1, Sec.
2.7)).

3Let H and M’ be Hilbert spaces and A : % — A’ a linear operator. The operator A is said to be bounded if there
exists a finite number ¢ such that for all z € H, ||Az|| < c||z|.

4Let H and M’ be Hilbert spaces and A : H — H’ a linear operator. The operator A is said to be continuous at
a point zo € H if for every € > 0 there is a § > 0 such that for all x € H satisfying ||z — zo| < ¢ it follows that
|[Az — Azg|| < e. The operator A is said to be continuous on H, if it is continuous at every point zo € H.

14



Recall that we would like to find a general method to reconstruct a signal x € H from its expansion
coefficients {(x, gx) }rexc. In Section we saw that in the finite-dimensional case, this can be
accomplished according to

N
X = Z (X, 8k) k-

k=1

Here {g1,...,8n} can be chosen to be the canonical dual set to the set {g;,...,gn} and can be
computed as follows: g, = (T"T) gy, k =1,..., N. We already know that T is the generalization
of T to the infinite-dimensional setting. Which operator will then correspond to TH? To answer
this question we start with a definition.

Definition 4.6. The linear operator T* is defined as
T : 1> > H

T : {Ck}kejc — Z Cr k-
kek

Next, we recall the definition of the adjoint of an operator.

Definition 4.7. Let A : H — H’ be a bounded linear operator between the Hilbert spaces H and
H’. The unique bounded linear operator A* : H' — H that satisfies

(Az,y) = (z,A%y) (37)
for all x € H and all y € H' is called the adjoint of A.

Note that the concept of the adjoint of an operator directly generalizes that of the Hermitian
transpose of a matrix: if A € CV*M x € CM, y € CV, then

(Ax,y) = y"Ax = (A"y)Mx = (x, AMly).,

which, comparing to (37), shows that A" corresponds to A*.

We shall next show that the operator T* defined above is nothing but the adjoint T* of the
operator T. To see this consider an arbitrary sequence {cx }rex € 2 and an arbitrary signal = € H.
We have to prove that

(Tx, {crtrex) = (@, T {ck}rek) -
This can be established by noting that

<Txv {Ck}kElC> = Z <3379k> CZ

kek
(@, T {ctrex) = <$7 > Ck9k> = ¢k, 08) -
ke ke
We therefore showed that the adjoint operator of T is T*, i.e.,
T = T*.

In what follows, we shall always write T* instead of T*. As pointed out above the concept of
the adjoint of an operator generalizes the concept of the Hermitian transpose of a matrix to the
infinite-dimensional case. Thus, T* is the generalization of TH to the infinite-dimensional setting.

15



4.1 The Frame Operator

Let us return to the discussion we had immediately before Definition We saw that in the finite-
dimensional case, the canonical dual set {g1,...,&n} to the set {g1,...,gn} can be computed as
follows: g = (THT) gy, k = 1,...,N. We know that T is the generalization of T to the infinite-
dimensional case and we have just seen that T* is the generalization of TH. It is now obvious that
the operator T*T must correspond to THT. The operator T*T is of central importance in frame
theory.

Definition 4.8. Let {gx}rex be a frame for the Hilbert space H. The operator S : H — H defined

as
S =T*T, (38)
Se = (x, %) ok
kel
is called the frame operator.
We note that
> Uz gi)* = ITz||* = (Ta, Tz) = (T*Tx, z) = (Sw, ). (39)

kek

We are now able to formulate the frame condition in terms of the frame operator S by simply noting
that can be written as
Allz|* < (Sz,z) < Bllz||. (40)

We shall next discuss the properties of S.

Theorem 4.9. The frame operator S satisfies the properties:

1. S is linear and bounded;
2. S is self-adjoint, i.e., S* =S;
3. S is positive definite, i.e., (Sx,z) > 0 for all x € H;

4. S has a unique self-adjoint positive definite square oot (denoted as 81/2).

Proof. 1. Linearity and boundedness of S follow from the fact that S is obtained by cascading a
bounded linear operator and its adjoint (see (38))).

2. To see that S is self-adjoint simply note that
S*=(T*"T)* =T*T =S.
3. To see that S is positive definite note that, with
(Sz,z) > Aljz||*> > 0

forall z € H, x # 0.
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4. Recall the following basic fact from functional analysis |1, Th. 9.4-2].

Lemma 4.10. FEvery self-adjoint positive definite bounded operator A : H — H has a unique
self-adjoint positive definite square root, i.e., there exists a unique self-adjoint positive-definite
operator B such that A = BB. The operator B commutes with the operator A, i.c., BA = AB.
Property [ now follows directly form Property [2| Property [3] and Lemma

O

We next show that the tightest possible frame bounds A and B are given by the smallest and the
largest spectral value [1], Def. 7.2-1] of the frame operator S, respectively.

Theorem 4.11. Let A and B be the tightest possible frame bounds for a frame with frame operator
S. Then
A= Apnin and B = Apax, (41)

where Amin and Amax denote the smallest and the largest spectral value of S, respectively.

Proof. By standard results on the spectrum of self-adjoint operators |1, Th. 9.2-1, Th. 9.2-3, Th.
9.2-4], we have

Sz, z) and  Apax = Sup Sz, 2)

in . (42)
ver ||z||? zert |2l

)\min =
This means that Api, and Apax are, respectively, the largest and the smallest constants such that
/\milr1H55||2 < (Sz,z) < )‘maXHxH2 (43)

is satisfied for every x € H. According to this implies that Apnin and Apax are the tightest
possible frame bounds. ]

It is instructive to compare to . Remember that S = T*T corresponds to the matrix THT in
the finite-dimensional case considered in Section Thus, ||c||? = x"THTx = (Sx,x), which upon
insertion into , shows that is simply a generalization of to the infinite-dimensional

case.

4.2 The Canonical Dual Frame

Recall that in the finite-dimensional case considered in Section the canonical dual frame {gk}szl
of the frame {g}Y_, can be used to reconstruct the signal x from the expansion coefficients
{(x,gr) }1_, according to

N
X= Z <x7gk> gk

k=1
In we saw that the canonical dual frame can be computed as follows:

gL = (THT)_lgk7 k=1,...,N. (44)

We already pointed out that the frame operator S = T*T is represented by the matrix THT in the
finite-dimensional case. The matrix (THT)_1 therefore corresponds to the operator S™!, which will
be studied next.
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From it follows that Apin, the smallest spectral value of S, satisfies Apin > 0 if {gr }rex is a
frame. This implies that zero is a regular value [1, Def. 7.2-1] of S and hence S is invertible on
H, i.e., there exists a unique operator S~! such that SS™! = S™!S = I;. Next, we summarize the
properties of S71.

Theorem 4.12. The following properties hold:

1. S~ is self-adjoint, i.e., (S_l)* =S1;

2. S™1 satisfies

S lz,x 1 Sz, x
B e <45>
where A and B are the tightest possible frame bounds of S;
3. S71 is positive definite.
Proof. 1. To prove that S7! is self-adjoint we write
(SS7H* = (S71)*S* = Iy.
Since S is self-adjoint, i.e., S = S*, we conclude that
(S7H*S = Iy.
Multiplying by S™! from the right, we finally obtain
(S =s1.
2. To prove the first equation in we write
B = sup (Sx, x) — sup <SS1/2S_1y,Sl/QS_1y>
zer zll> yen (SY/2S71y,S81/28-1y)
- <Sflgl/2881/2gfly7y> _ (y,y) (46)

yer (STISV2S1/28-1y,y) ver (S 1y,7)

where the first equality follows from and ; in the second equality we used the fact that
the operator S'/2S71 is one-to-one on H and changed variables according to z = S/28~1y;
in the third equality we used the fact that S*/2 and S~! are self-adjoint, and in the fourth
equality we used S = S/2SY/2. The first equation in is now obtained by noting that (46)

implies
1 (y,y) (ST
—=1 sup ———— | = inf ————.
B / (;,e% ($7lyy) ) ver (yu)

The second equation in is proved analogously.

3. Positive-definiteness of S~! follows from the first equation in and the fact that B < oo
so that 1/B > 0.

O]
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We are now ready to generalize and state the main result on canonical dual frames in the case
of general (possibly infinite-dimensional) Hilbert spaces.

Theorem 4.13. Let {gi}rex be a frame for the Hilbert space H with the frame bounds A and B,
and let S be the corresponding frame operator. Then, the set {gx}rek given by

gr=S""gr, keKk, (47)
is a frame for H with the frame bounds A =1/B and B = 1/A.
The analysis operator associated to {g}rex defined as

T:H—12

Tz — {(z, 0k brex
satisfies

T=TS!=T(T*T)*. (48)

Proof. Recall that S7! is self-adjoint. Hence, we have (z, i) = <x,S_1gk> = <S_1:v,gk> for all
x € ‘H. Thus, using , we obtain

Sl gl = >0 (S e, i)

kel kek
= <S(S_1x),S_1:L‘> = <:U,S_13:> = <S_1:L‘,:L‘>.

Therefore, we conclude from that

1

1 2
plel? <D [0 < 2ol

kek

|

i.e., the set {gk }rei constitutes a frame for H with frame bounds A= 1/B and B = 1/A; moreover,
it follows from that A =1/B and B = 1/A are the tightest possible frame bounds. It remains
to show that T = TS™!:

Ta = {(2, 31 heex = (@ ST 06) b = {87 2, 08) } e = TS 2.

O]

We call {gi}trex the canonical dual frame associated to the frame {gi}rex. It is convenient to
introduce the canonical dual frame operator:

Definition 4.14. The frame operator associated to the canonical dual frame,

S=TT, So=Y (w0 (49)
kel

is called the canonical dual frame operator.

Theorem 4.15. The canonical dual frame operator S satisfies S = S™1.
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Proof. For every x € H, we have

Sz = Z (T, Jr) g = Z (z,S7'gr)S7 gy
kel kel
=S (S'z,gr)gr =S'SS e =S,
ke

where in the first equality we used , in the second we used , in the third we made use of
the fact that S~! is self-adjoint, and in the fourth we used the definition of S. O

Note that canonical duality is a reciprocity relation. If the frame {gx}rex is the canonical dual of
the frame {gi }reic, then {gi}rexc is the canonical dual of the frame {gi }reic. This can be seen by
noting that

Sk = (ST 'S gr =SS gk = g

4.3 Signal Expansions

The following theorem can be considered as one of the central results in frame theory. It states
that every signal x € H can be expanded into a frame. The expansion coefficients can be chosen
as the inner products of x with the canonical dual frame elements.

Theorem 4.16. Let {gtreic and {gk trex be canonical dual frames for the Hilbert space H. Every
signal x € H can be decomposed as follows

v =TTe =" (z,3)
kek

x=TTe=>Y (2,0 - (50)
kek

Note that, equivalently, we have

T*T = T*T = Iy.
Proof. We have

T Tz = Z (x, k) g = Z <$>S_1gk> Gk

kek kek
= Z <S_1:c,gk> gr =SStz =z
kel
This proves that T*T = I;;. The proof of T*T = Iy is similar. O

Note that corresponds to the decomposition we found in the finite-dimensional case.

It is now natural to ask whether reconstruction of x from the coefficients (z, gi) , k € K, according
to is the only way of recovering x from (z,gx), k € K. Recall that we showed in the finite-
dimensional case (see Section that for each complete and redundant set of vectors {g1,...,gn},
there are infinitely many dual sets {g1,...,gn} that can be used to reconstruct a signal x from the
coefficients (x,gx), k = 1,..., N, according to . These dual sets are obtained by identifying
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{g1,...,&n} with the columns of L, where L is a left-inverse of the analysis matrix T. In the
infinite-dimensional case the question of finding all dual frames for a given frame boils down to
finding, for a given analysis operator T, all linear operators I that satisfy

LTy ==«

for all z € H. In other words, we want to identify all left-inverses L. of the analysis operator T.
The answer to this question is the infinite-dimensional version of Theorem that we state here
without proof.

Theorem 4.17. Let A : H — [? be a bounded linear operator. Assume that A*A : H — H is
invertible on H. Then, the operator At : 1> — H defined as AT £ (A*A)"1A* is a left-inverse of
A, i.e., ATA =Ty, where Iy is the identity operator on H. Moreover, the general solution L of the
equation LA = Iy is given by

L =A" + M(I2 — AAT)

where M : 1> — H is an arbitrary bounded linear operator and L2 is the identity operator on 2.

Applying this theorem to the operator T we see that all left-inverses of T can be written as
L = TF + M(I,2 — TTY) (51)
where M : I2 — H is an arbitrary bounded linear operator and
T = (T*T)~1T*.
Now, using , we obtain the following important identity:
Tf = (T*T)~!'T* = S7!T* = T*.

This shows that reconstruction according to , i.e., by applying the operator T* to the coefficient
sequence Tz = {(x, gx) }rex is nothing but applying the infinite-dimensional analog of the Moore-
Penrose inverse T = (THT)~!TH. As already noted in the finite-dimensional case the existence of
infinitely many left-inverses of the operator T provides us with freedom in designing dual frames.

We close this discussion with a geometric interpretation of the parametrization (51)). First observe
the following.

Theorem 4.18. The operator
P:1? - R(T) C 12

defined as
P =TS 'T*

satisfies the following properties:

1. P is the identity operator Iz on R(T).

2. P is the zero operator on R(T)L, where R(T)L denotes the orthogonal complement of the
space R(T).

In other words, P is the orthogonal projection operator onto R(T) = {{ck}rex | {ck}rex = Tz, x €
‘H}, the range space of the operator T.
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Proof. 1. Take a sequence {c;}rex € R(T) and note that it can be written as {c;}rex = Tx,
where x € H. Then, we have

P{ci}rex = TSTIT* Tz = TS™!Sz = Tlyz = Tz = {ci brex.
This proves that P is the identity operator on R(T).

2. Next, take a sequence {cj}rex € R(T)*. As the orthogonal complement of the range space
of an operator is the null space of its adjoint, we have T*{ct }rex = 0 and therefore

P{ck ke = TS T*{c brex = 0.

This proves that P is the zero operator on R(T)" .

O]

Now using that TTT = TS™!T* = P and Tt = S7!T* = S~1SS!T* = STIT*TS~1T* = T*P, we can
rewrite as follows 3
L = T*P 4 M(I2 — P). (52)

Next, we show that (I — P) : [2 — [? is the orthogonal projection onto R(T)*. Indeed, we can
directly verify the following: For every {ci}rex € R(T)*L, we have (I2 — P){ck }rex = L2 {ck brex —
0 = {cx }rex, i-e., I;2 — P is the identity operator on R(T)*; for every {cx}rex € (R(T)4H)L = R(T),
we have (I;2 —P){cx }xex = Lz {cr trex — {cx trex = 0, i.e., I;2 — P is the zero operator on (R(T)>) .
We are now ready to re-interpret as follows. Every left-inverse L of T acts as T* (the synthesis
operator of the canonical dual frame) on the range space of the analysis operator T, and can act in
an arbitrary linear and bounded fashion on the orthogonal complement of the range space of the
analysis operator T.

4.4 Tight Frames

The frames considered in Examples and [£.4] above have an interesting property: In both cases
the tightest possible frame bounds A and B are equal. Frames with this property are called tight
frames.

Definition 4.19. A frame {gx}rex with tightest possible frame bounds A = B is called a tight
frame.
Tight frames are of significant practical interest because of the following central fact.

Theorem 4.20. Let {g;}treic be a frame for the Hilbert space H. The frame {gx}rex is tight with
frame bound A if and only if its corresponding frame operator satisfies S = Ally, or equivalently, if

r=1 > oo (53)

kek

for all x € H.
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Proof. First observe that S = Ally is equivalent to Sz = Allyx = Ax for all x € H, which, in turn,
is equivalent to by definition of the frame operator.

To prove that tightness of {gy}rex implies S = Aly, note that by Definition using we
can write

(Sx,z) = Az, x), for all z € H.

Therefore
((S— Ally)z,z) =0, for all x € H,

which implies S = Ally.

To prove that S = Ally, implies tightness of {gk}rex, we take the inner product with z on both
sides of to obtain

() = 1 3 (@00 lgro2).

ke
This is equivalent to
Alle|> = [, ),
kel
which shows that {gi}rex is a tight frame for H with frame bound equal to A. O

The practical importance of tight frames lies in the fact that they make the computation of the
canonical dual frame, which in the general case requires inversion of an operator and application
of this inverse to all frame elements, particularly simple. Specifically, we have:

1 1

~ -1

= = —]I = — .
9k =5""gi = 7 Tugr = ok
A well-known example of a tight frame for R? is the following:

Example 4.21 (The Mercedes-Benz frame [20]). The Mercedes-Benz frame (see Figure [4)) is given
by the following three vectors in R?:

_ [0 _[-Vv3/2 _[v3/2
To see that this frame is indeed tight, note that its analysis operator T is given by the matrix

0 1
T=|-V3/2 —1/2
Vv3/2 —1/2

The adjoint T* of the analysis operator is given by the matrix

[0 —V3/2 V3)2
TH—L 12 —1/2]

Therefore, the frame operator S is represented by the matrix

0 1
ol [0 =V3/2 VB/2] | 1| _B[1 0] _3
5=T T_L ~1/2 —1/2} \/;;/22 _1?; —2[0 1] T

and hence S = Allg> with A = 3/2, which implies, by Theorem that {g1, 82,83} is a tight
frame (for R?).
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22 g3

Figure 4: The Mercedes-Benz frame.

The design of tight frames is challenging in general. It is hence interesting to devise simple system-
atic methods for obtaining tight frames. The following theorem shows how we can obtain a tight
frame from a given general frame.

Theorem 4.22. Let {gi}rex be a frame for the Hilbert space H with frame operator S. Denote
the positive definite square root of S™' by S™Y/2. Then {S_l/ng}kE;C is a tight frame for H with
frame bound A =1, i.e.,

T = Z <:U,S_1/2gk> S_l/ng, for all x € H.
kel

Proof. Since S7! is self-adjoint and positive definite by Theorem it has, by Lemma a
unique self-adjoint positive definite square root S™%/2 that commutes with S™'. Moreover S~1/2
also commutes with S, which can be seen as follows:
Sfl/ZSfl _ 871871/2
8871/2871 _ 871/2
SS1/2 = §71/%s,

The proof is then effected by noting the following:
x=S"1Se =S5 25y
=S71/2887/%

_ Z <S_1/2m,gk> s—1/2g,

kek

_ _1/2 ~1/2,
§C<x,8 9k>S 9k
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It is evident that every ONB is a tight frame with A = 1. Note, however, that conversely a tight
frame (even with A = 1) need not be an orthonormal or orthogonal basis, as can be seen from
Example However, as the next theorem shows, a tight frame with A = 1 and ||gx|| = 1, for
all k € K, is necessarily an ONB.

Theorem 4.23. A tight frame {gy}trexc for the Hilbert space H with A = 1 and ||gk|| = 1, for
all k € K, is an ONB for H.

Proof. Combining
(Srs g) = Allgrll> = llgell?
with
(Sgky g6) = Y Uk 95 * = llgell* + > gk, 9)1°
jek j#k
we obtain

2
gl + > w90 1* = llgw !>
i#k
Since ||gx||? = 1, for all k € K, it follows that D itk [{gr, g;)> = 0, for all k € K. This implies that
the elements of {g;} ek are necessarily orthogonal to each other. O

There is an elegant result that tells us that every tight frame with frame bound A = 1 can be
realized as an orthogonal projection of an ONB from a space with larger dimension. This result is
known as Naimark’s theorem. Here we state the finite-dimensional version of this theorem, for the
infinite-dimensional version see [24].

Theorem 4.24 (Naimark, [24, Prop. 1.1)). Let N > M. Suppose that the set {gi,...,gN},
gr € H,k=1,...,N, is a tight frame for an M -dimensional Hilbert space H with frame bound
A =1. Then, there exists an N-dimensional Hilbert space K O H and an ONB {ey,...,en} for K
such that Pey, =g, k=1,...,N, where P : I — K is the orthogonal projection onto H.

We omit the proof and illustrate the theorem by an example instead.

Example 4.25. Consider the Hilbert space K = R3, and assume that H C K is the plane spanned
by the vectors [1 0 0]T and [0 1 0]T, i.e.,

M= span{[1 007,01 O]T}.

We can construct a tight frame for H with three elements and frame bound A = 1 if we rescale the
Mercedes-Benz frame from Example Specifically, consider the vectors gi, k = 1,2, 3, defined
in and let g, = \/2/73gk, k =1,2,3. In the following, we think about the two-dimensional
vectors g as being embedded into the three-dimensional space K with the third coordinate (in the
standard basis of K) being equal to zero. Clearly, {g;}%zl is a tight frame for H with frame bound
A = 1. Now consider the following three vectors in K:

0 —1/V2 1/v2
e; = 2/3 |, ex=|-1/V6|, es=|-1/V6
~1/V3 -1/V3 ~1/V3
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Direct calculation reveals that {ey}3_, is an ONB for K. Observe that the frame vectors g}, k =
1,2, 3, can be obtained from the ONB vectors e, kK = 1,2, 3, by applying the orthogonal projection
from K onto H:

1
P2 |0
0

o = O

0
0],
0
according to gj = Pey, k = 1,2,3. This illustrates Naimark’s theorem.

4.5 Exact Frames and Biorthonormality

In Section we studied expansions of signals in CM into (not necessarily orthogonal) bases. The
main results we established in this context can be summarized as follows:

1. The number of vectors in a basis is always equal to the dimension of the Hilbert space under
consideration. Every set of vectors that spans C™ and has more than M vectors is necessarily
redundant, i.e., the vectors in this set are linearly dependent. Removal of an arbitrary vector
from a basis for CM leaves a set that no longer spans CM.

2. For a given basis {ek}ﬁ/[: | every signal x € CM has a unique representation according to

M
X = <X, ek> ék. (55)
k=1

The basis {ex}2, and its dual basis {&;}2L, satisfy the biorthonormality relation .

The theory of ONBs in infinite-dimensional spaces is well-developed. In this section, we ask how the
concept of general (i.e., not necessarily orthogonal) bases can be extended to infinite-dimensional
spaces. Clearly, in the infinite-dimensional case, we can not simply say that the number of elements
in a basis must be equal to the dimension of the Hilbert space. However, we can use the property
that removing an element from a basis, leaves us with an incomplete set of vectors to motivate the
following definition.

Definition 4.26. Let {gi}rex be a frame for the Hilbert space H. We call the frame {gx}rex
exact if, for all m € IC, the set {g}x2m is incomplete for H; we call the frame {gy}rex ineract if
there is at least one element g,, that can be removed from the frame, so that the set {gx}rzm is
again a frame for H.

There are two more properties of general bases in finite-dimensional spaces that carry over to the
infinite-dimensional case, namely uniqueness of representation in the sense of and biorthonor-
mality between the frame and its canonical dual. To show that representation of a signal in an
exact frame is unique and that an exact frame is biorthonormal to its canonical dual frame, we will
need the following two lemmas.

Let {gr}rex and {gr}rex be canonical dual frames. The first lemma below states that for a
fixed z € H, among all possible expansion coefficient sequences {c }rex satisfying x = >, crgr,
the coefficients ¢, = (z, gr) have minimum ?-norm.
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Lemma 4.27 ([5]). Let {gi}rex be a frame for the Hilbert space H and {gi }kex its canonical dual
frame. For a fized x € H, let ¢, = (x,gr) so that x = Y, i crgr. If it is possible to find scalars
{artrex # {crlrex such that x =3, i argr, then we must have

S lal =D lerl? + )l — axl*. (56)

ke ke ke
Proof. We have
Ck = <‘T’§k> = <x)S_lgk> = <S_1£C,g]€> = <jvgk>

with & = S~'2. Therefore,

(z,2) = <Z Ckgk,fc> = o) =Y ach = |l

kek kel kek kek

and

(, %) = <Z ak9k753> = Zak (gr,7) = Z axcr,.

kel kel kel

We can therefore conclude that
Z lew? = Z axcy = Z arc. (57)
ke ke kex

Hence,

Slerl? ) e —arl =Dl + D (er — ar) (¢ — ai)

kek kek kek kek
=2 lal*+ D lenl" = > erai = 3 clan+ 3 laul”
kek kek kek kek kek

Using , we get

el + Y ek —anl? = Janl.

kek kek kek
O

Note that this lemma implies ), s lag)? > D okek x|, i.e., the coefficient sequence {ay}rex has
larger [2-norm than the coefficient sequence {cx = (z, i) trex-

Lemma 4.28 ([5]). Let {gr}rex be a frame for the Hilbert space H and {gi }kex its canonical dual
frame. Then for each m € K, we have

- ~ 2 - ~ 2
Z!<gm>§k)l2=1 [{gms Gm)|” = [1 = (g, Gm)|”

2
k#m

Proof. We can represent g,, in two different ways. Obviously g, = > ,.cx argr with a,, = 1 and
ap = 0 for k& # m, so that >, lag)* = 1. Furthermore, we can write g, = Y kek Ckgr With
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¢k = (Gm, gr). From (56)) it then follows that

L= lawl = Jel + D len — ayf’

ke ke ke
= Z ‘Ck|2 + lem — am‘Q + Z lex — ak‘Q
kek k#m
~ \|2 ~ 2 ~ \|2
= 1gm @) + g Gm) = 12+ [(gms 38|
kek k#m
k#m

and hence

_ ~ 2_ . - 2
> Ugm: gi)* = L = [{gm gm)|” = L = (g, Gm)|”

We are now able to formulate an equivalent condition for a frame to be exact.

Theorem 4.29 ([5]). Let {gx}rex be a frame for the Hilbert space H and {gx}rex its canonical
dual frame. Then,

1. {gx}rek is exact if and only if (Gm, gm) =1 for allm € K;
2. {gk}rex is inexact if and only if there exists at least one m € K such that (Gm, gm) # 1.
Proof. We first show that if (g, gm) = 1 for all m € K, then {gi}rzm is incomplete for H (for

all m € K) and hence {g;}rex is an exact frame for H. Indeed, fix an arbitrary m € K. From
Lemma (.28 we have

a 1— g 7§ 2 1-— g 7‘& 2
5 o gt =+ Ol R (Gl
k#m

Since <gm>§m> = 1a we have Zk;ﬁm |<gm7§k>|2 = 0 so that <gm7§k> = <§M7gk’> = 0 for all £ 7é m.
But g, # 0 since (gm,Gm) = 1. Therefore, {gi}rzm is incomplete for H, because g, # 0 is
orthogonal to all elements of the set {gx }km.

Next, we show that if there exists at least one m € K such that (gm,dm) # 1, then {gx}rex is
inexact. More specifically, we will show that {gj}x-n, is still a frame for H if (g, Gm) # 1. We
start by noting that

9m = Z <gm7§k>gk = <gm7§m>gm + Z <gm7§k>gk- (58)

kek k#m

If (gm, gm) # 1, can be rewritten as

1

9m — 7— =\
" 1_<gmagm>

Z <gm, §k> 9k,
k#m
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and for every x € H we have

2
1 2 5
g} = ] S (g ) (2 08)
1- <gmagm> ktm
1 -
< S Mg |3l g
11— {gm> Gm)| k#m k#£m
Therefore
Sl g = 1 gm) [+ 3 1, gi)
kek k#m
<—————— 1D Ham g | | D Kaogi) P + D s gn)l?
|1 — <gmagm> k#m k#m k#m
=> lz, g |1+ n - QZ!gm,gk
E
=C > [z, )l
k#m
or equivalently
1
3 o < 3 1wl
kek k#£m
With it follows that
A 9 1 2 2
Sl < & Hmal < 3 g < 3 I gl < Bl (59)
kek k£m kek

where A and B are the frame bounds of the frame {g}reic. Note that (trivially) C' > 0; more-
over C' < 00 since (gm,Gm) # 1 and >;,,, [{gm, Gr)|* < oo as a consequence of {jx}rex being a
frame for H. This implies that A/C > 0, and, therefore, (59)) shows that {gi}r-m is a frame with
frame bounds A/C and B.

To see that, conversely, exactness of {g }rex implies that (g, gm) = 1 for all m € K, we suppose
that {gx }rex is exact and (g, gm) 7# 1 for at least one m € K. But the condition (g, m) # 1 for
at least one m € K implies that {gx}rex is inexact, which results in a contradiction. It remains to
show that {gx}rex inexact implies (g, gm) 7# 1 for at least one m € K. Suppose that {gx}reic is
inexact and (g, gm) = 1 for all m € K. But the condition (g, gm) = 1 for all m € K implies that
{gx }kek is exact, which again results in a contradiction. O

Now we are ready to state the two main results of this section. The first result generalizes the
biorthonormality relation to the infinite-dimensional setting.
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Corollary 4.30 ([5]). Let {gr}rex be a frame for the Hilbert space H. If {gi}rex is exact, then
{9k }rex and its canonical dual {g}rex are biorthonormal, i.e.,

( ) = 1, ifk=m
gmvgk - 0’ lfk?ém

Conversely, if {gk trexc and {Gr ke are biorthonormal, then {gx}rex is exact.

Proof. If {gr}rex is exact, then biorthonormality follows by noting that Theorem implies
(gm,gm) = 1 for all m € K, and Lemma implies > ., (g, Gi)|* = 0 for all m € K and thus
(gm,gr) = 0 for all & # m. To show that, conversely, biorthonormality of {gx}rex and {gx}rex
implies that the frame {gi}rex is exact, we simply note that (gm,gm) = 1 for all m € K, by
Theorem implies that {gx }reic is exact. O

The second main result in this section states that the expansion into an exact frame is unique and,
therefore, the concept of an exact frame generalizes that of a basis to infinite-dimensional spaces.

Theorem 4.31 ([3]). If {gr}rex is an evact frame for the Hilbert space H and x = )} x Ckgk
with x € H, then the coefficients {ci treic are unique and are given by

Cr = <xagk> )

where { gk }reic is the canonical dual frame to {gg }rei.

Proof. We know from that x can be written as © = ), i (z, gx) g Now assume that there
is another set of coefficients {cx }rex such that

T = Z CLJk- (60)

kek

Taking the inner product of both sides of with g,, and using the biorthonormality relation

(G o) = 1, k=m
9k;9m) = 0’ k;ém

we obtain
<x7§m> = Z Ck <gka§m> =Cm.
ke
Thus, ¢, = (z, gm) for all m € K and the proof is completed. O

5 The Sampling Theorem

We now discuss one of the most important results in signal processing—the sampling theorem. We
will then show how the sampling theorem can be interpreted as a frame decomposition.

Consider a signal z(¢) in the space of square-integrable functions £2. In general, we can not expect
this signal to be uniquely specified by its samples {z(kT)}kez, where T is the sampling period.
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The sampling theorem tells us, however, that if a signal is strictly bandlimited, i.e., its Fourier
transform vanishes outside a certain finite interval, and if T is chosen small enough (relative to
the signal’s bandwidth), then the samples {x(kT)}rcz do uniquely specify the signal and we can
reconstruct z(t) from {z(kT)}rez perfectly. The process of obtaining the samples {z(kT') }rez from
the continuous-time signal z(¢) is called A/D ConversionEI; the process of reconstruction of the signal
x(t) from its samples is called digital-to-analog (D/A) conversion. We shall now formally state and
prove the sampling theorem.

Let Z(f) denote the Fourier transform of the signal x(t), i.e.,

(f) = / h z(t)e 2 dt.

—00

We say that z(t) is bandlimited to BHz if Z(f) = 0 for |f| > B. Note that this implies that the
total bandwidth of x(t), counting positive and negative frequencies, is 2B. The Hilbert space of £
functions that are bandlimited to B Hz is denoted as £L2(B).

Next, consider the sequence of samples {z[k] £ (kT } weyz Of the signal z(t) € L£?(B) and compute
its discrete-time Fourier transform (DTFT).

= Z x(kT)efi%kf

k_; (f + k> (61)

where in the last step we used the Poisson summation formulaﬂ [25, Cor. 2.6].

We can see that Zy4(f) is simply a periodized version of Z(f). Now, it follows that for 1/T > 2B
there is no overlap between the shifted replica of Z(f/T'), whereas for 1/T < 2B, we do get the
different shifted versions to overlap (see Figure . We can therefore conclude that for 1/7" > 2B,
Z(f) can be recovered exactly from Z4(f) by means of applying an ideal lowpass filter with gain T
and cutoff frequency BT to Z4(f). Specifically, we find that

Z(f/T) = Za(f) T hip(f) (62)
with
1, [fI<BT

. (63)
0, otherwise.

hip(f) = {

From , using , we immediately see that we can recover the Fourier transform of x(t) from
the sequence of samples {z[k]}rcz according to

o0

B(f) =Thup(fT) > alkle T (64)

k=—00

5Strictly speaking A /D conversion also involves quantization of the samples.
® Let x(t) € £* with Fourier transform Z(f) = [*_ z(t)e 2"t/ dt. The Poisson summation formula states that

Do (k) = 225 Z(R).
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Figure 5: Sampling of a signal that is band-limited to B Hz: (a) spectrum of the original signal; (b)
spectrum of the sampled signal for 1/7 > 2B; (c) spectrum of the sampled signal for 1/T < 2B,
where aliasing occurs.
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We can therefore recover x(t) as follows:

o) = [ B () f

= /OO TﬁLp(fT) Z ﬂv[k]e_iz”kaei%ftdf

-0 k=—o00

[e.e]

=Y alk] / T e (fT) T TR g 4T

k=—00 %

_ i o[k hop G —k> (65)

—9BT Z x[k] sinc(2B(t — kT)),

where hyp(t) is the inverse Fourier transform of ELP( f), ie,
hip(t) = / hip(f)e?™ df,

and
» sin(mz)

sinc(x
(x) -
Summarizing our findings, we obtain the following theorem.

Theorem 5.1 (Sampling theorem [26, Sec. 7.2]). Let x(t) € L2(B). Then x(t) is uniquely specified
by its samples x(kT), k € Z, if 1/T > 2B. Specifically, we can reconstruct x(t) from x(kT), k € Z,
according to

x(t) =2BT i x(kT) sinc(2B(t — kT)). (66)

k=—00

5.1 Sampling Theorem as a Frame Expansion

We shall next show how the representation can be interpreted as a frame expansion. The
samples z(kT') can be written as the inner product of the signal z(¢) with the functions

gr(t) = 2Bsinc(2B(t — kT)), k€ Z. (67)
Indeed, using the fact that the signal 2(¢) is band-limited to B Hz, we get
B .
o(T) = [ 3T = (3.30).
-B
where

0, otherwise

27k fT
§k<f>={e =B
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is the Fourier transform of g (¢). We can thus rewrite as

=T > (2,95 (1)

k=—00

Therefore, the interpolation of an analog signal from its samples {x(kT)}xrecz can be interpreted
as the reconstruction of z(t) from its expansion coefficients z(kT) = (z,gi) in the function set
{gr(t)}xez. We shall next prove that {gx(t)}rez is a frame for the space £2(B). Simply note that
for 2(t) € £L?(B), we have

] = <T > (@, gx) gi(t > T Z @, gi)|?

k=—o00 k=—o00

and therefore

Ifﬂll2 Z (=, gk)]

k=—o00

This shows that {gi(t)}rez is, in fact, a tight frame for £2(B) with frame bound A = 1/T. We
emphasize that the frame is tight irrespective of the sampling rate (of course, as long as 1/7 > 2B).

The analysis operator corresponding to this frame is given by T : £L2(B) — I? as

T: 2 — {{z,9) }rez, (68)

i.e., T maps the signal z(t) to the sequence of samples {z(kT)}rez.

The action of the adjoint of the analysis operator T* : [> — L£2(B) is to perform interpolation
according to

(o.9]
T : {cr}rez = Y Ckk-
k=—oc0

The frame operator S : £2(B) — £L?(B) is given by S = T*T and acts as follows

o0

S:a(t) = > (z,gk) gr(t).

k=—o0
Since {gi(t)}rez is a tight frame for £2(B) with frame bound A = 1/T, as already shown, it follows
that S = (1/T)]I£2(B)

The canonical dual frame can be computed easily by applying the inverse of the frame operator to
the frame functions {gx(t) }rez according to

gr(t) = ST gr(t) = Tlgapygr(t) = Tgr(t), k€ Z.

Recall that exact frames have a minimality property in the following sense: If we remove anyone
element from an exact frame, the resulting set will be incomplete. In the case of sampling, we
have an analogous situation: In the proof of the sampling theorem we saw that if we sample at
a rate smaller than the critical sampling rate 1/T = 2B, we cannot recover the signal z(t) from
its samples {z(kT)}rez. In other words, the set {gx(t)}rez in is not complete for £2(B)
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when 1/T < 2B. This suggests that critical sampling 1/7 = 2B could implement an exact frame
decomposition. We show now that this is, indeed, the case. Simply note that

{9k, k) = T {gr> 91) = Tllgr|l* = T|lgi||* = 2BT, for all k € Z.

For critical sampling 2BT = 1 and, hence, (gi,gx) = 1, for all k¥ € Z. Theorem therefore
allows us to conclude that {gy(t)}rez is an exact frame for £2(B).

Next, we show that {gx(t) }xez is not only an exact frame, but, when properly normalized, even an
ONB for £2(B), a fact well-known in sampling theory. To this end, we first renormalize the frame
functions gx(t) according to

gr(t) = VTg(t)

so that

o0

2(t) = > {x,g5) gh(t)-

k=—00

We see that {g;(t)}kez is a tight frame for EQ(B) with A = 1. Moreover, we have
lgill> = Tllgel|® = 2BT.

Thus, in the case of critical sampling, ||g}[|> = 1, for all k € Z, and Theorem allows us to
conclude that {g},(¢)}xez is an ONB for £%(B).

In contrast to exact frames, inexact frames are redundant, in the sense that there is at least one
element that can be removed with the resulting set still being complete. The situation is similar in
the oversampled case, i.e., when the sampling rate satisfies 1/T > 2B. In this case, we collect more
samples than actually needed for perfect reconstruction of z(t) from its samples. This suggests
that {gx(t)}xez could be an inexact frame for £2(B) in the oversampled case. Indeed, according to
Theorem the condition

(Gm» Gm) = 2BT < 1, for all m € Z, (69)

implies that the frame {gx(t)}rez is inexact for 1/T > 2B. In fact, as can be seen from the proof
of Theorem guarantees even more: for every m € Z, the set {gi(t)}xxm is complete
for £2(B). Hence, the removal of any sample z(mT) from the set of samples {z(kT)}rez still
leaves us with a frame decomposition so that x(t) can, in theory, be recovered from the samples
{2 (kT)}k+£m- The resulting frame {gx(t)}x-m will, however, no longer be tight, which makes the
computation of the canonical dual frame complicated, in general.

5.2 Design Freedom in Oversampled A /D Conversion

In the critically sampled case, 1/T = 2B, the ideal lowpass filter of bandwidth BT with the transfer
function specified in is the only filter that provides perfect reconstruction of the spectrum z( f)
of x(t) according to (see Figure @ In the oversampled case, there is, in general, an infinite
number of reconstruction filters that provide perfect reconstruction. The only requirement the
reconstruction filter has to satisfy is that its transfer function be constant within the frequency
range —BT < f < BT (see Figure . Therefore, in the oversampled case one has more freedom
in designing the reconstruction filter. In A/D converter practice this design freedom is exploited
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Figure 6: Reconstruction filter in the critically sampled case.
arbitrary shape here
f ; f f >
—1 —0.5 =BT BT 0.5 1 f

Figure 7: Freedom in the design of the reconstruction filter.

to design reconstruction filters with desirable filter characteristics, like, e.g., rolloff in the transfer
function.

Specifically, repeating the steps leading from (62)) to (65)), we see that
> t
t) = kKlh| = —k 70
(1) ka[]<T ). (70)
=—00

where the Fourier transform of h(t) is given by

1, \f| < BT
h(f)=qarb(f), BT <|f|<1i. (71)
0, 1fl> 3

Here and in what follows arb(-) denotes an arbitrary bounded function. In other words, every set
{h(t/T — k)}rez with the Fourier transform of h(t) satisfying is a valid dual frame for the
frame {gx(t) = 2Bsinc(2B(t — kT')) }kez. Obviously, there are infinitely many dual frames in the
oversampled case.

We next show how the freedom in the design of the reconstruction filter with transfer function
specified in can be interpreted in terms of the freedom in choosing the left-inverse IL of the
analysis operator T as discussed in Section Recall the parametrization (52)) of all left-inverses
of the operator T:

L = T*P 4+ M(I. — P), (72)
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i

Figure 8: The reconstruction filter as a parametrized left-inverse of the analysis operator.

where M : [2 — H is an arbitrary bounded linear operator and P : [? — [? is the orthogonal
projection operator onto the range space of T. In we saw that the DTFTﬂ of the sequence
{m[k‘] = ZL'(]{IT)} reyz 18 compactly supported on the frequency interval [—BT, BT] (see Figure .
In other words, the range space of the analysis operator T defined in is the space of [*-
sequences with DTFT supported on the interval [—BT, BT (see Figure . It is left as an exercise
to the reader to verify, using Parseval’s theoremﬁ that the orthogonal complement of the range
space of T is the space of I?-sequences with DTFT supported on the set [~1/2, —BT| U [BT,1/2]
(see Figure . Thus, in the case of oversampled A/D conversion, the operator P : (> — [? is the
orthogonal projection operator onto the subspace of I>-sequences with DTFT supported on the
interval [~ BT, BT]; the operator (I;2 — IP) : I> — [? is the orthogonal projection operator onto the
subspace of [2-sequences with DTFT supported on the set [~1/2,—BT] U [BT,1/2].

To see the parallels between and , let us decompose h(t) as follows (see Figure
h(t) = hrp(t) + hout(t) , (73)
where the Fourier transform of hrp(t) is given by and the Fourier transform of hgy(t) is

arb(f), BT < |f] <

1
: ? (74)
0, otherwise.

Eout(f) = {

Now it is clear, and it is left to the reader to verify formally, that the operator A : [ — £2(B)
defined as

A {crker — Z ckhrp <; - ki) (75)

k=—o0

acts by first projecting the sequence {cj}rez onto the subspace of I2-sequences with DTFT sup-
ported on the interval [— BT, BT] and then performs interpolation using the canonical dual frame

"The DTFT is a periodic function with period one. From here on, we consider the DTFT as a function supported
on its fundamental period [—1/2,1/2].
8 Let {ar}rez, {bx}rez € 1> with DTFT a(f) = Yoo . ave 2™ and b(f) = S50 bre *™/ | respectively.

Parseval’s theorem states that > 7> arby = f_lgz a(f)/l;* (f)df. In particular, S°7° _|ax]> = _152 [a(f)|?df.
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elements g (t) = hyp(t/T — k). In other words A = T*P. Similarly, it is left to the reader to verify
formally, that the operator B : I> — £2(B) defined as

B {edie - et~ H) (76)

k=—oc0

can be written as B = M(I;2 — P). Here, (I — P) : [> — [? is the projection operator onto the
subspace of [?-sequences with DTFT supported on the set [—1/2, —BT] U [BT, 1/2]; the operator
M : 12 — £2 is defined as

M: {cktrez = Y kb (; - k:) (77)

k=—o00

with the Fourier transform of hy;(t) given by

- {arbz<f>, “l<p<t

h = 78
m(f) 0, otherwise, (78)

where arby( f) is an arbitrary bounded function that equals arb(f) for BT < |f| < 4. To summarize,
we note that the operator B corresponds to the second term on the right-hand side of .

We can therefore write the decomposition as

2(t) = i x[k]h(;—k)

k=—00
_ i kb (t - k> + i x[k:]hout<t _ k:)
T T
k=—o00 k=—o00
T*PTx(t) M(I,2 —P) T (t)
= LTxz(t).

5.3 Noise Reduction in Oversampled A /D Conversion

Consider again the bandlimited signal z(t) € £L2(B). Assume, as before, that the signal is sampled
at a rate 1/T > 2B. Now assume that the corresponding samples z[k| = z(kT), k € Z, are subject
to noise, i.e., we observe
2'[k] = z[k] + wlk], k € Z,

where the w(k] are independent identically distributed zero-mean random variables, with variance
E |w[k]|* = 2. Assume that reconstruction is performed from the noisy samples 2’[k], k € Z, using
the ideal lowpass filter with transfer function ELP( f) of bandwidth BT specified in 1’ ie., we
reconstruct using the canonical dual frame according to

(1) = k:ioo o [K]hup (; - k) .

Obviously, the presence of noise precludes perfect reconstruction. It is, however, interesting to
assess the impact of oversampling on the variance of the reconstruction error defined as

o2 LB, |a(t) — 2'(t)[, (79)

oversampling —
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where the expectation is with respect to the random variables w(k], k € Z, and the right-hand side
of does not depend on t, as we shall see below. If we decompose z(t) as in , we see that

02 ersamping = B [2(t) — 2/()]” 2 (80)
_E, kioow[k}hw (; - k>
- ké kf:joo Eu{uwltlu W]} e (5~ #) ip (5 - %)
ot 3 | (k) 2 (s1)
k=—00

Next applying the Poisson summation formula (as stated in Footnote@ to the function [(t') =
hLP(% - t/) e~ 2™t f wwith Fourier transform (f)=hp(—f — f’),g*?ﬂi(t/T (f+f’)’ we have

o0

i hip <;—k> e~ 2mikf — i (k)= Y (k)= i hip(—f — k)e 2mE/DU+E) - (g9)

k=—o00 k=—00 k=—o00 k=—00

Since /ﬁLp(f) is zero outside the interval —1/2 < f < 1/2, it follows that

" hup(—f — k)e DU = jyp(— f)e 2D for fe[-1/2,1/2). (83)

k=—o00

We conclude from 1) and that the DTFT of the sequence {aj, £ hyp(t/T — k) }kez is given (in

the fundamental interval f € [—-1/2,1/2]) by ELP(—f)e_QWi(t/T)f and hence we can apply Parseval’s
theorem (as stated in Footnote [§]) and rewrite (81]) according to

00
t
2 2
Ooversampling — 9 Z hip (T - k)

k=—o00

2

/2 . 2
Y
~1/2

172 2
202/ th(f)‘ df
—1/2
= 0?2BT. (84)

We see that the average mean squared reconstruction error is inversely proportional to the over-
sampling factor 1/(2BT). Therefore, each doubling of the oversampling factor decreases the mean
squared error by 3dB.

Consider now reconstruction performed using a general filter that provides perfect reconstruction
in the noiseless case. Specifically, we have

2 (t) = i x’[k]h(é—k),
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where h(t) is given by (73] . In this case, the average mean squared reconstruction error can be
computed repeating the steps leading from (80] . ) to and is given by

1/2
Ugversampling =0 / ‘h ‘ f (85)
1/2

where ﬁ( f) is the Fourier transform of h(t) and is specified in 1’ Using , we can now
decompose o2 n into two terms according to

oversampling 1

BT . 2 ~ 2
2 2 2
Uoversampling =0 / ‘hLP(f)‘ df +o / hout(f)‘ df (86)
—BT BT<|f|<1/2
2BT
We see that two components contribute to the reconstruction error. Comparing (86) t ,

we conclude that the first term in (86]) corresponds to the error due to noise in the 51gnal band
|f| < BT picked up by the ideal lowpass filter with transfer function th( f). The second term
in is due to the fact that a generalized inverse passes some of the noise in the out-of-band region
BT < |f|] £ 1/2. The amount of additional noise in the reconstructed signal is determined by the
bandwidth and the shape of the reconstruction filter’s transfer function in the out-of-band region.
In this sense, there exists a tradeoff between noise reduction and design freedom in oversampled
A/D conversion. Practically desirable (or realizable) reconstruction filters (i.e., filters with rolloff)
lead to additional reconstruction error.

6 Important Classes of Frames

There are two important classes of structured signal expansions that have found widespread use
in practical applications, namely Weyl-Heisenberg (or Gabor) expansions and affine (or wavelet)
expansions. Weyl-Heisenberg expansions provide a decomposition into time-shifted and modulated
versions of a “window function” g(t). Wavelet expansions realize decompositions into time-shifted
and dilated versions of a mother wavelet g(¢). Thanks to the strong structural properties of Weyl-
Heisenberg and wavelet expansions, there are efficient algorithms for applying the corresponding
analysis and synthesis operators. Weyl-Heisenberg and wavelet expansions have been successfully
used in signal detection, image representation, object recognition, and wireless communications.
We shall next show that these signal expansions can be cast into the language of frame theory. For
a detailed analysis of these classes of frames, we refer the interested reader to [4].

6.1 Weyl-Heisenberg Frames

We start by defining a linear operator that realizes time-frequency shifts when applied to a given
function.

Definition 6.1. The Weyl operator Wg ) L2 = £2 is defined as
ng) cx(t) — eiQmth(t —mT),

where m,n € Z, and T > 0 and F' > 0 are fixed time and frequency shift parameters, respectively.
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Now consider some prototype (or window) function g(t) € £2. Fix the parameters T > 0 and F > 0.
By shifting the window function g(¢) in time by integer multiples of T and in frequency by integer
multiples of F', we get a highly-structured set of functions according to

Gmn(t) = W,Sf;f)g(t) = 612””th(t —mT), meZ, nelwl.
The set {gmn(t) = 2™ gt — mT)}mGZ ez 18 referred to as a Weyl-Heisenberg (WH) set and is
denoted by (g, T, F). When the WH set (g, T, F') is a frame for £2, it is called a WH frame for £2.

Whether or not a WH set (g, 7T, F) is a frame for £2 is, in general, difficult to answer. The answer
depends on the window function g(¢) as well as on the shift parameters T and F'. Intuitively, if the
parameters T' and F are “too large” for a given window function ¢(t), the WH set (g, T, F') cannot
be a frame for £2. This is because a WH set (g, 7T, F) with “large” parameters T and F “leaves
holes in the time-frequency plane” or equivalently in the Hilbert space £2. Indeed, this intuition is
correct and the following fundamental result formalizes it:

Theorem 6.2 (|21, Thm. 8.3.1]). Let g(t) € £? and T, F > 0 be given. Then the following holds:

e If TF > 1, then (9,T, F) is not a frame for £>.

e If (9,T,F) is a frame for L?, then (g, T, F) is an exact frame if and only if TF = 1.
We see that (g, T, F) can be a frame for £2 only if TF < 1, i.e., when the shift parameters 7' and F
are such that the grid they induce in the time-frequency plane is sufficiently dense. Whether or

not a WH set (g, T, F) with TF < 1 is a frame for £? depends on the window function g(¢) and on
the values of T' and F'. There is an important special case where a simple answer can be given.

Example 6.3 (Gaussian, [21, Thm. 8.6.1]). Let T, F > 0 and take g(t) = e~*". Then the WH set
{wirg) }

is a frame for £2 if and only if TF < 1.

mEZL,nEL

6.2 Wavelets

Both for wavelet frames and WH frames we deal with function sets that are obtained by letting
a special class of parametrized operators act on a fixed function. In the case of WH frames the
underlying operator realizes time and frequency shifts. In the case of wavelets, the generating
operator realizes time-shifts and scaling. Specifically, we have the following definition.

Definition 6.4. The operator ng) : L2 — L2 is defined as
VIS s () — §™22(S™ — mT),

where m,n € Z, and T' > 0 and S > 0 are fixed time and scaling parameters, respectively.

Now, just as in the case of WH expansions, consider a prototype function (or mother wavelet)
g(t) € £2. Fix the parameters T > 0 and S > 0 and consider the set of functions

Imn(t) = Vg’;?)g(t) = §"2g(S" —mT), meZ, neZ.
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This set is referred to as a wavelet set. When the wavelet set { gmn(t) = Sn/2g(Smt — mT)}

with parameters T, S > 0 is a frame for £2, it is called a wavelet frame.

mEZ, n€Z

Similar to the case of Weyl-Heisenberg sets it is hard to say, in general, whether a given wavelet
set forms a frame for £2 or not. The answer depends on the window function g(¢) and on the
parameters 1" and S and explicit results are known only in certain cases. We conclude this section
by detailing such a case.

Example 6.5 (Mexican hat, [21, Ex. 11.2.7]). Take S = 2 and consider the mother wavelet

olt) = —

Due to its shape, g(t) is called the Mexican hat function. It turns out that for each 7' < 1.97, the

wavelet set
{vire()}

41— t2)e*%t2.

meZ, neZ
is a frame for £2 |21, Ex. 11.2.7].

7 Suggested Additional Exercises

Exercise 7.1 (Weyl operator [27]). Refer to Definition and show the following properties of
the Weyl operator.

1. The following equality holds:

(T,F)yw(T.F) _ _—i2emlTFyy(T.F)
Wm,n Wk,l =€ Wm+k,n+l'

(T.F)

2. The adjoint operator of Wy, ), ’ is given by

(Wg o )> " _ —i2mmnTFyy(T.F)

—m,—n"

3. The Weyl operator is unitary on £2, i.e.,

WD (WD) = (W) WD ~ 1.

m, m,n

Exercise 7.2 (Dual WH frame [3]). Assume that the WH set {gm,n(t) = Wg’f)g(t)} —— is
mes, nc

a frame for £2 with frame operator S.

1. Show that the frame operator S and its inverse S~! commute with the Weyl operators, i.e.,
T,F T,F
WS = SWir)
WS = s Wi
for m,n € Z.

2. Show that the minimal dual frame {Gmn(t) = (S™ gmn)(t)} is a WH frame with prototype
function g(t) = (S71g)(t), i.e., that

gm,n(t) = ng)g(t)
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Notation

a,b,...
A B, ...
al, AT
a*, a*, A*

at AH

In

rank(A)

A(A)

/\min (A) 3 )\min (A)

l2
(a,b)
(2,y)

Hallz
Iyl

Iy, T2, Lz, T2y

vectors

matrices

transpose of the vector a and the matrix A

complex conjugate of the scalar a, element-wise complex conjugate of the
vector a, and the matrix A

Hermitian transpose of the vector a and the matrix A

identity matrix of size N x N

rank of the matrix A

eigenvalue of the matrix A

smallest eigenvalue of the matrix A, smallest spectral value of the
self-adjoint operator A

largest eigenvalue of the matrix A, largest spectral value of the self-adjoint
operator A

NE

definition

sets

real line, complex plane, set of all integers, set of natural numbers (including
Z€ero)

Hilbert space of complex-valued finite-energy functions

space of square-integrable functions bandlimited to B Hz

abstract Hilbert space

Hilbert space of square-summable sequences

inner product of the vectors a and b: (a,b) = 3", [a], ([b],)*

depending on the context: inner product in the abstract Hilbert space H or
inner product of the functions z(t) and y(t): (z,y) = [* x(t)y*(t)dt
squared £2-norm of the vector a: ||a]|> £ Y, |[a],|?

depending on the context: squared norm in the abstract Hilbert space H or
squared £2-norm of the function y(t): ||ly[? £ [*, ly(t)|? dt

identity operator in the corresponding space

R(A) range space of operator A
A* adjoint of operator A
z(f) Fourier transform of z(t): Z(f) £ [ x(t)e >/ dt
za(f) Discrete-time Fourier transform of z[k]: Z4(f) £ Y v w[k]e 127+/
References
[1] E. Kreyszig, Introductory Functional Analysis with Applications. Wiley, 1989.

[2] R.J. Duffin and A. C. Schaeffer, “A class of nonharmonic fourier series,” Trans. Amer. Math.
Soc., vol. 73, pp. 341-366, 1952.

[3] I. Daubechies, “The wavelet transform, time-frequency localization and signal analysis,” IEEE
Trans. Inf. Theory, vol. 36, pp. 961-1005, Sep. 1990.

43



[4]

[16]

[17]

[18]

[20]

[21]

——, Ten lectures on wavelets. CBMS-NSF Regional Conference Series in Applied Mathe-
matics, 1992.

C. E. Heil and D. F. Walnut, “Continuous and discrete wavelet transforms,” SIAM Rev.,
vol. 31, pp. 628666, Dec. 1989.

R. M. Young, An Introduction to Nonharmonic Fourier Series. New York: Academic Press,
1980.

D. L. Donoho, “De-noising by soft-thresholding,” IEEE Trans. Inf. Theory, vol. 41, no. 3, pp.
613-627, Mar. 1995.

D. L. Donoho and I. M. Johnstone, “Ideal spatial adaptation via wavelet shrinkage,”
Biometrika, vol. 81, no. 3, pp. 425-455, Aug. 1994.

M. Rupf and J. L. Massey, “Optimum sequence multisets for synchronous code-division
multiple-access channels,” IEEE Trans. Inf. Theory, vol. 40, no. 4, pp. 1261-1266, Jul. 1994.

M. Sandell, “Design and analysis of estimators for multicarrier modulation and ultrasonic
imaging,” Ph.D. dissertation, LulepaUniv.Technol., Lulepa, Sweden, Sep.1996.

R. W. Heath, Jr. and A. J. Paulraj, “Linear dispersion codes for MIMO systems based on
frame theory,” IEEE Trans. Signal Process., vol. 50, no. 10, pp. 2429-2441, Oct. 2002.

M. Rudelson and R. Vershynin, “Geometric approach to error correcting codes and reconstruc-
tion of signals,” International Mathematics Research Notices, no. 64, pp. 4019-4041, 2005.

Y. C. Eldar and G. D. Forney, Jr., “Optimal tight frames and quantum measurement,” IEFFE
Trans. Inf. Theory, vol. 48, no. 3, pp. 599-610, Mar. 2002.

H. Bolcskei and F. Hlawatsch, “Noise reduction in oversampled filter banks using predictive
quantization,” IEEE Trans. Inf. Theory, vol. 47, no. 1, pp. 155-172, Jan. 2001.

H. Bolcskei, “Oversampled filter banks and predictive subband coders,” Ph.D. dissertation,
Technische Universitat Wien, Nov. 1997.

J. J. Benedetto, A. M. Powell, and O. Yilmaz, “Sigma-delta (XA) quantization and finite
frames,” IEEE Trans. Inf. Theory, vol. 52, no. 5, pp. 1990-2005, May 2006.

D. L. Donoho, “Compressed sensing,” IEFEE Trans. Inf. Theory, vol. 52, no. 4, pp. 1289-1306,
Apr. 2006.

E. J. Candés and T. Tao, “Near-optimal signal recovery from random projections: Universal
encoding strategies?” IEEFE Trans. Inf. Theory, vol. 52, no. 12, pp. 5406-5425, Dec. 2006.

D. L. Donoho and M. Elad, “Optimally sparse representation in general (nonorthogonal) dic-
tionaries via I' minimization,” Proc. Natl. Acad. Sci. USA, vol. 100, no. 5, Mar. 2003.

J. Kovacevié and A. Chebira, An Introduction to Frames, ser. Foundations and Trends in
Signal Processing. NOW Publishers, 2008.

O. Christensen, An Introduction to Frames and Riesz Bases. Boston, MA, U.S.A.: Birkh&user,
2003.

44



[22] H. Liitkepohl, Handbook of Matrices. Chichester, U.K.: Wiley, 1996.

[23] A. Ben-Israel and T. N. Greville, Generalized Inverses: Theory and Applications, 2nd ed.
Canadian Mathematical Society, 2002.

[24] D. Han and D. R. Larson, “Frames, bases and group representations,” Memoirs of the Amer-
ican Mathematical Society, vol. 147, 2000.

[25] E. M. Stein and G. Weiss, Introduction to Fourier Analysis on Euclidean Spaces. Princeton
Univ. Press, 1971.

. W. Oppenheim, A. S. Willsky, and S. Hamid, Signals and Systems, 2nd ed. Prentice Hall,
26] A.W.O heim, A. S. Willsk d S. Hamid, Signal dS 2nd ed. P ice Hall
1996.

[27] 1. Daubechies, A. Grossmann, and Y. Meyer, “Painless nonorthogonal expansions,” J. Math.
Phys., vol. 27, no. 5, pp. 1271-1283, May 1986.

45



	Introduction
	Examples of Signal Expansions
	Signal Expansions in Finite-Dimensional Hilbert Spaces
	Orthonormal Bases
	General Bases
	Redundant Signal Expansions

	Frames for General Hilbert Spaces
	The Frame Operator
	The Canonical Dual Frame
	Signal Expansions
	Tight Frames
	Exact Frames and Biorthonormality

	The Sampling Theorem
	Sampling Theorem as a Frame Expansion
	Design Freedom in Oversampled A/D Conversion
	Noise Reduction in Oversampled A/D Conversion

	Important Classes of Frames
	Weyl-Heisenberg Frames
	Wavelets

	Suggested Additional Exercises

