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ORTHOGONAL WAVELET FRAMES GENERATED BY THE
WALSH POLYNOMIALS
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ABSTRACT. Continuing our investigation on wavelet frames associated with the
Walsh polynomials, in this article we give an algorithm for constructing a pair of
orthogonal wavelet frames generated by the Walsh polynomials using polyphase ma-
trices. Moreover, a general form for all orthogonal tight wavelet frames generated
by an appropriate Walsh polynomial is also described and we investigate their prop-
erties by means of the Walsh-Fourier transform.
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1. INTRODUCTION

In recent years, the Walsh analysis has been innovated and investigated to vari-
ous fields of science and technology including signal processing, pattern recognition,
transform spectroscopy, sampling theory, differential and integral equations, quan-
tum mechanics and variational problems. Walsh functions were invented by J. L.
Walsh in 1923 and are the only known functions with desirable features comparable
to sine-cosine functions. These functions are defined on the interval 0 < z < 1
and assume only the values +1 and —1. Similar to those of the Haar functions and
trigonometric series, they form a complete orthogonal system in L2[0, 1]. There are
two ways of considering these functions: either they may be defined on the positive
half-line R™ or they may be identified with the characters of the locally compact
Abelian group Gg which is isomorphic to the Cantor dyadic group C. We work in
the former form.

The first construction of wavelets related to the Walsh functions was given by
Lang [7] via scaling filters and these wavelets turn out to be certain lacunary Walsh
series on the real line. Later, Farkov [4] introduced the notion of multiresolution
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analysis on a positive half-line R™ and pointed out a method for constructing com-
pactly supported orthogonal p-wavelets related to the Walsh functions. He also
proved a necessary and sufficient condition for scaling filters with p™ many terms
(p,n > 2) to generate a p-MRA in L?(R*). Recently, Shah [13] introduced the
concept of p-frame multiresolution analysis associated with Walsh polynomials on
positive half-line RT and established a complete characterization of all p-wavelet
frames related with p-FMRA using the shift-invariant space theory. Recent results
in this direction can also be found in [1,3,5,9-15,18] and the references therein.

Along with the study of compactly supported wavelet bases, there had been a
continuing research effort in the study of wavelet frames and their promising features
in applications have attracted a great deal of interest in recent years to extensively
study them. A wavelet frame is a generalization of an orthonormal wavelet basis
by introducing redundancy into a wavelet system. Dyadic wavelet frames on the
positive half-line R™ were constructed by Shah and Debnath [14] using the machin-
ery of Walsh-Fourier transforms. An excellent construction of tight wavelet frames
generated by the Walsh polynomials was first reported by the author in [12] by
adapting the extension principles of Daubechies et al.[2]. To be more precise, we
provide a sufficient condition for finite number of functions {1, 9, ..., %1} to form
a tight wavelet frame for L?(R*). These studies were continued by Shah and his
colleagues in [16,17], where they have provided some excellent tools for construct-
ing minimum-energy wavelet frames and periodic wavelet frames generated by the
Walsh polynomials on RT.

In this paper, we shall introduce the notion of orthogonal wavelet frames gener-
ated by the Walsh polynomials on positive half-line R* using extension principles. A
general algorithm for the construction of orthogonal tight wavelet frames related to
Walsh polynomials from a compactly supported scaling function is given. Moreover,
we investigate their properties by means of the Walsh-Fourier transforms.

The rest of the paper is organized as follows. In Section 2, we introduce some
notations and preliminaries related to the operations on positive half-line R* in-
cluding the definitions of Walsh-Fourier transform and MRA based wavelet frame
generated by the Walsh polynomials. In Section 3, we construct a pair of orthogonal
wavelet frames generated by the Walsh polynomials and establish more conditions
for the existence of orthogonal wavelet frames in L?(R*).

2. WALSH-FOURIER ANALYSIS AND MRA BASED WAVELET FRAMES

We start this section with certain results on Walsh-Fourier analysis. We present a
brief review of generalized Walsh functions, Walsh-Fourier transforms and its various
properties.
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As usual, let RT = [0, +00), ZT = {0,1,2,...} and N = Z* —{0}. Denote by [z]
the integer part of x. Let p be a fixed natural number greater than 1. For x € RT
and any positive integer j, we set

x; = [p'z](modp),  x_; = [p'/a](modp), (1)

where z;,x_; € {0,1,...,p—1}. It is clear that for each x € R™, there exist
k = k(x) in N such that z_; =0, Vj > k.
Consider on R the addition defined as follows:

r@y=> Gp T+ Gp,
7<0 3>0
with ¢; = x; + y;(modp), j € Z\ {0}, where (; € {0,1,...,p—1} and z;, y;
are calculated by (1). As usual, we write z = x © y if 2 ® y = x, where © denotes
subtraction modulo p in R'.
For x € [0,1), let ro(x) is given by

1, ifzel0,1/p)
ro(z) =
55,, ifxe [Ep_l,(f—i—l)p_l), (=1,2,...,p—1,
where £, = exp(2mi/p). The extension of the function ro to R* is given by
the equality ro(x + 1) = ro(z), * € RT. Then, the generalized Walsh functions
{wp,(z) : m € ZT} are defined by

k
wo(x) =1 and wp(z) = H (ro(p'z))"
=0

where m = Z?:o wip’, pi € {0,1,...,p—1}, pp # 0. They have many prop-
erties similar to those of the Haar functions and trigonometric series, and form a
complete orthogonal system. Further, by a Walsh polynomial we shall mean a finite
linear combination of Walsh functions.

For z,y € R+, let

2T
x(ay) =exp | == D (wy—i+xy) | (2)
=1

where x;,y; are given by (1).
We observe that

X(w,;:):x<;;,m>:wm (;l), Vael0,p”), mnezZt,
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and

x(x @y, z) =x(x,2) x(y,2), x(xoy,2)=x(z,2)x(y,2),
where z,y,2 € RT and x @ y is p-adic irrational. It is well known that systems
{x(a, )}l and {x(-,a)}o>, are orthonormal bases in L?[0,1] (See Golubov et
al.[6]).
The Walsh-Fourier transform of a function f € L*(RT) N L?(R") is defined by

for = [ @@ g, ®)

where y(z, £) is given by (2). The Walsh-Fourier operator F : L' (RT)NL*(RT) —
L*(RY), Ff = f, extends uniquely to the whole space L?(R*). The properties of the
Walsh-Fourier transform are quite similar to those of the classic Fourier transform

(See [6]). In particular, if f € L2(R*), then f € L2(Rt) and

|4

PR HfHLQ(RJr)' (4)
For given W := {t1,...,v¢} C L?*(R"), define the wavelet system
F@) = {¥fu@) = Puson), jezkezt1<e<L), ()

The wavelet system F (V) is called a wavelet frame, if there exist positive con-
stants A and B such that

L
Alflls <2070 30 Kewean)|” < Bl 1l (6)

(=1 jEZ kez+

holds for every f € L*(RT), and we call the optimal constants A and B the
lower frame bound and the upper frame bound, respectively. A tight wavelet frame
refers to the case when A = B, and a Parseval wavelet frame refers to the case when
A = B = 1. On the other hand if only the right hand side of the above double
inequality holds, then we say F (V) a Bessel system.

Corresponding to the system (5), we have the dual system as

F@) = {6}, = Poweor), jezker 1< < L. (7)

If both F(¥) and F(®) are wavelet frames and for any f € L?(R*), we have the
reconstruction formula

L
F=Y000 0 (Ftbegn)de (8)

(=1 jEL keZ+
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in the L2-sense, then we say that F(®) is a dual wavelet frame of F(¥) (and
vice versa) or we simply say that (F(V), F(®)) is a pair of dual wavelet frames.

The most common method for constructing wavelet frames relies on unitary ex-
tension principles (UEP) introduced by Ron and Shen [8] and subsequently extended
by Daubechies et al.[2] in the form of the oblique extension principle (OEP). Com-
pared to other wavelet frame characterizations, the conditions indicated in the two
extension principles are practically easy to check, which makes the construction of
wavelet frames painless. Following the unitary extension principle, one often starts
with a refinable function ¢ or even with a refinement mask to construct desired
wavelet frames.

A compactly supported function ¢ € L?(R™) is said to be p-refinable if it satisfies
the following refinement equation

pr—1

p@)=p Y approk), zecR? (9)
k=0

where ¢ are complex coefficients. In the Fourier domain, the above refinement

equation can be written as
. IAPNES )
=ho! = =, 10
CENOEE (10)

ho(©) = 3 e (). a1)
k=0

where

is a generalized Walsh polynomial, which is called the mask or symbol of the p-
refinable function ¢ and is of course a p-adic step function. Observe that wy(0) =
$(0) = 1. By letting £ = 0 in (10) and (11), we obtain 227:01 ¢ = 1. Since
¢ is compactly supported and in fact suppy C [0,p" 1), hence $(€) = 1 for all
€ € [0,p'") as $(0) = 1. Further, it is proved in [4] that a function ¢ € L?(R")
generates a p-MRA in L?(R") if and only if

2.

keZ+

oo k‘)‘Z =1, for a.e. £ €[0,1], lim }@(p‘jf)‘ =1, for a.e. £ €RT.
j—00
(12)

Suppose W = {91,...,9r} is a set of p-MRA functions derived from

he (§) = he (i) ¢ <i> ; (13)
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where

he(€) =Y dywi(§), £=1,...,L (14)

are the generalized Walsh polynomials, called the wavelet masks or high pass
filters of wavelet frame. With hy(§), ¢ =0,1,...,L, L > p—1 as the Walsh poly-
nomials (wavelet masks), we formulate the matrix M (§) as:

ho(§) ho(€@1/p) ... ho(§®(p—1)/p)
H(E) = hl:(f) hl(fﬂ:ﬂ/P) hl(f@(}:’—l)/P) (15)
hr(§) hpo(6@1l/p) ... hp(®(p—1)/p)

The matrix H (&) is called the modulation matriz. The so-called unitary extension
principle (UEP) provides a sufficient condition on ¥ = {¢1,...,%r} such that the
wavelet system F (W) given by (5) constitutes a tight frame for L?(R*). It is well
known that in order to apply the UEP to derive wavelet tight frame from a given
refinable function, the corresponding refinement mask must satisfy

p—1

S lho(¢@k/p)|? <1, €eRY. (16)

k=0

In [12], the author has given a general procedure for the construction of tight
wavelet frames generated by the Walsh polynomials using unitary extension prin-
ciples and established a complete characterization of such frames by virtue of the
modulation matrix H(§). More precisely, we prove that the wavelet system F (W)
given by (5) forms a tight wavelet frame for L?(R*) if the modulation matrix H (&)
given by (15) satisfy the UEP condition

HEH (&) =1, for ae. &€ o(Vp), (17)

where o(Vp) :={€ € [0,1] : Y pep+ [2(E D k) [* # 0}

3. ORTHOGONAL WAVELET FRAMES RELATED TO WALSH POLYNOMIALS

In this section, we present an algorithm for constructing orthogonal wavelet frames
generated by the Walsh polynomials based on polyphase representation of wavelet
masks.
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Polyphase matrix plays an important role in the design and efficient implementa-
tions of filter banks with the desired properties. The polyphase representation of the
refinement mask hg(€) can be derived by using the properties of Walsh polynomials
as

where

p"—1

,UO,m(é.) = \/5 Z Cpk+mwk(£)7 m:O,l,...,p—l. (18)

k=0

Similarly, the wavelet masks hy(§),1 < ¢ < L, as defined in (14) can be splitted
into polyphase components as

1 22
h = = m )
(§) \/ﬁéw,m(pﬁ)w ) (19)
where
P -1
Mf,m(g) = \/23 Z df)k—&-mwk(g)a mZO,l,...,p—l. (20)
k=0

With the polyphase components given by (18) and (20), we formulate the polyphase
matriz T'(§) as:

poo(§)  m1o(€) oo pLo(§)
I(e) = Mo,:1 (3] /u,l:(f) ,UL,T(O (21)
pop-1(&) pip-1(§) ..o prp-1(§)
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The polyphase matrix I'(¢) is called a unitary matriz if

LT (pg) = Ip, a.e.§ €[0,1] (22)

which is equivalent to

L L
> b (PO g, (PE) = 8, pr & > byt (PE) e, (PE) = 6, 1t — 10,- (P g v (PE), O < ry7’ < p—1. (23)
=0 =1

The following theorem is proved in [18] which shows that a unitary polyphase
matrix leads to a tight wavelet frame generated by Walsh polynomial on R*.

Theorem 1. Let ¢ € L>(R") be a compactly supported refinable function and every
element of the framelet symbols, ho(§),he(€), ¢ =1,2,...,L, in (11) and (14) is a
Walsh polynomial. Moreover, if the polyphase matriz I'(§) given by (21) satisfy UEP
condition (22), then the wavelet system F(¥) given by (5) constitutes a tight frame
for L2(R1).

Given a collection of Walsh polynomials H = [hg,h,...,hr]. Consider the
following matrices

ho(€) ho(§ @ o) hi(§)  hi(§ @ )
M(E) = hi(§)  hi(§ EB k) | Molé) = h2:(§) ha(§ EB k) (24)
hr(§)  ho(§® k) hp(§)  hr(§® k)

where 0, = k/p, for k =1,2,...,p—1. Let there be another wavelet frame whose
Walsh polynomials are given by ho, hi, . .., hr. Denoting the matrices as in (24) for
these wavelet masks by /\;l(é) and ./\;lo(f), respectively. With the above definitions,
we present an algorithm for constructing arbitrarily many orthogonal wavelet frames
generated by the Walsh polynomials on R*.

Theorem 2. Suppose that ¢, € L?(R*) are compactly supported refinable func-
tions which satisfy the conditions of the unitary extension principle, and let hy(&), Bo(f )
be the associated low-pass filter. Let the corresponding high-pass filters be hy, iLg, =
1,2,..., L. Let the matrices M(&), Mo(€), M(£) and Mo (€) be as defined in (24).
For all 6, k =1,2,...,p — 1, suppose that the following matrix equations hold for

a.e. £ €RT,
M EOM(E) =T, M (EM(E) =T, and Mo(E)Mo(€) =0.  (25)

Let 1 (€) = he(p™')p(p™"€) and oy (§) = he(p~€)P(p'¢), 1 < £ < L. Then
{1,%2,...,0L} and {¢1,P2,...,0L} generate orthogonal wavelet tight frame.
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Proof. From the unitary extension principle, it follows that both {t1,9,...,v¥1}
and {¢1,¢2,...,¢r} generate normalized tight wavelet frames for L?(R*). Thus,
it only remains to prove the orthogonality of these wavelet frames. For each ¢ =
1,2,...,L, by Holder’s inequality and virtue of the fact that 1, and ¢, generate
Bessel sequences, we have

> ‘@z(ﬁjﬁ)éz P’

JEZ

o)< [Slawo| ) [ |awe| | <o 0)
JET JEL

Thus, the order of summation can be changed. With this, by equation (25), we
have

L
SN G () de(pi€) = zzm P (pi 1) B(pI1E)
(=1 jeZ (=1 jEZ
L —
=Y eGP ) D he(p T Ohe(pi1E)
JEZ (=1
=0

I

holds for almost every ¢ € RT. Likewise, for k € ZT \ pZ*, again by (25), we
obtain

L o
SN b e (pi (€ @ k)

£=1 j=0

S e )G e (1 (E @ k) (i (€ @ k)

15=0

0
Mh

~
Il

p"qg

L
PP OEP €D R) D b TR (1 (E D F)
(=1

I
=0
o

This completes the proof of the theorem.

Next, we briefly describe how to obtain a pair of compactly supported orthogonal
tight frames from a given compactly supported tight frame system F(¥) constructed
via the UEP. More precisely, we construct a pair of orthogonal wavelet frames gener-
ated by the Walsh polynomials for the space L?(R™) with slightly different approach
as described in Theorem 2.

Let A be a 2L x 2L paraunitary matrix. Partition A = (A; : As) where A; and
Ay are the first and last L columns of A. Let B and C be the matrices as
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1 0 1 0
s=(o &) (0 &)

With B and C' in hand, we construct new polyphase matrices as I'y = BI', I'y =
CT. The new polyphase matrix I'; looks like
10 - 0 ro0(§)  po1(§) .o pop-1(8)
r 0 an -+ ar p10(€)  pa(€) oo pap-1(8)
1= . . ) . . . ) .
0 apry -+ a2rr nro(€) pra() - prp-1(8)

10,0(§) 0,1 (§) o po,p—1(§)
L L

L
S arLpeo€) D arepen©) o D arepep-1()
=1 =1 =1

L L L
D asnepeo(€) D asepen€) .. D asrepp(é)
/=1 /=1 /=1

It is easy to verify that both the matrices 'y and I's constructed above are uni-
tary. Moreover, under this algorithm the scaling function does not change. There-
fore, for k =1,2,...,2L, the new wavelet masks G () are given by

Zwm Zaké pf Mmﬁ(g)
—Zakfpf Zwm MmZ )

= Z ak,e(P§)he (). (27)
/=1
Likewise one obtains G(€) as
2L
G = 3 anspEh(e). (28)
(=L+1

Let M(€) and M(€) be as in equation (24). Then, M*(§)M(€) = Iz, MH(EM(E) =
15, as both the matrices M and M consist of the columns of the modulation matri-
ces. This satisfies one of the conditions of Theorem 2.
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Lemma 3. Let M(£) and M(€) be the matrices of Walsh polynomials (wavelet
masks) as in Theorem 2 Then

Mo (€)* Mo (€) = 0. (29)

Proof. Since the entries of matrix A are Walsh polynomials, so they are periodic in
each components. Therefore, we have

Apm (P(E® 61)) = Apm (€ D pSe) = Agn (pE).

Hence, equations (27) and (28) can be expressed as:

L 2L
Ge(§@6r) = ane@O)he(€@ ), Gr(€®00) = > are(E)he(§® b0).
/=1 {=L+1

Thus, we have

L L
Zal,L(pf)hz(f) Zam(pf)hz(f @55)
=1 =1

L L
> aaL(Oh(§) Y aze(phe(€ &)
/=1

(=1

L ' L
> an@Ohe(€) > anepé)hi(§® b)
=1 =1

ar1(p€) a12(p§) - a1,L(pf) hi(§)  hi(§® )
_ az1(p§) az1(ps) ---  ag,L(pf) h2(€) ha(§ © d¢)
aL,1‘(p§ ) U«L,Q.(pf) - CLL,L.(pf ) hL'(f ) ho(§ ‘@ de)

The corresponding dual matrix Mo(£) can be obtained similarly. Using the fact
that the matrix A is paraunitary, it follows that Mg (€)* My(&) = 0.
For k=1,2,...,2L, we consider the new wavelet system as

i (p€) = GR(©)@(€), % (p€) = Gr(€)H(€)
and let U* = {wi*,q,b;, .. .,w;L} and ®* = {df{,d);, .. .,d);L}.

Theorem 4. The wavelet systems F(¥*) and F(®*) generated by {¢7,13,..., 95, }
and {¢%, ¢35, ..., 05} form a pair of orthogonal wavelet frames for L2(R™).
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Proof. The proof of the theorem follows immediately from Theorem 1, Lemma 3
and the fact that the matrices I'y and I's are unitary.

The following result show the relationship between a pair of orthogonal MRA
based wavelet frames generated by the Walsh polynomials.

Theorem 5. Suppose that F(¥) and F(®P) are a pair of orthogonal MRA wavelet
frames generated by the Walsh polynomials. If P(¥) = P(®) and there exists func-
tions h,g € L?(R") such that W9 := {7, 99, ..., 47} and ®" := {oh, @b, ... ¢}
are wavelet frames, where ¢ and ¢} are defined by 1&? (&) = Pe(€)§(8), Pp(E) =
be(E)M(E), 1 < € < L, respectively. Then, F(¥9) and F(®") are a pair of orthogonal
wavelet frames for L?(R™).

Proof. Suppose that F(V¥) and F(®) are a pair of orthogonal wavelet frames in
L*(R*) and P(¥) = P(®). Then, by the property of MRA based wavelet frames,
for any n # m € Z, we have P(p"W¥) L P(p"®). Therefore, for all f; € P(¥), we
have

L
0=Pf(x ZZZ@ ) e (P O k) )Pz o k) =3 S Cf pbulw O k),
=1 jEZ keZ+ =1 kezZt+
(30)
where C’f p = (fi(=) k)). For any f € L*(R"), we define f = fi + fo,

where fi € P(V), fa € LQ(R+) \ P(W), then, (fi, f2) = 0. With this, we get

L
Pht Z > (hil@) el e k) Jode k) =30 3 Chyulz o k) =0
(=1 keZ+t (=1 keZ*
(31)
Combining (30) and (31), we conclude that

Pf(z) = Pfi(z) + Pfa(z) = 0. (32)
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Since qgé}(ﬁ) = de(&)h(€) and Pf(x) = 0, we have

Pf(
= Z Z Cfxe(€)
; ezt
.
/=1

Z hade(€ )+ Z > Cfx®el€) wi(€)

=1 kez+

L
Z 3 b ©un© + >N cme(&)wk(g))

(=1 kez+ (=1 kez+
L L
=535 O w b ©un©) + 30 S O dh(€) wi(©)
(=1 kez+ (=1 kez+
L
=D > Chadl (€ wr(9). (33)
=1 keZ+

Applying inverse Walsh-Fourier transform on equation (33), we obtain

0=Pf(x Z Z Cl il (x (34)

=1 kezZ+

From the above equality, we deduce that

L
ZZC§k< )6 (z O k) = < ,ZZka¢gx6k>
(=1 keZ+ 0=1 keZ+

= {f@.0)
:< VY (e ¢M@k)>w<xek>>.

=1 keZt+

Thus, we have

L
S Y (@)t (o k) o k) =0. (36)

=1 kezZt+
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In a similar manner, we can show that

Z > (f@),ét (o k) )iz o k) =o. (37)

{=1 keZt

Therefore, for any j € Z, we have

L
Ty (1@). ot wrer) )slwaer) =p7 > S (f(pa) ot (e k) i (ek) =0.
(=1 kezt+ (=1 kezZt+

(38)

Putting everything together, we conclude that

ZZO ), 6% ij@k)>¢g(pjx@k:):0.

l=1 keZt+

Hence, F(¥9) and F(®") constitutes a pair of orthogonal wavelet frames gener-
ated by Walsh polynomials for L?(R*).

The following theorem describes a general construction algorithm for orthogonal
wavelet tight frames related to the Walsh polynomials.

Theorem 6. Suppose A(&) is an L x L paraunitary matrix with integral periodic
entries ag,(§) and let A,,(¢) denotes the mth column. Let hg,hq,...,hr be the
Walsh polynomials (masks) given by (11) and (14) such that H*()H(§) = Io,
where H = [ho(£), h1(§), ..., hr(§)] is the combined mask of the wavelet masks, and
let the wavelet system F(¥) forms a normalized wavelet frame for L%(R*). For
m=1,2,..., L, define new wavelet masks via

77?,11 €3]
77??2 &)
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Then, for m = 1,2,..., L, the wavelet systems generated by W = {w:{f[
n < N, 1< /¢ < L}, obtained via

Une(PE) = Npe(§)P(E), (40)
are tight wavelet frames and are pairwise orthogonal.

Proof. We first prove that the systems F(¥™),1 < m < L are tight wavelet frames
for L2(R™). To do so, we first consider

Mm = h0(§)7 77??1(6)7 77??2(§>7 s 777717?L(§)7 775?1(5)7 cee 7775?L(€)7 cee 7”%,1(5)7 ce 7”%,L(§)] :
Then, we define M, (§) according to (24) as

ho(€) ho(§ @ d)
UIRLSS) n (€ & k)
ns(&) N2 (€ © )

mp€)  nL(§® o)
31 (§)  meh(§ S 0k)

n5 (&) 3L (§ @ 0k)

O (D)
€)@ 5)

.1 (€) .z (§ & 0k)

where 0 = k/p, for k =1,2,...,p— 1. Clearly, M} (§)M,,(§) is a 2 x 2 matrix.
Next, we examine the entries of MY (§)M,(§) individually. Since the columns of
A(€) have length 1, it follows that

M ()M (€ ] = |ho(€)[* +ZZ\azm

/=1 n=1

L N
= 1h0(&)]* + " laeam(©)? Y [ra(©)]
= n=1
ZNl
= [mo© +_ |(©)]
n=1

= 1.
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Similarly,

M () Mo (€ ] = |hol€ & 0)) [ +ZZ{aem£@5k) o (€ ® 00)|*

(=1 n=1

= |ho(€ @ &) + Z Z |aem(€ ® 8)|*|hn (€ ® 83)|

(=1 n=1
N
= |ho(€ ® &) + 3 |hn(€ @ 6)|
n=1
=1.

Using the fact that M*(§)M() = I and all the entries of A(&) are integral
periodic, we obtain

EM~
Mz I MZ

M (Mu(€)] = ho(€ @ 64)hoE)

1,2

)

agm (& D 0)hn(€ D 6k) aem(§) hn(§)

M=

= ho(€ @ ) ho(€) + \ae,m(ﬁ)VWhn(& ® O,

~
Il
—_
3

1

E

= ho(§ @ 0)ho(§) + D> ha(§)hn(€ @ 0k)

n=1

=0.

By the conjugate symmetry of M} (§)M,,(§), the entry (2,1) must be zero.
Hence, we can say that

ML (OMp(§) =, 1<m<L. (42)

Putting everything together, from Theorem (2), the wavelet systems JF(U™)
defined via (40) are tight wavelet frames for L?(RT). It only remains to prove the
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orthogonality. According to equation (24), for 1 < m < L, we have

ni(€) N (€ @ ox)
ni2(€) N2 (€ @ ox)

) €D by
mLE) (o o) A ©Om(€)  An(€® 80 (€® )

= : : = Am h2 Am 1) hQ 1)
MO,(&) = L €)  npL(E® o) = (f? (©) e k? (=)
: : An©hn(€) Al ® 60 hn (€ B 55
ML) R (ED o) ©hn(0) RITNAS O

Ny ,2(§) n2(€ @ Ok)

G T

If 1 <m#m' <L, then

MO (€)* M, (©)

Am (§)h1(€) Am(E®oR)h1(ED o) \ ™ A, (€)h1(8) A1 (€D Sk)h1(E @ Oy)
A (€)ha (&) A (€ © 85)ha (€ ® ) ] [ A (€)ha(€) A (€@ 8)ha(€ @ 6y)
Am(©hN(E)  Am(€® Sp)hn (€ ® 5) A (Ohn (©) At (6 ® 65)hn (€ @ 63)
N N
AL ()AL, (€) D [hn(©))? A% ()AL (EBSK) D hn(E)hn(E D k)
— n=1 n=1
= N N
Ap (€@ 1) AL (8) D hn (€D 0p)hn(€) Ap (E® )AL (EB ) Y hn(E® 6x)hn(€ @ 3y)
n=1 n=1
N N
A% ()AL, (€)Y 1ha (O AL (O AL (E) Y i (O)hn (€ @ 6k)
— n=1 n=1
= N N
Ar (E®8k)AL1(8) D hn (€@ Sk)hn(€) Ar (E®8k)AL1(E) D hn(€ @ Sk)hn (€ B k)
n=1 n=1

=0,

where we use the fact that the product of the two matrices A} (£)A,,/ (&) = 0
by the orthogonality of the columns of A(£). Using Theorem 2, we get the desired
result.
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