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SUFFICIENT CONDITIONS FOR NONUNIFORM WAVELET

FRAMES ON LOCAL FIELDS ∗

Firdous A. Shah, Owais Ahmad and Huzaifa Jan

Abstract. The main objective of this paper is to establish a set of sufficient conditions
for nonuniform wavelet frames on local fields of positive characteristic. The conditions
proposed are stated in terms of the Fourier transforms of the wavelet system’s generating
functions.
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1. Introduction

A field K equipped with a topology is called a local field if both the additive K+

and multiplicative groups K∗ of K are locally compact abelian groups. By a local
field, we mean a locally compact, non-discrete, complete and totally disconnected
field. The p-adic fields and p-series fields (Vilenkin p-groups), as well as their finite
algebraic extensions, are the only examples of such fields. The local fields are
essentially of two types: zero and positive characteristic (excluding the connected
local fields R and C). If K is of characteristic zero, then K is either p-adic field Qp
for some prime p, or a finite algebraic extension of such a field. If the characteristic
of K is positive, then K is a field of formal power series over a finite field GF (pc). If
c = 1, then it is a p-series field. If c > 1, then K is an algebraic extension of degree
c of a p-series field. For more details about local fields, we refer to the monograph
[11].

Despite the fact that the structures and metrics of p-adic fields and local
fields of positive characteristic are comparable, their wavelet and multiresolution
analysis (MRA) theory are quite different. The notion of MRA on local fields of
positive characteristic was introduced by Jiang et al.[6]. In fact, they brought up
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a technique for constructing orthogonal wavelets on local fields and established a
necessary and sufficient condition for the solution of refinement equation to generate
an MRA for L2(K). Recently, Shah and Abdullah [9] have generalized the concept
of multiresolution analysis on Euclidean spaces Rn to nonuniform multiresolution
analysis on local fields of positive characteristic, in which the translation set acting
on the scaling function associated with the multiresolution analysis to generate the
core space V0 is no longer a group, but is the union of Z and a translate of Z,
where Z = {u(n) : n ∈ N0} is a complete list of (distinct) coset representation
of the unit disc D in the locally compact abelian group K+. More precisely, this
set is of the form Λ = {0, u(r)/N} + Z, where N > 1 is an integer and r is an
odd integer such that r and N are relatively prime. They call this a nonuniform

multiresolution analysis on local fields of positive characteristic. As a consequence of
this generalization, they obtain a necessary and sufficient condition for the existence
of associated wavelets and extension of Cohen’s theorem.

The notion of frames was first introduced by Duffin and Shaeffer [3] in connec-
tion with some deep problems in nonharmonic Fourier series, and more particularly
with the question of determining when a family of exponentials

{

eiαnt : n ∈ Z
}

is
complete for L2[a, b]. Frames did not generate much interest outside non- harmonic
Fourier series until the seminal work by Daubechies et al.[2]. But in recent times,
there has been a great interest in the applications of redundant wavelet systems
(wavelet frames). In comparison with wavelet bases, wavelet frames provide more
informative mathematical representations, and efficient and fast implementations
with the same fundamental structure as orthonormal wavelet bases (See [1]). In
addition to this, researchers have come up with the new mathematical transforms
to analyze chirp signals namely the fractional wavelet transforms, the short-time
fractional Fourier transform, the ridgelet transform and so on. For more about frac-
tional wavelet transforms and their applications, we refer to [4, 5, 7]. The concept of
wavelet frames on local fields was introduced by Shah and Abdullah in [10], where
they established some characterizations of uniform wavelet frames on local fields
via Fourier transforms and in particular, demonstrate how to build the Parseval
wavelet frames for L2(K).

Concerning the construction of nonuniform wavelet frames on local fields, Shah
[8] has given a simple scheme for constructing nonuniform wavelet frames in L2(K)
using the basic concepts of operator theory and Fourier transforms. Motivating by
the fundament works in [8, 9], we will drive some new sufficient conditions for the
nonuniform wavelet systems to be frames on local fields by means of some basic
equations in the frequency domain.

This article is organized as follows. In Section 2, we provide a brief introduction
to Fourier analysis on local fields. Section 3 is devoted to the investigation of some
sufficient conditions for nonuniform wavelet systems to be frames in L2(K).
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2. Preliminaries on Local Fields

Let K be a fixed local field with the ring of integers D = {t ∈ K : |t| 6 1}.
Since K+ is a locally compact Abelian group, we choose a Haar measure dt for
K+. The field K is locally compact, non-trivial, totally disconnected and complete
topological field endowed with non–Archimeadean norm | · | : K → R+ satisfying

(a) |t| = 0 if and only if t = 0;

(b) |s t| = |s||t| for all s, t ∈ K;

(c) |s+ t| 6 max {|s|, |t|} for all s, t ∈ K.

Property (c) is called the ultrametric inequality. Let B = {t ∈ K : |t| < 1} be
the prime ideal of the ring of integers D in K. Then, the residue space D/B is
isomorphic to a finite field GF (q), where q = pc for some prime p and c ∈ N.
Since K is totally disconnected and B is both prime and principal ideal, so there
exist a prime element p of K such that B = 〈p〉 = pD. Let D∗ = D \ B =
{t ∈ K : |t| = 1}. Clearly, D∗ is a group of units in K∗ and if t 6= 0, then can write
t = pns, s ∈ D∗. Moreover, if Q = {am : m = 0, 1, . . . , q − 1} denotes the fixed full
set of coset representatives of B in D, then every element t ∈ K can be expressed
uniquely as t =

∑∞
ℓ=k cℓ p

ℓ with cℓ ∈ Q. Recall that B is compact and open, so each
fractional ideal Bk = pkD =

{

t ∈ K : |t| < q−k
}

is also compact and open and is a
subgroup of K+. We use the notation in Taibleson’s book [11]. In the rest of this
paper, we use the symbols N,N0 and Z to denote the sets of natural, non-negative
integers and integers, respectively.

Let χ be a fixed character on K+ that is trivial on D but non-trivial on B−1.
Therefore, χ is constant on cosets of D so if u ∈ Bk, then χu(t) = χ(u, t), t ∈ K.
Suppose that χu is any character on K+, then the restriction χu|D is a character
on D. Moreover, as characters on D, χu = χv if and only if u − v ∈ D. Hence, if
{u(n) : n ∈ N0} is a complete list of distinct coset representative of D in K+, then,
as it was proved in [11], the set

{

χu(n) : n ∈ N0

}

of distinct characters on D is a
complete orthonormal system on D.

Definition 2.1. The Fourier transform of f ∈ L1(K) is denoted by f̂(ω) and
defined by

(2.1) f̂(ω) =

∫

K

f(t)χω(t) dt.

Note that

f̂(ω) =

∫

K

f(t)χω(t) dt =

∫

K

f(t)χ(−ωt) dt.

The properties of Fourier transform on local field K are much similar to those of
on the real line. In fact, the Fourier transform have the following properties:
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• The map f → f̂ is a bounded linear transformation of L1(K) into L∞(K),

and
∥

∥f̂
∥

∥

∞
6

∥

∥f
∥

∥

1
.

• If f ∈ L1(K), then f̂ is uniformly continuous.

• If f ∈ L1(K) ∩ L2(K), then
∥

∥f̂
∥

∥

2
=

∥

∥f
∥

∥

2
.

The Fourier transform of a function f ∈ L2(K) is defined by

(2.2) f̂(ω) = lim
k→∞

f̂k(ω) = lim
k→∞

∫

|t|6qk
f(t)χω(t) dt,

where fk = f Φ−k and Φk is the characteristic function of Bk. Furthermore, if
f ∈ L2(D), then we define the Fourier coefficients of f as

(2.3) f̂
(

u(n)
)

=

∫

D

f(t)χu(n)(t) dt.

The series
∑

n∈N0
f̂
(

u(n)
)

χu(n)(t) is called the Fourier series of f . From the stan-

dard L2-theory for compact abelian groups, we conclude that the Fourier series of
f converges to f in L2(D) and Parseval’s identity holds:

(2.4)
∥

∥f
∥

∥

2

2
=

∫

D

∣

∣f(t)
∣

∣

2
dt =

∑

n∈N0

∣

∣

∣
f̂
(

u(n)
)

∣

∣

∣

2

.

We now impose a natural order on the sequence {u(n)}∞n=0. We haveD/B ∼= GF (q)
where GF (q) is a c-dimensional vector space over the field GF (p). We choose a

set {1 = ζ0, ζ1, ζ2, . . . , ζc−1} ⊂ D∗ such that span{ζj}
c−1
j=0

∼= GF (q). For n ∈ N0

satisfying

0 ≤ n < q, n = a0 + a1p+ · · ·+ ac−1p
c−1, 0 ≤ ak < p, and k = 0, 1, . . . , c− 1,

we define

(2.5) u(n) = (a0 + a1ζ1 + · · ·+ ac−1ζc−1) p
−1.

Also, for n = b0 + b1q + b2q
2 + · · ·+ bsq

s, n ∈ N0, 0 ≤ bk < q, k = 0, 1, 2, . . . , s, we
set

(2.6) u(n) = u(b0) + u(b1)p
−1 + · · ·+ u(bs)p

−s.

This defines u(n) for all n ∈ N0. In general, it is not true that u(m + n) =
u(m) + u(n). But, if r, k ∈ N0 and 0 6 s < qk, then u(rqk + s) = u(r)p−k + u(s).
Further, it is also easy to verify that u(n) = 0 if and only if n = 0 and {u(ℓ)+u(k) :



Sufficient Conditions for Nonuniform Wavelet Frames 555

k ∈ N0} = {u(k) : k ∈ N0} for a fixed ℓ ∈ N0. Hereafter we use the notation
χn = χu(n), n > 0.

Let the local field K be of characteristic p > 0 and ζ0, ζ1, ζ2, . . . , ζc−1 be as
above. We define a character χ on K as follows:

(2.7) χ(ζµp
−j) =

{

e2πi/p, µ = 0 and j = 1,
1, µ = 1, . . . , c− 1 or j 6= 1.

3. Sufficient Conditions for Nonuniform Wavelet Frames

Let Z = {u(n) : n ∈ N0}, where {u(n) : n ∈ N0} is a complete list of (distinct)
coset representation of D in K+. For an integer N > 1 and an odd integer r with
1 ≤ r ≤ qN − 1 such that r and N are relatively prime, we define

(3.1) Λ =

{

0,
u(r)

N

}

+ Z =

{

u(r)k

N
+ u(n) : n ∈ N0, k = 0, 1

}

.

It is easy to verify that Λ is not a group on local field K, but is the union of Z and a
translate of Z. This set can be treated as the translation set. For j ∈ Z and λ ∈ Λ,
we define the dilation operator Dj and the translation operator Tλ as follows:

Djf(t) = (qN)j/2f
(

(p−1N)jt
)

and Tλf(t) = f(t− λ), f ∈ L2(K).

We are now in a position to define the concept of nonuniform wavelets on local
fields. For a given ψ ∈ L2(R), define the nonuniform wavelet system

(3.2) W(ψ, j, λ) =
{

ψj,λ(t) =: (qN)j/2ψ
(

(

p−1N
)j
t− λ

)

; j ∈ Z, λ ∈ Λ
}

.

It is worth noticing that, when N = 1, one recovers from the above nonuniform
system the usual wavelet system on local fields of positive characteristic p > 0.
When, N > 1, the dilation is induced by p−1N and |p−1| = q ensures that qNΛ ⊂
Z ⊂ Λ.

In frequency domain, system (3.2) can be written as

(3.3) ψ̂j,λ(ω) = (qN)−j/2ψ̂
(

(p−1N)−jω
)

χλ
(

(p−1N)−jω
)

.

The nonuniform wavelet system (3.2) is called a nonuniform wavelet frame, if there
exist positive numbers A,B > 0, so that

(3.4) A
∥

∥f
∥

∥

2

2
6

∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉∣

∣

2
6 B

∥

∥f
∥

∥

2

2
, for all f ∈ L2(K).

The largest A and the smallest B that can be used in the above inequalities are
called the lower and upper frame bounds. The wavelet frame is called tight if the
lower and upper frame bounds are same.



556 F. A. Shah, O. Ahmad and H. Jan

The following lemma will be used later in the proofs of the main results. For
a proof, we refer to [8].

Lemma 3.1. Suppose f ∈ L2(K) such that f̂ has compact support. If ψ ∈ L2(K)
and

sup
ω∈K

∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)
∣

∣

∣

2

<∞.

Then

(3.5)
∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉
∣

∣

2
=

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)∣

∣

∣

2

dω +Rn(f),

where Rn(f) = R0 +R1 + · · ·+RqN−1 and for 0 6 n 6 qN − 1, Rn is given by

Rn =
1

qN

∑

j∈Z

∑

m 6=n

∫

K

{

f̂
(

ω +
(

p−1N
)j
u(n)

)

ψ̂
(

(

p−1N
)−j

ω + u(n)
)

(3.6)

× f̂
(

ω +
(

p−1N
)j
u(m)

)

ψ̂
(

(

p−1N
)−j

ω + u(m)
)

[

1 + χ

(

u(r)u(m− n)

N

)]}

dω.

We now establish our first sufficient condition for the system (3.2) to be a wavelet
frame for L2(K). For this, we set

Q =
{

(p−1N)k + n : k ∈ N0, 1 6 ℓ 6 qN − 1
}

∆ψ(m) = sup
ω∈C−1\D

∑

j∈Z

∣

∣

∣
βψ

(

m,
(

p−1N
)−j

ω
)
∣

∣

∣
,

where C−1 = {t ∈ K : |t| 6 (qN)} and

βψ
(

m,ω
)

=
∑

k∈N0

ψ̂
(

(

p−1N
)k
ω
)

ψ̂
(

(

p−1N
)k(

ω + u(m)
)

)

.

Theorem 3.2. Suppose ψ ∈ L2(K) such that

A1 = inf
ω∈C−1\D

∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)∣

∣

∣

2

−
∑

r 6=s∈Q

[

∆ψ

(

u(r−s)
)

·∆ψ

(

−u(r−s)
)

]1/2

> 0,

B1 = sup
ω∈C−1\D

∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)
∣

∣

∣

2

−
∑

r 6=s∈Q

[

∆ψ

(

u(r−s)
)

·∆ψ

(

−u(r−s)
)

]1/2

< +∞.

Then
{

ψj,λ : j ∈ Z, λ ∈ Λ
}

is a wavelet frame for L2(K) with bounds A1 and B1.
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Proof. By Lemma 3.1, we have

∣

∣Rn(f)
∣

∣ 6
1

qN

qN−1
∑

m=0

∑

j∈Z

∫

K

∣

∣

∣
f̂(ω)ψ̂

(

(

p−1N
)−j

ω
)∣

∣

∣







∑

n6=m

∣

∣

∣
f̂
(

ω +
(

p−1N
)j
u(n−m)

)

× ψ̂
(

(

p−1N
)−j

ω + u(n−m)
)

∣

∣

∣

∣

}

dω

=
1

qN

qN−1
∑

r=0

∑

j∈Z

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣







∑

k∈N0

∑

r 6=s∈Q

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)

× f̂
(

ω +
(

p−1N
)j+k

u(r − s)
)

ψ̂
(

(

p−1N
)−j

ω +
(

p−1N
)k
u(r − s)

)

∣

∣

∣

∣

}

dω

=
1

qN

qN−1
∑

r=0

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣







∑

k∈N0

∑

r 6=s∈Q

∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j+k

ω
)

× f̂
(

ω +
(

p−1N
)j
u(r − s)

)

ψ̂
(

(

p−1N
)−j+k

ω +
(

p−1N
)k
u(r − s)

)

∣

∣

∣

∣

}

dω

=
1

qN

qN−1
∑

r=0

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣







∑

j∈Z

∑

r 6=s∈Q

∣

∣

∣
f̂
(

ω +
(

p−1N
)j
u(r − s)

)

×
∑

k∈N0

ψ̂
(

(

p−1N
)−j+k

ω
)

ψ̂
(

(

p−1N
)k(

(p−1N)−jω + u(r − s)
)

)

∣

∣

∣

∣

∣

}

dω

=
1

qN

qN−1
∑

r=0

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣







∑

j∈Z

∑

r 6=s∈Q

∣

∣

∣
f̂
(

ω +
(

p−1N
)j
u(r − s)

)

×
∣

∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)∣

∣

∣

}

dω

=
1

qN

qN−1
∑

r=0

∑

j∈Z

∑

r 6=s∈Q

∫

K

{

∣

∣

∣
f̂(ω)

∣

∣

∣

∣

∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)∣

∣

∣

1/2
}

×

{

∣

∣

∣
f̂
(

ω +
(

p−1N
)j
u(r − s)

)∣

∣

∣

∣

∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)∣

∣

∣

1/2
}

dω

6
1

qN

qN−1
∑

r=0

∑

j∈Z

∑

r 6=s∈Q

{
∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)
∣

∣

∣
dω

}1/2

×

{
∫

K

∣

∣

∣
f̂
(

ω +
(

p−1N
)j
u(r − s)

)∣

∣

∣

2 ∣
∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)∣

∣

∣
dω

}1/2

6
1

qN

qN−1
∑

r=0

∑

r 6=s∈Q







∑

j∈Z

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)∣

∣

∣
dω







1/2
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×







∑

j∈Z

∫

K

∣

∣

∣
f̂
(

ω +
(

p−1N
)j
u(r − s)

)
∣

∣

∣

2 ∣
∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)
∣

∣

∣
dω







1/2

=
1

qN

qN−1
∑

r=0

∑

r 6=s∈Q







∑

j∈Z

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣

∣
βψ

(

u(r − s),
(

p−1N
)−j

ω
)
∣

∣

∣
dω







1/2

×







∑

j∈Z

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣

∣
βψ

(

− u(r − s),
(

p−1N
)−j

ω
)∣

∣

∣
dω







1/2

6
1

qN

qN−1
∑

r=0

∑

r 6=s∈Q

{
∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2

∆ψ

(

u(r − s)
)

dω

}1/2

×

{
∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2

∆ψ

(

− u(r − s)
)

dω

}1/2

=
1

qN

qN−1
∑

r=0

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2

dω
∑

r 6=s∈Q

[

∆ψ

(

u(r − s)
)

·∆ψ

(

− u(r − s)
)

]1/2

.

Consequently, it follows that

∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉
∣

∣

2
>

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2







∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)
∣

∣

∣

2

−
∑

r 6=s∈Q

[

∆ψ

(

u(r − s)
)

·∆ψ

(

− u(r − s)
)

]1/2







dω(3.7)

and
∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉
∣

∣

2
6

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2







∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)
∣

∣

∣

2

+
∑

r 6=s∈Q

[

∆ψ

(

u(r − s)
)

·∆ψ

(

− u(r − s)
)]1/2







dω.(3.8)

Taking infimum in (3.7) and supremum in (3.8), we obtain

A1

∥

∥f
∥

∥

2

2
6

∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉
∣

∣

2
6 B1

∥

∥f
∥

∥

2

2
.
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The proof of Theorem 3.2 is complete.

Before we state our next sufficient condition, we introduce some notations.
Similar to the a-adic number, we call an element α ∈ K, a qN -adic number if it
has the form α = (p−1N)j(λ− σ), j ∈ Z, λ 6= σ ∈ Λ. With this concept, define the
following sets:

(3.9) Γ =
{

α ∈ K : there exists (j, λ) ∈ Z×Λ such that α = (qN)j(λ−σ);λ 6= σ
}

,

and for all α ∈ Γ, define

I(α) =
{

(j, λ) ∈ Z× Λ : α = (qN)j(λ − σ);λ 6= σ
}

,(3.10)

∆+
α (ω) =

∑

(j,λ) 6=(j,σ)∈I(α) ψ̂
(

(

p−1N
)−j

ω
)

ψ̂
(

(

p−1N
)−j

ω + (λ− σ)
)

(3.11)

∆−
α (ω) =

∑

(j,λ) 6=(j,σ)∈I(α) ψ̂
(

(

p−1N
)−j

ω
)

ψ̂
(

(

p−1N
)−j

ω − (λ− σ)
)

.(3.12)

Theorem 3.3. Suppose ψ ∈ L2(K) such that

A2 = inf
ω∈C−1\D

{

∆+
0 (ω)−

∑

α∈Γ\{0}

∣

∣∆+
α (ω)

∣

∣

}

> 0,

B2 = sup
ω∈C−1\D

∑

α∈Γ\{0}

∣

∣∆+
α (ω)

∣

∣ < +∞.

Then
{

ψj,λ : j ∈ Z, λ ∈ Λ
}

is a wavelet frame for L2(K) with bounds A2 and B2.

Proof. From the definition of ∆+
α (ω), it follows that ∆

+
0 (ω) =

∑

j∈Z

∣

∣

∣
ψ̂
(

(p−1N)−jω
)

∣

∣

∣

2

.

From Lemma 3.1, we can re-estimate Rn(f) as
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∣

∣Rn(f)
∣

∣ =

∣

∣

∣

∣

∣

1

4N

qN−1
∑

m=0

∑

j∈Z

∑

n6=m

∫

K

{

f̂
(

ω +
(

p−1N
)j
u(m)

)

ψ̂
(

(

p
−1
N
)−j

ω + u(m)
)

× f̂
(

ω +
(

p
−1
N
)j
u(n)

)

ψ̂
(

(

p−1N
)−j

ω + u(n)
)

(

1 + χ

(

ru(n−m)

N

))}

dω

∣

∣

∣

∣

∣

6
1

qN

qN−1
∑

m=0

∑

j∈Z

∑

n6=m

∫

K

∣

∣

∣

∣

f̂
(

ω +
(

p−1N
)j
u(m)

)

f̂
(

ω +
(

p
−1
N
)j
u(n)

)

∣

∣

∣

∣

×

∣

∣

∣

∣

ψ̂
(

(

p
−1
N
)−j

ω + u(m)
)

ψ̂
(

(

p−1N
)−j

ω + u(n)
)

∣

∣

∣

∣

dω

=
∑

α∈Γ\{0}

∑

(j,λ) 6=(j,σ)∈I(α)

∫

K

∣

∣

∣

∣

f̂
(

ω +
(

p−1N
)j
λ
)

f̂
(

ω +
(

p
−1
N
)j
σ
)

∣

∣

∣

∣

×

∣

∣

∣

∣

ψ̂
(

(

p
−1
N
)−j

ω + λ
)

ψ̂
(

(

p−1N
)−j

ω + σ
)

∣

∣

∣

∣

dω

6
∑

α∈Γ\{0}

∑

(j,λ) 6=(j,σ)∈I(α)

∫

K

∣

∣

∣
f̂(ω)f̂

(

ω +
(

p
−1
N
)j
(λ− σ)

)∣

∣

∣

×

∣

∣

∣

∣

ψ̂
(

(

p
−1
N
)−j

ω
)

ψ̂
(

(

p−1N
)−j

ω + (λ− σ)
)

∣

∣

∣

∣

dω

=
∑

α∈Γ\{0}

∫

K

∣

∣

∣
f̂(ω)f̂

(

ω + u(α)
)

∣

∣

∣

×

{

∑

(j,λ) 6=(j,σ)∈I(α)

∣

∣

∣

∣

ψ̂
(

(

p
−1
N
)−j

ω
)

ψ̂
(

(

p−1N
)−j

ω + (λ− σ)
)

∣

∣

∣

∣

}

dω
(

By (3.10)
)

=
∑

α∈Γ\{0}

∫

K

∣

∣

∣
f̂(ω)f̂

(

ω + u(α)
)

∣

∣

∣

∣

∣∆+
α (ω)

∣

∣ dω
(

By (3.11)
)

(3.13) 6
∑

α∈Γ\{0}

{∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣∆+

α (ω)
∣

∣ dω

}1/2 {∫

K

∣

∣

∣
f̂
(

ω + u(α)
)

∣

∣

∣

2 ∣
∣∆+

α (ω)
∣

∣ dω

}1/2

(3.14)

6

{

∑

α∈Γ\{0}

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣∆+

α (ω)
∣

∣dω

}1/2{
∑

α∈Γ\{0}

∫

K

∣

∣

∣
f̂
(

ω + u(α)
)

∣

∣

∣

2 ∣
∣∆+

α (ω)
∣

∣ dω

}1/2

,

Since

u(α) = u
(

(qN)j(λ− σ)
)

= (p−1N)j(λ− σ), for (j, λ) 6= (j, σ) ∈ I(α),
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we deduce that

∆+
α (ω)

=
∑

(j,λ) 6=(j,σ)∈I(α)

ψ̂
(

(

p−1N
)−j

ω
)

ψ̂
(

(

p−1N
)−j

ω + (λ− σ)
)

=
∑

(j,λ) 6=(j,σ)∈I(α)

ψ̂
(

(

p−1N
)−j

(ω − u(α))
)

ψ̂
(

(

p−1N
)−j

(ω − u(α)) + (λ − σ)
)

=
∑

(j,λ) 6=(j,σ)∈I(α)

ψ̂
(

(

p−1N
)−j

ω −

(

p−1N
)−j

u(α)
)

ψ̂
(

(

p−1N
)−j

ω −

(

p−1N
)−j

u(α) + (λ − σ)
)

=
∑

(j,λ) 6=(j,σ)∈I(α)

ψ̂
(

(

p−1N
)−j

ω − (λ− σ)
)

ψ̂
(

(

p−1N
)−j

ω
)

(

By (3.10)
)

= ∆−
α (ω)

(

By (3.14)
)

.

Therefore
∑

α∈Γ\{0}

∣

∣∆+
α (ω)

∣

∣ =
∑

α∈Γ\{0}

∣

∣∆−
α (ω)

∣

∣.(3.15)

Replacing ω + α by ω in (3.14) and using (3.15), we have

|Rn(f)| 6

{

∑

α∈Γ\{0}

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
∣

∣∆+
α (ω)

∣

∣ dω

}1/2{
∑

α∈Γ\{0}

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣

∣
∆−
α (ω)

∣

∣

∣
dω

}1/2

(3.16) =

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
{

∑

α∈Γ\{0}

∣

∣∆+
α (ω)

∣

∣

}

dω.

By Lemma 3.1 and inequality (3.16), we obtain

(3.17)

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
{

∆+
0 (ω)−

∑

α∈Γ\{0}

∣

∣∆+
α (ω)

∣

∣

}

dω 6
∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉∣

∣

2
,

and
∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉∣

∣

2
6

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
{

∆+
0 (ω) +

∑

α∈Γ\{0}

∣

∣∆+
α (ω)

∣

∣

}

dω

(3.18) =

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
{

∑

α∈Γ

∣

∣∆+
α (ω)

∣

∣

}

dω.

Taking infimum over C−1 \D in (3.17) and supremum over C−1 \ D in (3.18), we
obtain
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A2

∥

∥f
∥

∥

2

2
6

∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉∣

∣

2
6 B2

∥

∥f
∥

∥

2

2
.

The proof Theorem 3.3 is complete.

With the notations in (3.10) and (3.12), define the new sets as

(3.19) Π+
α = sup

{

∣

∣∆+
α (ω)

∣

∣ : ω ∈ C−1\D
}

, Π−
α = sup

{

∣

∣∆−
α (ω)

∣

∣ : ω ∈ C−1\D
}

.

Theorem 3.4. Suppose ψ ∈ L2(K) such that

A3 = inf
ω∈C−1\D







∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)∣

∣

∣

2







−
∑

α∈Γ\{0}

[

Π+
αΠ

−
α

]1/2

> 0

B3 = sup
ω∈C−1\D







∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)
∣

∣

∣

2







+
∑

α∈Γ\{0}

[

Π+
αΠ

−
α

]1/2

< +∞.

Then
{

ψj,λ : j ∈ Z, λ ∈ Λ
}

is a wavelet frame for L2(K) with bounds A3 and B3.

Proof. Using (3.14) in (3.13), we have

∣

∣Rn(f)
∣

∣6
∑

α∈Γ\{0}

{
∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
∣

∣∆+
α (ω)

∣

∣ dω

}1/2{∫

K

∣

∣

∣
f̂
(

ω + u(α)
)

∣

∣

∣

2
∣

∣∆+
α (ω)

∣

∣ dω

}1/2

=
∑

α∈Γ\{0}

{
∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
∣

∣∆+
α (ω)

∣

∣ dω

}1/2 {∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2 ∣
∣

∣
∆−
α (ω)

∣

∣

∣
dω

}1/2

6
∑

α∈Γ\{0}

[

Π+
αΠ

−
α

]1/2
∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2

.

Proceeding similarly as in Theorem 3.2, we have

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
{

∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)
∣

∣

∣

2

−
∑

α∈Γ\{0}

[

Π+
αΠ

−
α

]1/2
}

dω 6
∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉
∣

∣

2
,

and

∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉∣

∣

2
6

∫

K

∣

∣

∣
f̂(ω)

∣

∣

∣

2
{

∑

j∈Z

∣

∣

∣
ψ̂
(

(

p−1N
)−j

ω
)
∣

∣

∣

2

+
∑

α∈Γ\{0}

[

Π+
αΠ

−
α

]1/2
}

dω.

These two inequalities imply that

A3

∥

∥f
∥

∥

2

2
6

∑

j∈Z

∑

λ∈Λ

∣

∣

〈

f, ψj,λ
〉
∣

∣

2
6 B3

∥

∥f
∥

∥

2

2
.

The proof of Theorem 3.4 is complete.
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