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ABSTRACT. This article presents a systematic study for structure of finite
wavelet frames over prime fields. Let p be a positive prime integer and
Wy be the finite wavelet group over the prime field Z,. We study theo-
retical frame aspects of finite wavelet systems generated by subgroups of
the finite wavelet group W,.
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1. Introduction

Signal processing of periodic signals is the basis of digital signal process-
ing. Over the last decades, joint time-frequency (time-scale) representations of
non-stationary signals have achieved significant popularity, see [10] and refer-
ences therein. Time-frequency (resp. time-scale) representations are obtained
by analyzing the signal with respect to an overcomplete function system whose
elements are localized in time and in frequency (resp. scale). The obtained
data is interpreted using frame theory. Among various types of frames, coher-
ent or structured frames such as classic wavelet frames generated by dyadic
dilations and integer translations of a window function have been proven to
be particularly useful [1,2,5,8,13]. Similar to wavelet frames, Gabor frames
generated by a set of modulations and translations of a given single window
function have been studied at length, see [23] and references therein. Coherent
frames such as wavelet frames or Gabor frames give us time-frequency (time-
scale) representations and redundant time-frequency (time-scale) expansions.
Finite frames have found use in a variety of applications such as digital signal
processing, image analysis, filter banks, quantization, data analysis, and also
compressed sensing see [3,4,7, 14, 23-27].
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The notion of a wavelet transform over a prime field was introduced in [11]
and extended for finite fields in [9,21]. The current paper consists of abstract
aspects of nature of finite wavelet systems over prime fields. This paper aims
to further develop theoretical aspects of finite wavelet frames over prime fields
which has not been studied in depth when compared to finite Gabor frames.

This article contains 4 sections. Section 2 is devoted to fix notations and
a brief summary of Fourier analysis on finite cyclic groups, periodic signal
processing, and theory of finite frames. In Section 3, we present the notion
of finite wavelet groups over prime fields. Then in Section 4 we will study
theoretical frame aspects of finite wavelet systems generated by subgroups of
the finite wavelet group W,,.

2. Preliminaries and notations

Let G be a finite group and H be a finite dimensional complex inner-product
space with dimH = N. Let UY(H) be the group of all unitary operators on H,
which is, up to isomorphism of groups, the matrix group of all unitary N x N-
matrices with complex entries. A unitary group representation I' of G on H is
a mapping I' : G — U(H) such that

I'(gg9") =T(g)L'(g") for g,g" € G.

For a finite group G, the finite dimensional complex vector function/signal
space C¢ = {x : G — C} is a |G|-dimensional vector space with complex
vector entries indexed by elements in the finite group G, where |G| denotes the
order of the group. For CZ~ | where Zy denotes the cyclic group of N elements
{0,..., N — 1}, we simply write CV at times. The notation ||x||o = [{k € Zx :
x(k) # 0}| counts non-zero entries in x € C. The inner product of two signals
x,y € C% is (x,y) = > sec X(9)y(g), and the induced norm is the |.|[2-norm

of x, that is ||x[|2 = v/ (x, X).

Throughout this article we shall use the standard and traditional harmonic
analysis modeling for the linear vector space of all periodic signals or finite
size data. A given one-dimensional (1D) finite discrete data or signal x, i.e.,
a signal of a given length N € N denoted by x = [x(0),...,x(N — 1)], which
is a function defined on the set Zy = {0,...,N — 1} C Z. The translation
operator Tj, : CV — C¥ is Tyx(s) = x(s — k) for x € CV and k,s € Zy.
The modulation operator M, : CN — CV is given by Mx(s) = e~ 27#s/Nx(5)
for x € CN and /,s € Zy. The translation and modulation operators on the
Hilbert space CV are unitary operators in the ||.|2-norm. For (,k € Zy we
have (Ty)* = (Tx)™' = Ty_x and (My)* = (My)~' = My_,. The circular
convolution of x,y € C¥ is defined by

1N1

VN S

S

xxy(k) = x(8)y(k —s) for k € Zy.
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The circular involution or circular adjoint of x € C¥ is given by x*(s) =
x(—s) = x(N —s). The complex linear space CV equipped with the ||.||:-
norm, the circular convolution, and involution is a Banach *-algebra [12]. The
unitary discrete Fourier Transform (DFT) of a 1D discrete signal x € CV is
defined by X(¢) = f Zk 0 ' x(k)wy(k), for all £ € Zy where for all £,k € Zy
we have wy(k) = e2™*/N The set {wy¢ : € € Zy} is precisely the group of all

pure frequencies (characters) Zy (i.e homomorphisms or characters into the
circle group T) on the additive group Zy. More precisely, the map ¢ — wy

is a group isomorphism between Zy and Zy. Therefore, wyip = wywy and
W; = Wy_g for all £,¢' € Zy. Thus DFT of a 1D discrete signal x € CV at
the frequency ¢ € Zy is

;] N-1 ;N1
2.1 x(0) = F, — x(k — x(k)e=2mik/N,
The discrete Fourier transform (DFT) is a unitary transform in ||.||2-norm,
, for all x € CV satisfies the Parseval formula || Fy(x)|2 = ||x[|2. The
Polarlzatlon identity implies the Plancherel formula (x y) = (X, y> for x,y €
CN The umtary DFT (2.1) satisfies Tkx = M;X, ng = TN_iX, X* = =X, and
X*xy =Xy, forx,y € CN and k,¢ € Zy. The inverse discrete Fourier formula
(IDFT) for a 1D discrete signal x € C¥ is

N—-1 N-—-1
(2.2) x(¢) = Tlﬁ > R (k)ywi(k) = % > R(k)e>™ N 0 << N -1
k=0 k=0

A finite system (sequence) A = {y; : 0 < j < M —1} C CV is called a frame
(or finite frame) for the finite dimensional complex Hilbert space CV, if there
exist positive constants 0 < A < B < oo such that [7]

M—1
(23) AllxlE < > 166,3;)I* < B3, for all x € CY.

=0
IfA={y; :0<j < M-—1}is a frame for CV, the synthesis operator
F:CM - CVis F{CJ}M ! Zj\/lolcjy] for all {c;}; Mt e CM. The adjoint
(analysis) operator F* : CN — CM is F*x = {(x, y]>}j201 for all x € CV.

By composing F' and F*, we get the positive and invertible frame operator
S :CN — CN given by

M-
(2.4) x+— Sx=FF*"x Z x,y;)y; forall x € CV,
§=0

In terms of the analysis operator we have A|x||3 < ||F*x|2 < B|x|3 for
x € CN. If A is a finite frame for CV, the set A spans the complex Hilbert
space CV which implies M > N, where M = |2|. It should be mentioned that
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each finite spanning set in CV is a finite frame for CV. The ratio between
M and N is called the redundancy of the finite frame 2 (i.e., redy = M/N),
where M = |A|. If A = {y; : 0 < j < M — 1} is a finite frame for CV, each
x € CV satisfies the following reconstruction formulas

M-1 M—1
(25) x= Y (xS ly)y; =D (xy;)S ly;
j=0 7=0

In this case, the complex numbers (x, S~ 'y;) are called frame coefficients and
the finite sequence A* := {S~ 1y, : 0 < j < M — 1} which is a frame for CV as
well, is called the canonical dual frame of 2. A finite frame A = {y; : 0 < j <
M — 1} for CV is called tight if we have A= B. If A= {y; : 0<j < M — 1}
is a tight frame for CV with frame bound A, then the canonical dual frame 2A*
is exactly {A7ly; : 0 < j < M — 1} and for x € CM we have [7]

M—1

(26) x= 1 3 vy
§=0

3. Finite Wavelet Group over Prime Fields

In this section we briefly state structure and basic properties of cyclic dilation
operators, see [11,15-19,21]. We then present the notion of finite wavelet groups
over prime fields [20].

Let p be a positive prime integer. The set

(3.1) U,:=2,-{0}={1,...,p—1},
is a finite multiplicative Abelian group of order p — 1 with respect to the multi-
plication module p with the identity element 1. The multiplicative inverse for
m € U, (i.e., an element m, € U, with mm, £ mpm £ 1) is m;, which satisfies
mpm + np = 1 for some n € Z, which can be done by Bezout lemma [20].
For m € U, define the cyclic dilation operator D,, : C? — CP by
Dpx(k) :=x(myk)

for all x € CP and k € Z,, where m,, is the multiplicative inverse of m in U,.
In the following propositions we state basic algebraic properties of cyclic
dilation operators.

Proposition 3.1. Let p be a positive prime integer. Then
(i) For (m,k) € U, x Z,, we have DTy, = Ty Dy, -
(ii) For m,m’' € U,, we have Dy = Dy Dy
(111) For (m, k‘), (m’, ki/) S Up X Zp, we have Tk+mk/D7er’ =T DTy D,y
(iv) For (m,t) € U, X Zy, we have Dy, My = My, Dy,
The next result states analytic properties of cyclic dilations.

Proposition 3.2. Let p be a positive prime integer and m € U,. Then
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(i) The dilation operator D,, : CP — CP is a x-homomorphism.
(ii) The dilation operator Dy, : CP — CP is unitary in ||.||2-norm and satisfies

(Dm)* = (DM)_1 = Dmp-
(iii) For x € CP, we have Dpx = Dy, X.

Remark 3.3. Proposition 3.2 guarantees that cyclic dilations lead to permu-
tation of spectra as well. This property of cyclic dilations have recently been
used in implementation of algorithms for sparse fast Fourier transform (sFFT),
see [28] and references therein.

The underlying set
U, xZy,={(m,k) :meU,,keZ,},
equipped with the following group operations
(3.2)  (m,k) x (m' k) :== (mm/,k+mk'), (m,k)"" = (mp,m,.(p— k)),

is a finite non-Abelian group of order p(p — 1) denoted by W, and called as
finite affine group on p integers or the finite wavelet group associated to
the integer p or simply we call it as the p-wavelet group.

The following proposition summarizes basic properties of the finite wavelet

group.
Proposition 3.4. Let p > 2 be a positive prime integer. Then
(i) W, is a non-Abelian group of order p(p — 1) which contains a copy of Zy,
as a normal Abelian subgroup and a copy of U, as a non-normal Abelian
subgroup.
(ii) The map o : Wy, — Upxp(C) defined by (m, k) — o(m, k) := TD,, for
(m, k) € W,, is a unitary representation of the finite affine group W, on
the finite dimensional Hilbert space CP.

Remark 3.5. In contrast to dyadic dilations, which preserve geometry of a
signal, cyclic dilations destroy geometric features of signals by rearranging their
entries. Thus, the matrix representation of a cyclic dilation operator has a non-
localized structure. This non-localization property is not interesting from the
classical geometric signal processing points of view. But from the compressive
sensing approach such non-localized structure is beneficial when considered as
measurement matrices, while for traditional dyadic dilations this makes the
traditional discrete wavelet systems [0, 20] practically useless in compressive
sensing, see [14,22,23].

4. Finite Wavelet Frames over Prime Fields

Throughout this section we still assume that p is a positive prime integer. A
finite wavelet system for the complex Hilbert space CP is a family or system
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of the form
(4.1) W(y,A) :={o(m,k)y = TxDpy : (m,k) € ACW,},

for some window signal y € CP and a subset A of W,

If A =W,, we put W(y) := W(y,W,), and it is called a full finite wavelet
system over Z,. A finite wavelet system which spans C? is a frame and is
referred to as a finite wavelet frame over the prime field Z,.

If y € C? is a window signal, then for x € CP, we have

(4.2) (x,0(m,k)y) = (X, Tk Dyy) = (Tp—kX, Dpy), for (m,k) € W,

The following proposition gives us a Fourier (resp. convolution) representa-
tion of wavelet coefficients.

Proposition 4.1. Let x,y € C? and (m, k) € W,,. Then,

(i) (x,0(m, k)y) = \/BFp(RDmy)(p — ).
(i) (x,0(m,k)y) = /DX * Dpy*(k).

Proof. Let x,y € C? and (m,k) € W,. (i) Using the Plancherel formula we
have

>\

- ()’E.Dmy) (O)wp_i(f) = \/ﬁfp(?c.DTmy) (p—k).

(ii) Similarly using the Plancherel formula, we can write

p—1

—

X(O) Dy (O)wi(£)

(x,0(m, k)y)

S
[l
= o

—

X(O)(Dmy)* (O)w(€)

Il
NS
70 M
- o

—

X(O)(Dmy*)(O)wi(£)

~
Il
o
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i
I

—

X * Dipy* () wi(£) = /px * Dy ™ (k).

~
Il
o

]

In the following theorem we present a concrete formulation for the ||.||2-norm
of wavelet coefficients.

Theorem 4.2. Let p be a positive prime integer, M be a divisor of p—1, and
M be a multiplicative subgroup of U, of order M. Let'y € CP be a window
signal and x € CP. Then,

Do D Ik a(m, ky)|* = pM|y(0)]*[(0)]*

mEM kEZy,

+p ((Z |§(m)|2> (Z |§(€)2> + w(yM)Ii(f)z) ;

meM (eM £€Up—M

where

ve(y, M) := Z |y (me)|?, for all £ € U, — M.
meM

Proof. Let y € C? be a window function, x € C?, and m € U,. Using Propo-
sition 4.1 and Plancherel formula, we have

S o lm By =03 |7 (QDTy) (v k)
k=0

1T
= o

2

Il
™

7 (2.0 )

k=0
p—1 — 2
= pz (Q.Dmy) (f)
£=0
p—1 — p—l —
=p Y 1RO Dmy(0)]* = p)Y_ ROP[F(mo).
£=0 £=0

Therefore we achieve

> > lxa(m, ky)l? Py D IROPFmo?

meM k=0 meM £=0

= 233 ROPFmOPR.

=0 meM
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Then we can write

S ROP (Z |9<me>|2> RO (Z |§<o>2>

meM meM

+y ®O” <Z |§(m€)|2> ;
=1 meM

which implies that

(4.3) Zili(lf)ﬁ?(m@)l2 = MR(0)][3(0)*

meM £=0

meM

p—1
+Y ROP (Z |9(mf)l2> :
=1
Changing the summation order, we have

Z_:\ﬁ(m2 (Z |§(m€)l2> = > > ROPFmP?
(=1

meM LeM meM

+ D D ROPymo.

LeUp —M meM
For each ¢ € M, replacing m by mf, we get

meM meM

=[xOF ) [y(m)?

meM

= [x(0)? (Z |§(m)2> :

meM

> ROPFmo* = %O <Z |§(mf)|2>

which implies that

(4.4) Y2 ROPIymo? = (Z §(K)IQ) (Z |§(M)|2) :

LeMmeM LeM meM

Then by (4.3) and (4.4), we obtain

> i [%(0)*[3 (mt)|* MIZ(0)*[5(0)]” + i % (0)[? (Z |§(mf)2>

= MR(0)P[y(0)]* + (Z |§(m)|2) <Z§(€)l2>
meM LeM
+ Z rYZ(y>M)‘§(£)|27
£ely, —M

which completes the proof.
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As an interesting consequence of the technique inside the proof of Theorem
4.2 we have the following corollary.

Corollary 4.3. Let p be a positive prime integer. Let' y € CP be a window
signal and x € CP. Then

p—1 p—1
[(x,o(m, k)y)[* = p(p—1)[y(0)]*%(0)*
m=1 k=0
p—1 p—1
P ((Z |§(m)|2> (Z |§(4)|2>> :
m=1 =1
Proof. Using equation (4.3) for M = U, we get the result. O

Applying Theorem 4.2, we can present the following characterization of a
given window signal y € C? and a subgroup of the finite wavelet group W,, to
guarantee that generated wavelet system is a frame for CP.

Theorem 4.4. Let p be a positive prime integer, M be a divisor of p—1, and
M be a multiplicative subgroup of Uy, of order M. Let Ay := M x Z, and
y € CP be a non-zero window signal. The finite wavelet system W(y, Ay) is a
frame for CP if and only if the following conditions hold

(i) ¥(0) #0.
(ii) There exists an m € M with ¥(m) # 0.
(iii) ve(y,M) # 0 for all £ € U, — M.

Proof. Let y be a non-zero window signal which satisfies conditions (i), (ii) and
(iii). Thus

Y(y, M) := min {v,(y,M) : £ € U, — M},

is non-zero. Let 0 < A < oo be given by

p—1
(4.5) A= min{M > vk ,pz 5 (m)|*, py y,M)}-
k=0 meM

Let x € CP. Then using Theorem 4.2, we can write

> > lixo(m k)
meMk€eZyp
= pM[FO)RO) +p (Z |§(m)l2> (Z i(l’)|2>

meM LeM
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2 S ey MO

LEU, —M
> pM[(0)[*|%(0)]* +p (Z Iy(m)l2> (Z |§(5)|2>
meM LeM
(v, M) - > RO
£€U, —M
> AR(0)P+ A (Z I)?(Z)IQ) +A ( > Iﬁ(f)Q)
eM £eUp—M

<12 2
= Alxllz = Allx[l2,

which implies that the finite wavelet system W(y, Ay) is a frame for CP.

Conversely, let y € CP be a non-zero window signal such that the finite
wavelet system W(y, Ay) is a frame for CP. Thus there exists A’ > 0 such
that

p—1
Z Z [(x,0(m, k)y)|> > A'||x[]2, for all x € CP.
meM k=0
Then by Theorem 4.2, we get

My (0)*[%(0)]* + (Z ?(m)IQ) (Z i(ﬂ)|2>

meM LeM

+ > . MIREOP > A"x].,
£eU,—M
for all x € CP, where 0 < A” = A’/p. Let x € CP with X(0) =1 and X(¢) =1
for 1 < ¢ < p—1. Applying the equation (4.6), we get y(0) # 0. If x € CP
is a non-zero vector with X(¢) = 0 for £ ¢ M, then equation (4.6) guarantees
that >, i [¥(m)|? # 0, and hence we have y(m) # 0 for some m € M. Let
¢ € U, — M be given. Then pick a nonzero vector x € CP such that X(¢) = 1
and X(¢') = 0 for all 0 < ¢/ # ¢ < p— 1. A similar argument implies that
Ye(y, M) # 0. O

The following result shows that for a large class of non-zero window signals
the finite wavelet system W(y) is a frame for CP with redundancy p — 1.

(4.6)

Corollary 4.5. Let p be a positive prime integer and y € CP be a non-zero
window signal. The finite wavelet system W(y) constitutes a frame for CP with
the redundancy p — 1 if and only if y(0) # 0 and ||¥]jo > 2.

We can also deduce the following condition concerning the tight frame prop-
erty for finite wavelet systems generated by subgroups of W,,.

Proposition 4.6. Let p be a positive prime integer, M be a divisor of p — 1,
and M be a multiplicative subgroup of U, of order M. Let Ay :=M X Z,, and
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y € CP be a non-zero window signal. The finite wavelet system W(y, Ay ) is a
tight frame for CP if and only if ¥(0) # 0 and

(4.7) MIFO) = 3 [F(m)* =y, M),
meM
for all £ € U, — M. In this case

ay ==pM|F(0))> =p Y [F(m)”
meM
is the frame bound.

Proof. It can be proven by a similar argument used in Theorem 4.4. O

Corollary 4.7. Let p be a positive prime integer and 'y € CP be a window
signal with §(0) # 0 and ||y|lo > 2. The finite wavelet system W(y) is a tight
frame for CP if and only if y satisfies ||y||2 = /p|y(0)|. In this case,

2

48)  ay:=(-1) > yk)| =pp-DFOF=p ym),
k=0 m=1

is the frame bound.

Remark 4.8. It should be mentioned that Corollaries 4.3 and 4.7 coincide with
direct consequences of results in [11].

Acknowledgements

The author would like to express his deepest gratitude to Prof. Hans G.
Feichtinger for his valuable comments.

REFERENCES

[1] A. A. Arefijjamaal and R. A. Kamyabi-Gol, On the square integrability of quasi regular
representation on semidirect product groups, J. Geom. Anal. 19 (2009), no. 3, 541-552.

[2] A. A. Arefijamaal and R. A. Kamyabi-Gol, On construction of coherent states associated
with semidirect products, Int. J. Wavelets Multiresolut. Inf. Process. 6 (2008), no. 5,
749-759.

[3] A. A. Arefijamaal and E. Zekaee, Signal processing by alternate dual Gabor frames,
Appl. Comput. Harmon. Anal. 35 (2013) 535-540.

[4] A. A. Arefijamaal and E. Zekaee, Image processing by alternate dual Gabor frames,
Bull. Iranian Math. Soc. 42 (2016), no. 6, 1305-1314.

[5] J. J. Benedetto and G. Pfander, Periodic wavelet transforms and periodicity detection,
SIAM J. Appl. Math. 62 (2002), no. 4, 1329-1368.

[6] G. Caire, R. L. Grossman and H. Vincent Poor, Wavelet transforms associated with
finite cyclic Groups, IEEFE Trans. Inform. Theory 39 (1993), no. 4, 1157-1166.

[7] P. Casazza and G. Kutyniok, Finite Frames, Theory and Applications, Appl. Numer.
Harmon. Anal. Birkhauser, Boston, 2013.

[8] I. Daubechies, Ten Lectures on Wavelets, (SIAM), Philadelphia, PA, 1992.

[9] F. Fekri, R. M. Mersereau and R. W. Schafer, Theory of wavelet transform over finite
fields, IEEE 3 (1999) 1213-1216.



(10]
(11]

12]
(13]

(14]
(15]
(16]
(17]

(18]

(19]

(20]
(21]

(22]

23]

(24]

(25]
[26]
27]

28]

Finite wavelet frames over prime fields 120

P. Flandrin, Time-Frequency/Time-Scale Analysis, Wavelet Analysis and its Applica-
tions, 10, Academic Press, San Diego, 1999.

K. Flornes, A. Grossmann, M. Holschneider and B. Torrésani, Wavelets on discrete
fields, Appl. Comput. Harmon. Anal. 1 (1994), no. 2, 137-146.

G. B. Folland, A Course in Abstract Harmonic Analysis, CRC Press, 1995.

H. Fihr, Abstract Harmonic Analysis of Continuous Wavelet Transforms, Springer-
Verlag, 2005.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, Appl.
Numer. Harmon. Anal. Birkh&user/Springer, New York, 2013.

A. Ghaani Farashahi, Wave packet transforms over finite cyclic groups, Linear Algebra
Appl. 489 (2016) 75-92.

A. Ghaani Farashahi, Wave packet transform over finite fields, Electron. J. Linear Al-
gebra 30 (2015) 507-529.

A. Ghaani Farashahi, Cyclic wavelet systems in prime dimensional linear vector spaces,
Wavelets and Linear Algebra 2 (2015), no. 1, 11-24.

A. Ghaani Farashahi, Cyclic wave packet transform on finite Abelian groups of prime
order, Int. J. Wavelets Multiresolut. Inf. Process. 12 (2014), no. 6, Article ID 1450041,
14 pages.

A. Ghaani Farashahi and M. Mohammad-Pour, A unified theoretical harmonic analysis
approach to the cyclic wavelet transform (CWT) for periodic signals of prime dimensions,
Sahand Commun. Math. Anal. 1 (2014), no. 2, 1-17.

G. H. Hardy and E. M. Wright, An Introduction to the Theory of Numbers, Oxford
Univ. Press, New York, 1979.

C. P. Johnston, On the pseudodilation representations of flornes, grossmann, holschnei-
der, and torrésani, J. Fourier Anal. Appl. 3 (1997), no. 4, 377-385.

G. Pfander, Gabor Frames in Finite Dimensions, in: G. E. Pfander, P. G. Casazza,
and G. Kutyniok (eds.), Finite Frames, pp. 193-239, Appl. Numer. Harmon. Anal.
Birkhauser/Springer, New York, 2013.

G. Pfander and H. Rauhut, Sparsity in time-frequency representations, J. Fourier Anal.
Appl. 16 (2010), no. 2, 233-260.

G. Pfander, H. Rauhut and J. Tropp, The restricted isometry property for time-frequency
structured random matrices, Probab. Theory Related Fields (156) (2013), no. 3-4, 707—
737.

G. Pfander, H. Rauhut and J. Tanner, Identification of matrices having a sparse repre-
sentation, IEEE Trans. Signal Process, 56 (2008), no. 11, 5376-5388.

S. Sarkar and H. Vincent Poor, Cyclic wavelet transforms for arbitrary finite data
lengths, Signal Processing 80 (2000) 2541-2552.

G. Strang and T. Nguyen, Wavelets and Filter Banks, Wellesley-Cambridge Press,
Wellesley, MA, 1996.

B. Sun, Q. Chen, X. Xu, Y. He and J. Jiang, Permuted & filtered spectrum compressive
sensing, IEEE Signal Process. Lett. 20 (2013), no. 7, 685-688.

(Arash Ghaani Farashahi) NUMERICAL HARMONIC ANALYSIS GROUP (NUHAG), FACULTY

OF MATHEMATICS, UNIVERSITY OF VIENNA, OSKAR-MORGENSTERN-PLATZ 1, A-1090 VIENNA,
AUSTRIA.

E-mail address: arash.ghaani.farashahi@univie.ac.at;ghaanifarashahi®hotmail.com



	1. Introduction
	2. Preliminaries and notations
	3. Finite Wavelet Group over Prime Fields
	4. Finite Wavelet Frames over Prime Fields
	Acknowledgements
	References

