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Abstract

In this paper, we extend the quadratic phase Fourier transform of a complex valued functions to that of the
quaternion valued functions of two variables. We call it the quaternion quadratic phase Fourier transform (QQPFT).
Based on the relation between the QQPFT and the quaternion Fourier transform (QFT) we obtain the sharp
Hausdorft-Young inequality for QQPFT. We define the short time quaternion quadratic phase Fourier transform
(STQQPFT) and explore some of its properties including inner product relation and inversion formula. We find its
relation with that of the 2D quaternion ambiguity function and the quaternion Wigner-Ville distribution associated
with QQPFT and obtain the Lieb’s uncertainty and entropy uncertainty principles for these three transforms.
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1 Introduction

In [9], [10] authors have studied the quadratic phase Fourier transform (QPFT) defined as
1 iae 2
(Q"1)() = /R N (AF+BIEHCELDIEE) f(1)dt, € € R, (1)

where f € L?(R,C), A = (A,B,C,D,FE), B # 0 which generalizes the classical Fourier transform (FT). Several
other important integral transforms like fractional Fourier transform (FrFT) [1], [32], linear canonical transform
(LCT), Fresnel transform and Lorentz transform can be obtained by choosing A appropriately and amplifying (1)
with suitable constants. Along with several important properties like Riemann-Lebesgue lemma, Plancherel theorem,
authors in [10] have given several convolution and obtained the convolution theorem associated with the QPFT.
Recently, Shah et al. [35] generalized several uncertainty principles for the FT, FrFT ( [37]) and LCT for the QPFT
defined in (1). Even though QPFT generalizes several integral transforms as mentioned above, but due to the presence
of global kernel it fails in giving the local quadratic phase spectrum content of non-transient signals. To overcome this,
Shah et al. ( [34]) formulated a short time quadratic phase Fourier transform (STQPFT) and studied its important
properties. They have generalized the Heisenberg’s, logarithmic and local uncertainty principles (UPs) for FT and
fractional FT ( [37], [39]) and Lieb’s UP for short time FT ( [19]) in the context of STQPFT. Apart from STQPFT,
wavelet transform and Wigner-Ville distribution associated with the QPFT has also been studied. Shah et al. [36]
proposed a novel quadratic phase Wigner distribution by combining the advantages of Wigner distribution and the
QPFT. They obtained several fundamental properties including Moyel’s formula and inversion formula. Prasad et
al. [33] defined the wavelet transform associated with the QPFT, and studied its properties like inversion formula,
Parseval’s formula and also its continuity on some function spaces.

In 1843 W.R. Hamilton first introduced the quaternion algebra. It is denoted by H in his honor. In Harmonic
analysis and applied mathematics, the FT is an essential tool so its extension to the quaternion valued functions has
become an interesting problem. The quaternion Fourier transform (QFT) was introduced by Ell [14] for the analysis of
2D linear time-invariant partial differential system and later applied it in color image processing [15]. In the analysis of
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quaternion valued functions quaternion Fourier transform plays a significant role. Because of the non-commutativity
of the quaternion multiplication, the Fourier transform of the quaternion valued function on R? can be classified into
various types, viz., right-sided, left-sided and two-sided Fourier transform [4], [6], [14]. Cheng et. al [12] gave the
inversion theorem and the Plancherel theorem for the right sided QFT, and also obtained its relation with the left
sided and the two sided QFT for the quaternion valued square integrable functions. It transforms a quaternion valued
2D signal into a quaternion valued frequency domain signal.

Lian [28], proved various inequalities like Pitt’s inequality, logarithmic UP using the method adopted by Beckner [7]
in the case of complex variables, entropy UP without using the sharp Hausdorff-Young inequality, for the two-sided
QFT with optimal constants, which are same to those obtained in the complex case. The logarithmic UP obtained
in [28] is different from that given in [11]. In [29], author obtained the sharp Hausdorff-Young inequality, using the
orthogonal plan split of the quaternion [23], for the two sided QFT followed by the Hirschman’s entropy UP using
the standard differential approach. In [30], author has extended the QFT to the Clifford valued function defined
on R", namely geometric FT, and derived several sharp inequalities including sharp Hausdorff-Young inequality and
sharp Pitt’s inequality, followed by the sharp entropy inequality for the Clifford ambiguity functions. Recently, QFT
has been extended to the quaternion fractional Fourier transform (QFrFT) and quaternion linear canonical transform
(QLCT).

Replacing the kernels K¢(t,&;) = \/%e’m’fl and K7 (ta,&) = \/%e’jtz*@, in the definition

Fah€) = [ Kt QO (2, €, €= (61,6) € R @)
of the two sided QFT ( [31]), with that of the kernels of the FrFT ( [32], [1], [37]) and LCT, respectively, results in the
two-sided quaternion fractional Fourier transform (QFrFT) and the two sided quaternion linear canonical transform
(QLCT) [25]. Analogously, the right side and the left sides QFrFT and QLCT have been defined in the literature
(see [38], [25] ). Kou et al. [25] adopted the approach by Chen et al. [11] to obtain the energy theorem and proved the
Heisenberg’s UP for the QLCT. Using the orthogonal plan split method, authors in [27] have obtained the relation
of the two-sided QLCT with that of the LCT and obtained some important inequalities and uncertainty principles of
two-sided QLCT.

Bahri et al. [5] generalized the classical windowed Fourier transform to quaternion valued functions of two variables.
Using the machinery of the right sided QFT [6], authors proved several important properties including reconstruction
formula, reproducing kernel and orthogonality relation. Following the methods adopted by Wilczok [39], they also
obtained the Heisenberg UP for the QWFT. In [3], authors gave the alternate proofs of the properties studied in [5].
They also studied the Pitt’s inequality, Lieb’s inequality and the logarithmic UP for the two sided QWFT studied
in [5]. Including, the orthogonality property, authors in [24], [8] studied the local UP, logarithmic UP, Beckner’s UP
in terms of entropy, Lieb’s UP, Amrein-Berthier UP for the two sided QWFT. Replacing the Fourier kernel in the
left sided, right sided or two sided QWFT by the kernels of the FrFT (or LCT), results in the left sided, right sided
and two sided QWFrFT (or QWLCT) respectively. In [17] authors have studied the two sided QWFT with the real
valued window function and studied its important properties and the associated Balian-Low theorem. In [18], authors
studied the orthogonality relation along with the Heisenberg’s UP for the two sided QWLCT, with quaternion valued
window function. Bahri, in [2], has extended the classical ambiguity function (AF) and the Wigner-Ville distribution
(WVD) to the quaternion algebra setting , namely, quaternion ambiguity function (QAF) and quaternion Wigner-
Ville distribution (QWVD). They studied several important properties including Moyel’s principle and reconstruction
formula for these two sided QAF and QWVD. Authors in [16] have extended these two sided QAF and QWVD in the
linear canonical domain and obtained the relation among them. They have also studied their important properties
like shifting, dilation, reconstruction formula, Moyal’s theorem, etc.

Several important properties along with the UPs of the QPFT along with the STQPFT have been studied for the
function of complex variables as mentioned above. The QPFT has more degree of freedom and is more flexible with
the parameters involved than the FT, FrFT and the LCT, with the same computational cost as the FT, it is natural
to extend QPFT to quaternion setting. To the best of our knowledge none of the QPFT and the STQPFT have
been explored for the quaternion valued functions. Due to non-commutativity of the quaternion multiplication we
can define at least three different types of quaternion quadratic phase Fourier transform (QQPFT), viz., right-sided,
left-sided and two-sided. In this article, we concentrate on the two-sided QQPFT and based on its relation with
the quaternion Fourier transform (QFT) we obtain the sharp Hausdorff-Young inequality using which we give the
Renyi and Shannon entropy UP for QQPFT. We also define the STQQPFT and explore its important properties
like, boundedness, linearity, translation, scaling, inner product relation and inversion formula. Based on the sharp
Hausdorff-Young inequality we obtain the Lieb’s uncertainty and entropy uncertianty principles of the STQQPFT
followed by the same for the newly defined 2D quaternion quadratic phase ambiguity function (QQPAF) and 2D
quaternion quadratic phase Wigner-Ville distribution (QQPWVD), using the relation of the later transforms with
that of the STQQPFT.



The organization of the paper is as follows: In section 2, we recall some basic definitions and properties of
quaternion algebra. In section 3, we give the definition of two sided QQPFT and study its important properties, like
Parseval’s identity, sharp Hausdorff-Young inequality, Renyi and Shannon entropy UPs. In section 4, we have defined
the two sided STQQPFT and studied its properties and its relations with that of the proposed two sided QQPAF and
the QQPWYVD, based on which we obtain the Lieb’s and entropy UPs for these three transforms. Finally, in section
5, we conclude our paper.

2 Preliminaries
The field of real and complex numbers are respectively denoted by R and C. Let
H = {r =ro+iry + jra + krs : ro,r1, 72,73 € R},
where i, j and k are the imaginary units such that they satisfy the following Hamilton’s multiplication rule

ij=k=—ji, jk=i=—kj, ki=j=—ik, i?=j?>=k*=1.

For a quaternion r = ro + irq + jre + krs, we call ro the real scalar part of r, and denote it by Sc(r). The scalar
part satisfies the following cyclic multiplication symmetry ( [22])

Sc(pgr) = S(grp) = Sc(rpg), ¥ p,¢,r € H. (3)
We denote the quaternion conjugate of r as 7 and is defined as
F=1ro—1T1 — jr2 — krs.

The quaternion conjugate satisfy the following

qr=7q qtr=q+7, q=q, VqreH (4)

The modulus of » € H is defined as

N

3
== 3ot )

=0

and it satisfies |qr| = |q||r|, V ¢, € H.
A quaternion valued function h defined on R™ can be written as

h(:l:) = ho(w) + ’th(IB) +_jh2($) + k?hg(:l:), T € Rn,

where hg, h1, ho and hs are real valued function on R™.
If 1 < g < oo, then the LY—norm of A is defined by

(] |h<w>|ww)%

[ X m@e) i ()
=0

121l g )

(NS
Q

and L{(R™) is a Banach space of all measurable quaternion valued functions f having finite L?—norm. L (R™) is
the set of all essentially bounded quaternion valued measurable functions with norm

[fllLge@n) = ess supgegn|f(2)]- (7)
Moreover, the quaternion valued inner product

(f,9) = - f(@)g(x)d, (8)



with symmetric real scalar part

(f9) ,9) + (9, f)]

L
2
/ )}dm
s( f(@)g@)d ) )

turns LZ(R™) to a Hilbert space, where the norm in equation (6) can be expressed as
1
1
e =TT = VTN = ([ 11(@)Pa) (10)

3 Quaternion quadratic phase Fourier transform (QQPFT)

In this section we give a definition of quaternion quadratic phase Fourier transform (QQPFT) and study its important
properties.

Definition 3.1. Let A\, = (4, B;, Ci, Dy, E}), A, Bi,Cy, Dy, E; € R and By # 0 for 1 = 1,2. The quaternion quadratic
phase Fourier transform (QQPFT) of f(t) € LE(R?), t = (t1,t2), is defined by

(@4 21)(€) = [ K, (0160 FOICh (12 ), € = (1.62) € B2 (1)
where
ICiAl(t1,§1) - \/12_7refi(Altf+B1t1§1+01£?+D1t1+E1£1) (12)
and
K (t, ) = \/12_7Te—j(Agtg-l-Bgtz&z+CQ€§+D2t2+E252)_ (13)
The corresponding inversion formula is given by
£(t) = |B1B)| / K, (t1,€0) (Q5 " ) (©)KCh, (t2, £2)d€ (14)

3.1 Relation between QQPFT and QFT

We now see an important relation between the QQPFT and the QFT, which plays a vital role in obtaining the sharp
Hausdorff-Young inequality for the QQPFT.

(Q21)(€) = o [ e O DIEG) g )
o
— (G184 E6) i/ e iBih& f(gye—iBatata gy | o—i(C267 +Eat)
27'(' R2 7
where
f"(t) _ e—i(Altf-l‘Dltl)f(t)e—j(Aztf-l‘Dﬁz)- (15)
Thus,
(Qﬁl,AQf)(é) _ efi(C1§2+E1§1) (]:H.]E) (B1§173252)6*j(02§2+E2§2) (16)
where
(Fuf) (© = [ et ity et 17)
R2 2 2

Based on this relation between QQPFT and the QFT, we obtain the following important inequality.
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Theorem 3.1. (Sharp Hausdor(f-Young Inequality): Let 1 < p < 2,

(2m)5

% =1 and f € L%4(R?), then

1y
P

198" Ly m2) < ”f”LP(RZ)a (18)

S

Q|-

3

Proof. Using the relation between the QQPFT and the QFT, we get

where A, = (
q

19" fllLa (o) = </ ‘ fo (B1&1, B2&2)

1 ~
= m”ﬂﬂfﬂqﬂ(m-

dg) 1
q

Using the sharp Hausdorff-Young inequality ( [29]) for the QFT, we get

11
196z < C0 L g
Substituting f, from (15), we get (18). This completes the proof. O
Theorem 3.2. (Parseval’s formula): Let f,g € L%(R?), then
(f.9) = |B1Ba2[{Qu" " f, Q" g). (19)
In particular,
£ 72 g2y = | B1B2lll Q" f |72 (r2 xmay - (20)

Proof. By the Parseval’s formula for the QFT of the function f and §, we have
<fag> = <‘7:H.]Ea]:H§>
= Sc/ | By Bs| (fo) (B1&1, B2&2)(Fug) (Bié1, Baa)dE.
R2

Using the relation between the QQPFT and the QFT, we get
(f,3) = |B1Ba| / Sc [ei(f’lﬁf”@) (Q4"29) (€)(Qh"2g) ()e™ (6i+me) | g
R2

= sl [ se[(0) €)(0i"9) (©) de
= |B1B:|(Q}""* f, Q" g).
This proof equation (19). In particular, if we take f = g, in equation (19), we get equation (20).
This completes the proof. O
3.2 Renyi and Shannon entropy uncertainty principle

In this subsection we obtain the Rényi and Shannon entropy UPs for the proposed QQPFT. Analogous results for
the FrFT of complex valued function can be found in [20]. Recently, Shannon entropy UP for the QPFT and the
two sided QLCT are studied in [35] and [27] respectively. Below we prove, Renyi UP for the QQPFT and obtain the
Shannon UP in limiting case. We start with the following definition.

Definition 3.2. [13,20] The Rényi entropy of a probability density function P on R™ is defined by

Ho(P) = < L 1og </H[P(t)]0‘dt> La>0,a#1 (21)

—

If a« — 1, then (21) leads to the following Shannon entropy



Theorem 3.3. If f € LE(R?), 3 <a <1 and L+ % =2, then

2
Ho(If ) + Hy (\\ABlB? Qi f) >] ) > o[ B ) ~ 21og(2m) — (T2 Tox(2a) + 75 08(20) )
Proof. By Hausdorfl-Young inequality (18), we have
[ |(e1r) @ ") < ()7/1( If(t)lpdt);- (23)
R2 o |3132 R2

Putting p = 2« and ¢ = 23, in equation (23), we have

1 28 % 97r) 75~ 2 A2 =
7@( BB (1) (€) dﬁ) o s e ([ o)™
152 1
This implies
BBy 260 \ 77
= (] o)t ([ Vm@nefa)
)
Sinceé+%:2, we have
o B
l—a 1-8 (25)

Raising to the power 2= in (24) and using (25), we get

1

26 -5
d5> |

|Blel_1 (R2|f(t)|2adt) (/ ’\/%—Bb Qm’mf) £)

(2ﬂ-) o g)(1 “)Al

Taking log on both sides, we get

—log(|B1Bs|) — log ((277)<éé>< : >A21aa)

oo ([ 1) +

o ( [ |vEE (o) o] dé) )

Thus, it follows that

HL(1f7) + Hy (}\/|Ble| (252/) (€)D > (5 Bz ~ 21og(2r) — 2

- log(2a) + iﬁ 10g(2ﬂ)> . (27)

This is the Renyi entropy UP for QQPFT. O

Remark 1. If o — 1, then 8 — 1 and in this case equation (27) can be written as

E(fP)+ E Ox/lBlel (251 (&)

2
) > —log(|B1Ba|) — 2log(27) + 2 — log 4,

B(|fP) + B (\\A—Blm (Qa21) <£>]2> > log (m> . (28)

This is the Shannon entropy UP for QQPFT.



4 Short time quaternion quadratic phase Fourier transform

In this section we give the definition of the STQQPFT and study its properties. We obtain its relation with that of
the quaternion AF and the quaternion WVD associated with the QQPFT.

Definition 4.1. Let A\, = (A;, Bi,Cy, D, Ey), A, B, Ci, D, E; € R and B; # 0 for 1 = 1,2. The short time quaternion
quadratic phase Fourier transform (STQQPFT) of a function f € L%(R?) with respect to a quaternion window function
(QWF) g € LZ(R?) N L (R?) is defined by

(80°21) (@) = / K, (11, 60) f (DT — @)K, (t2, €2)dt, (2,€) € R? x B2,

where ICZlAl(tl,fl) and IC]A2 (t2,&2) are given by equations (12) and (13), respectively.
We now derive some of the basic properties of the STQQPFT. But before that we state the following lemma:

Lemma 4.1. Let t = (t1,t2), & = (&1, &),k = (k1, k2) € R?,r € R. Then the kernel K} (t1,&1) and IC]A2 (ta,&2) satisfy
the following

) ) 2rk1 A .
K, (t1 +rk1,61) = K}, (t1,€1 + Bl 1) . (F1, 61, (29)
where
. —i<A1T2k%+D1Tk1+B1Tk1fl—4T2A%201k% L )
Opyr(k1,61) =€ o1 o o (30)
and
; ; 2rks A
KL, (ta + ko, &) = K, (t2,€2 + BQ 2) Ao (R2,62), (31)
where

2 42 2
) 5o 4r2 A3Co k3 4rAgCokotsy 2rAgk
—J <A2T k3+Darko+Baorkafo— 2-2°2 QBZ 282 Bz 2

Ghy k2, &) =€ "2 (32)
Proof. From the definition of K, , we have
K:Z/l\l (tl + 1k, 51) — 1 e—i{z‘h(t1+Tk1)2+Bl(t1+7“k1)f1+01€f+D1(t1+Tk1)+E151}
2
_ 1 . {Alt +Buty (G142 )+D1t1+clgf+E1§1+B1rk1£1}efi(AlrzkﬂDlrkl)
V2T
. 1 e—i{Alt?‘i‘Bﬂfl (51+2TA1)€1)+D1151+01 (514‘%) +E; (f +2TA1K1)} (k E )
= 1,61
Var Mo
. ; : 27"/{31141 :
Le., Ky, (t1 +7rki,&) = K}, <t1,§1 + B ny (K1, 1)
This proves equation (29). Similarly, equation (31) can be proved. O

The theorem below gives the basic properties of the proposed STQQPFT.
Theorem 4.2. Let g, q1,92 € LZ(R?) N LF(R?) be QWFs and f, f1, fa € LE(R?). Also let X # 0, k = (k1,k2) € R,
pg€{r+iy:z,y R}, rs€{z+jy:z,y € R}, then

(i) Boundedness: ||S* 7| _ . < Felloliae) Il gcen

(11) Linearity: Sﬁfg’h (pfi+aqf2)=p [SEAH}Q’AQ fl} +q [Sﬁfg’/\z f2:|

(iii) Anti-linearity: SLyp?, o, f = [Sa502 f] 7+ [Sar f] 5.



(iv) Translation: (833" (7ief)) (@.€) = 6}, (k1. €) (85" F) (@ — k,€4)0h, (ke ). where (7ef)(8) = f(t— k).
& = (§ + 2A111,§ + 2A212), 1}\171(1431,51,) and ¢z\211(k2,§2), are obtained from (30) and (32) by replacing

r=

(v) Scaling: (S 12) (@,€) = (Saly* /) (32,€) , where (f)(t) = 11 (1¢), A = (AL ABy, CLADL B, L=
1,2.

—

Proof. The proof of (i) and (ii) are straight forward so we omit their proof.
(i4i) We have from the definition 4.1

(8652 1) (2.6 = [ K, (01 + ka0 £ = (@ = RDI (2 + I 2

Using lemma (4.1), we get

(s 0n)) @) = [ s, (16 + 255 ) atin, 070~ G~ R, (12, 2322 ) 0, sChn, o)t

= ¢%, 1 (k1,&) {/RZ K, <t1,§1 + 21;181]{1) ft)g(t — (z — k))K2, (tz, 214552) dt} %2,1(162,52)-

1

Thus, we have

(802 (71)) (2.€) = 65,1 (1, €0) (8572 F) (@ — K €)1 (s, €0)

This proves (#ii).
(iv) We have

. 1 .
( ]I-/]}lg)/\\2f)‘) (;1;7 6) = / ’C;\1 (Atl, fl)f(t>g <t — X(IE) Ki\l (Atg, fg)dt (33)
RZ
Now,
’Cj\l (/\t17 51) _ 1 e*i((AzAl)t?Jr()\l%)t1§1+C1Ef+D1t1+E1£1)
2
=K, (11, &) (34)
Similarly,
KA, (Ata, €9) = ’CJ&Z (t2,&2). (35)
Using equations (34) and (35) in equation (33), we get
(8@191?2 / Ki, (t1,6) f(t)g (t - —:c) ‘,Q(tg,gg)dt
ice., (S0 A) (2.€) = (855%7) <Xm,e) .
This completes the proof. O

Theorem 4.3. (Inner product relation): If gi,g2 be two QWFs and fi, fo € LZ(R?), then Sﬁylg’l/\zfl Sﬁlg’QAZf €
L% (R? x R?) and

1
<S]}/E1.‘7,1/\2f1;<s]}/]}1g72/\2f2> |B B |<fl(mag_2)af2> (36)

2da:£/RZ{/RQ ( Qdﬁ}dm

Proof. We have

[ L

) (@.6)

A~ 2)}) (€)

1 -
= m . { lf(@)g(t — :c)|2dt} dx, using Parseval’s Identity
2
— g e o0z

8



Thus, S§'." fi € L (R? x R?). Similarly, S5'-"* f, € L (R? x R?).

Now,
(Sh o Sa f2 ) / ) / Q" {Ai()ar(— @)}) (€)( Q& {2(Vgal — @)} ) (€)dwde
|B1B2|S /]Rz{ fit)gi(t — x) fg(t)gg(t—:c)dt} dx
= BB L, 1O @ %) )t

Thus, it follows that

/\1 N2 A1,N\2 _ 1 -
< H, g1 e Sng >*m<fl(91,92),f2>-

This finishes the proof. O
Remark 2. From theorem 4.3, we have the following results:

1. If g1 = g2 = g in equation (36), then

1 2 1,772 1
<SEAH§1A fi, SIPAngA > |B1 B> |||gHL2(R2)<flaf2>

2. If f1 = fo = [ in equation (36), then

N1,N\2 A1,A\2
<SH91 S, SH92 > |B Bo |||f||L2(R2)<gla92>

3. If fr = f = fa and g1 = g = g2 in equation (36), then
1
A1,N\2 —
1S5 "2 £l L2 (me xre) = m||f||igﬂ(w)|\g||igﬂ(w)- (37)
The theorem below gives the reconstruction formula for the STQQPFT.
Theorem 4.4. (Inversion formula): Let g be a QWF and f € L%(R?), then
B Bs| <
f(t) = 1BiBa| / / K, (t1,€1) ﬁlgm ) (, )KL, (t2, &2)g(t — x)dxdE.
||gHL2(R2) R2 JR?

Proof. We have

| B1Bs|

= tse [ [ (s ) @& [ Kt OMOIE— @I, (12, 2)t e

_ _|BiBe] { S —z)h(B)K }ddd
||gHL2 R2 /]RZ /]RZ /]RZ SC f) (m é)lc/\g(t25§2) (t m) ( ) /\1(t15§1) tdx €
_ BB { Shrre K — x)dzd }h d
||9HL2 ®) SC/RQ /]RZ /]RZ IC/\l tla&l )(mvg) /\2(t27§2)g(t m) €T € (t) t
_ |3132 A1,A2 j
= Mol e (L Lome (s )<””’5>’CJA2<@’52>9<'“””>d’”d5’h<')>‘

Since h € L%(R?) is arbitrary, it follows that

0= BB [ e (s (o et - o)

HgHLZ (R2)

This completes the proof. O



4.1 Quaternion ambiguity function and Wigner-Ville distribution associated to the
QQPFT

In this subsection, we give the definitions of two sided QQPAF and QQPWYVD and obtain their relation with that of
the proposed STQQPFT.

Definition 4.2. The two-sided quaternion quadratic phase ambiguity function (QQPAF) of f,g € L% (R?), is defined
by

(A/\1,Az(f’ )) / K, (t, &) f (t+ 2:3) (t - %w)/CJAZ (t2, &) dt

where Ki, (t1,&) and KA, (ta, €2) are given by equations (12) and (13) respectively.
The following theorem gives the relation between the QQPAF and the STQQPFT.
Theorem 4.5. If g be a QWF and f € L%(R?), then

ASRYAN 1 /\ A / j / A A
(A2 (1.9)) @,€) = 0), (01,60 (S50 ) (@,€,)00, ) (@2.62), € = <§1 e - z)

2

where (biAl,_%(zl,&l) and ¢1277%(x2,§2) are obtained from equations (30) and (32) by replacing r = —%.

Proof. From the definition of Ap""2(f, g), it follows that

(457 (1.9)) (&) = / x, (tl - 35) F(Hg(t — @)K, (w - %E) dt

1

Using equations (29) and (31) for r = —3,

we get

Az

(48" (.9)) (w,g)z/wzc;l (tl,sl—A];—:fl) fos (T, €0 F()gE - 2)K, (tm& s )Qﬁiz,-;(fﬁ?’@)dt

= ¢A1 (961,51) {/}R2 Kh, (tl,él - Aé?) ft)gt — )k, (tz,éz - A;;CQ) dt} 051277%(%2752)-

This gives

(A 2(0.0)) @.8) = 6,y (0. 60) (S8°°F) (.60)67, _, (22.60).

This completes the proof.
O

Definition 4.3. The two-sided quaternion quadratic phase Wigner-Ville distribution (QQPWVD) of f,g € LZ(R?),
is defined by

(201.9) .8 = [ K tn60f (4 5t)a (- 5t) 1k, (.60

where K, (t1,&1) and ICh, (t2, &) are given by equations (12) and (13) respectively.
The following theorem gives the relation between the QQPWVD and the STQQPFT.
Theorem 4.6. If g be a QWF and f € L%(R?), then

, 62

By By

(Wﬁl’AZ(fa 9)) (z,€) = 4¢) (z1,&) ( Sh Azf) (2%5;)1/1%2(362,52), &, = (51 _ A o 4A2x2)

where N\j = (441,28, C1, 2Dy, Ey), 1=1,2, §(t) = g(—t),

A2 2
) 5 16430123 | 84,01 1A By
71(4A11172B1I1§172D1117 IBZ 14 1 Bll 161 + 1511 1
1

7/);-\1(501751) =€

and

. 16A2C523 | 8A5C 1A4F
=J <4A2$§_2B2Z252—2D212— ]2322:24‘ 2 2m2€2+ 2 22362
2

P, (29, 60) =€
10



Proof. From the definition of W, Al "2(f,g), we have

(Wr"2(.0)) .0 =4 | K3, (2001 = 00), ) (002 = DK, (202 — ), €2)

=4 [ K}, @20t —21), &) f(£)§(t — 22)K, (2(t2 — 22), &2)dt. (38)

R2

Now from the definition of K , in equation (12), we have

—_

e*i(4A1tf*8A1I1t1+231tlfl+2D1t1+E1§1+C1§2)efi(4A1mf72Blm1§172D1xl)

Ki (20t — 21),&1) =

o
3

1 e—i{(4A1)t§+2Bl (-2 ) 40 (61— 2420 ) @D+ By (- 225 ) (60— 22 }

Vi, (21,€1)

3

ie.,

K, 200 o0, 60) = Ky (6= 257 ) 0 (o,60) (39)
Similarly, we have

KA, (2t — 22), &) = ’CJA; (t2,§2 41;1;;2) o (72,82). (40)

Using equations (39) and (40) in (38), we have

(We=(.0)) @€ =4 [ i (1160 = 2250 ) 0 (o0 P07~ B (120 — 222) 0 om0

=l (71,&) {/R2 ’CiNl (t1,€1 - 4121$1) f()g(t — 2w)l€i,2 (Tf2a§2 - 41432:2) dt} 1#;\2 (x2,&2).

This gives

(WE"2(£.9)) (. ) = 405, (1. 60) (5521 (22, €4 )i, (2. 2).

This completes the proof. [l

4.2 Uncertainty principle for STQQPFT

The Heisenberg’s UP gives the information about a function and its FT, it says that the function cannot be highly
localized in both time and frequency domain. Wilczok ( [39]) introduced a new class of UP that compares the
localization of a functions with the localization of its wavelet transform, analogous to the Heisenberg UP governing
the localization of the complex valued function and the corresponding FT. Gupta et al. [21] obtained the Lieb’s and
Donoho-Stark’s UP for the linear canonical wavelet transform and obtained the lower bound of the measure of its
essential support.

Here, we prove the Lieb’s UP for the STQQPFT, QQPWVD and QQPAF. Analogous result for the classical STFT
and the windowed linear canonical transform can be found in [19] and [26] respectively. Before we move forward, let
us first prove the following lemma.

Lemma 4.7. (Lieb’s inequality) Let g be a QWF, f € L%(R?) and 2 < q < co. Then

1_1 2
(2m) 5 (2]
< 7|; 4 91l 2 2) [l f 1l 2 m2) - (41)

A1,\2
SH,g

LE(R2xR2) |BlBQ

Proof.

1

' dg) " (42)

(si7°1) .0

(/ ) (/ (o 6= o) @

11



Using Hausdorff-Young inequality, we get
1
@\ A22m)iy

/ ) < pmr U

R2 |B1B2|q R2
_ARem)iy v
2 ([ ir@plate - ora) gt = o)
| By By

g 11
A
| B1 B2

1
P

(say21) @.8)

ate— o] at)

=

{0717 %157 ()}

This implies that

q A2q(27r)q(%—%) a
<7 PGP " de.
dwdg < e [ {117+ lap) @) do

L]
(LI

(sa372) (@.€)

This gives

L1
q

S8 F) (@,6)

a . A2(2m)i 7w N 1 7%
dwdﬁ} < W [/Rz{(lfl *|g] )(m)} dw]

ARG e (43)
=P - *
|B1B2 TF[( 2)

Now we see that, if k = 2, | = %, then & > 1 and %4’% =1+ % Since |f[P, |g|P € LE(R?), we get, by Young’s
inequality

'd |

1
Hlf'p * |§|pHp£ < A4A ||f||L2 (R2) HgHL2 (R2) (44)
Lf (R2)

Therefore, from equations (43) and (44), it follows that

(LI

q : 11
2m)a  p
S0F) @9 dmds} < B 42 A AF gz e ()

| B1 Ba|

1
where A, = ( T/i) , % + % = 1. Now, we have
4 2 p% k e 2 q
A]%A;Aﬁ:—1~ — - -, since k=—-, [ ==
i g\ q b
P
p ll 17
a q_% . k/ k' p
2 1\ e
< - <—) , since k' = 2l’
gi \2
92\ 4
_ (_) _ (46)
q
Thus using equation (46) in (45), we get
e} GO (2N
(52571 00| oy < B (2)7 gl 15000
{/]Rz /R2 IB1B,|t \4 Lg®») I/ I LE(R?)
This finishes the proof. [l
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4.3 Lieb’s uncertainty principle

Definition 4.4. Let € > 0 and Q C R™ be measurable. A function F € L4(R™) is said to be e—concentrated on ) if

IxeeFllz@n) < €llFllz2@n),

where xq denotes the indicator function on €.

If0<e< g,

Support of F is contained in ), if ¢ = 0.

then majority of the energy is concentrated on ) and ) is said to be the essential support of F.

Theorem 4.8. Let g be a QWF and f € L%(R?), such that f # 0. Let € > 0 and Q C R? x R? is a measurable set.

If 8§7;A2f3 on §2, is e—concentrated, then for every q > 2

(2m)? o2 ()"
> — —2 [ = .

. A1, N .
Proof. Since SHIg’ * f is e—concentrated on (2, we have
,

A1,M\2
—

sy < BB M2 19 e

This implies

- 1
L2(R2xR2) — |BlB2|

A1,N\2
HXﬁSH,g f‘

2 2 2
(L= )12 9122 e

Now, using Holder’s inequality, we have

i 2\ @22 .
SA“ < , 2 dpd (SAl,Az ) 7 davd
it =, i) { [ ()] )
ot s
= o) 1
Using, the Lieb’s inequality (41), we get
2 2
N <mqpc)
XQS i Q — | - f 2|9 5
[ g, < 190 (5) WMz oz

From equation (47) and equation (48), we get

2 2
—2 (2m)a " »
QT
| B1Bal
This gives

1 _2y_4g q q
Q> — 200Dtz (1 — )7z (—) , since — + — =1
= |BlB2|( ) ( ) 2 P q

4
1 2 o (q\ "7
> _ —2 ( X .
|9 |BlBQ|(27r) (1—¢€9) <2)

This completes the proof.

Remark 3. Taking € = 0, in the above theorem, we get the following lower bound for the support of SAl A2f

4
N1,/\2 (27T)2 . q a2
f) > ] d
Supp (‘S ‘ = B1Ba| a2+ \ 2

2me)?
supp (S Azf)‘ (
pp( |B1Ba|’
13

i.e.,

(47)

(48)

(49)



(2me)?
|B1B2|"

i.e., measure of the support of Sﬁlg’hf >

Corollary 4.8.1. Let g be a QWF and f € L%(R?), such that f # 0. Let € > 0 and Q C R? x R? is measurable. If
ALV"2(f, ), on Q, is e—concentrated, then for every q > 2

CrY | aa (q\7
91> 121 - ) (5> . (50)

In particular, if € = 0, then

: (51)

supp (Aﬁl,m (f, g)) ‘ > B1Bs

Proof. From theorem 4.5, it follows that

(427 01.0)) (.0 = | (52577) (@

Al.’L'l AQ.’L‘Q
/ p— —_ J—
) 5:1: - (61 Bl ’62 B2 ) .

Since Aﬁ““(f, g) is e—concentrated on (2, it can be shown that Sﬁlg’Azf is e—concentrated on P71}, where P is the

1 0 00
_ . 0 1 00 ) .
non-singular matrix given by | 4, 0 1 0 and P~1Q ={P'x:x € Q}. So, by theorem 4.8, we have
'A
0 7 01
2 2 q <qi2)
Pz BT eyt (1)
| B1 B2 2
This gives
271)?2 . ()
Q) > &322'(1 — )i (g) , since det(P~1) = 1.
This proves equation (50). O

Corollary 4.8.2. Let g be a QWF and f € L%(R?), such that f # 0. Let € > 0 and  C R? x R? is measurable. If
Wat "2 (f, ), on Q, is e—concentrated, then for every q > 2

(2m)? ov-a (q)?
Q> ——(1- -2 | = . 52
1= 16|BlBg|( <) 2 (52)
In particular, if e = 0, then
A1A (7"@)2
b2 > — 53
supp (WH ( ,g))’ = 1B, By (53)

Proof. From theorem 4.6, it follows that

(W2 07.9)) (@.6)| = 1] (s857%7) 2o 2)

r 4A1£C1 41421'2
) 62 - <§1 B1 552 32 .

Since Wﬁl’Az (f,g) is e—concentrated on {2, it can be shown that Sﬁlg’AZf is e—concentrated on P~'Q), where P is the

10 00
, . 0 1 00
non-singular matrix given by | 44, 0 1 ol So, by theorem 4.8, we have
B1
0 %= 0 1
4
2m)? g ()
|P_1Q| > ( 7T) (1—62)q*2 (g) )
4|B; By 2
This gives
27r)? . ()
Q| > 16(|B”1)B a — )i (g) , since det(P~1) = 4
This proves equation (52). O



4.4 Entropy uncertainty principle
Theorem 4.9. Let f € L%(R?) and g be a QWF such that lgll2®2) | fll 22y = 1, then

2
> 4
Es(fvgv/\la/\Q) - |BlB2|7 (5 )
2 2
where Es(f, g, A1, Aa) = // Sh A2f z,€)| log (‘(3@;“ )(m,g) )dmdg.
R2 JR2 ’
Proof. Define
q
1hgmnna) = [ [ 1(885%27) @.8) dude. (55)
R2 JR2
Then using (55) in (37), we get
1
I N1, N, 2) = ———. 56
(faga 15 7\2, ) |B1B2| ( )
Also, from (41) and (56), it can be shown that
(27)2~1 (2)2
I(f, 9, AL, Mg, q) < ). 57
(f,9: A1, N2, q) |B1B2| \q (57)
Define, for A > 0,
R()\):I(fvgv/\la/\272)7I(faga/\17/\2;2+2>\)'
A
Then
1 1 o)A /1 \?
w5 ()
A |BiB2|  |B1Ba| \1+A
- {1 ! }
A\ By Bs| (14+A2)
ie.,
24+ A
R(\) > + (58)

|B1Ba|(1+ X\)?"

Assume that Es(f, g, A1,A\2) < 00, otherwise (63) is obvious.
Now using the inequality 1+ Aloga < a*, X\ > 0, we have

! ALA ’ A1 A 2 A1,A
0< 5| (51 @.0) (1‘(311{;; f) (@.€) )s‘(sﬂfgﬂ 1) (@,6)

2

log (‘(3“ o ) (z, €) 2) . (59)

) is integrable, in view of equation (59), using Lebesgue domi-

Since,

~ |88y )(m,ﬁ)‘ 1og< (say"2) @.€)

nated convergence theorem, we have

2 22
0, i {2 e
= Es(f9, M5 Na)- (60)
Again from (58), we get
lim R(\) > 2 (61)
A0+ |B1Bs|’
Thus from (60) and (61), we have equation (63). This completes the proof. O
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Corollary 4.9.1. Let f € L§(R?) and g be a QWF such that ||g|| 2 z2)|| f||L2(z2) = 1, then

SA(faga /\17 /\2) Z
where Ea(f, 9, N, N2) = / /
R2 JR2

2
|B1 B2’
2
) dxdf.
Proof. From theorem 4.5, it follows that
Ax Asx
‘( 2 (1.9) 5)‘ ‘( ) (@08 €= (sl - 2).

g((AAW £.9)) (.€)
By
Ealf, g, N1, N2) = /]R2/RZ

2
)dmd§
=E&s(f,9,N1,N2).

Thus using theorem 4.9, we have equation (62).
Corollary 4.9.2. Let f € L§(R?) and g be a QWF such that ||g|| 2 (z2)|| || L2w2) = 1. Then

2
) dzde.

’ 4A1.’L‘1 4142,(62
£z = (51 &2 B )

(42"(£.9)) (@, €)

So, we have

(sa27) (@.€5)

log (’ (sa52f) (@, €2)

2 —log 16
|B1Ba|

log ('( WL (f,9)) (,€)

w(fs 9, A1, Na) >

WE(f,9)) (@,)

where Ew (f, g, N1, N2) = / /
r2 JR2
Proof. From theorem 4.6, it follows that

\(Wﬁl“(f,g)) <m,£>]= \( L r) (2m,€L)|

(faga/\lv/\Q :*16/ /
R2 JR2

L

R2 JR2

So, we have

Shte 2m,£;>

2
log (16 ‘(Sﬁfg“f) (22, €L)

210g< ‘( 0y r) @.8)

2

) dzds
2

) dzde

25 (.6)

4log 16 s ’ SN ’
=t L L 1) (@.€)| tog | |(8557%7) (@.€)| | dwdg
log 16
= 4& A, A
|BlB|+ S(faga 1 2)
Therefore, using theorem 4.9, we have
2 —log 16
> =
W(faga/\la/\Q)— |BlBQ|

This finishes the proof.

5 Conclusions

(62)

In this article, we have studied the Parseval’s identity, sharp Hausdorfl-Young inequality for the two sided QQPFT
of quaternion valued functions. Based on the sharp Hausdorff-Young inequality we have obtained the sharper Renyi
entropy UP for the propose QPFT of quaternion valued functions. We have extended the STQPFT of complex valued
functions to the functions of quaternion valued and studied the properties like boundedness, linearity, translation and
scaling. We have also obtained the inner product relation and inversion formula for the proposed two sided STQQPFT.
We have also obtained the relations of STQQPFT with that of the QQPAF and the QQPWYVD of the quaternion
valued function associated with the QQPFT. We have obtained the sharper version of the Lieb’s and entropy UPs for

all these three transform based on the sharp Hausdorff-Young inequality for the QQPFT.
16
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