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Abstract

An important time-frequency analytic tool, the classical ambiguity function (AF), was developed for the examination of the time-
frequency properties of non-stationary signals. Radar waveform characteristics such as time-delay resolution, Doppler resolution
and Doppler-tolerance characteristic may all be accurately and efficiently analyzed using it. This paper is concerned with the
continuity properties of the linear canonical ambiguity function, which is a generalization of the classical ambiguity function using
the linear canonical transform. It is demonstrated that the linear canonical ambiguity function yields continuity results on Hardy,
BMO, weighted Hardy and weighted BM O spaces. The Hardy, BM O, weighted Hardy and weighted BM O distances of two linear
canonical ambiguity functions connected to different functionals and signals are also investigated in this work.

Keywords: Linear canonical ambiguity function, Hardy space, weighted Hardy space, BMO space, weighted BM O space

2020 MSC: 42B10, 47B38, 46E30

1. Introduction

One of the most widely utilized techniques in signal processing and many other scientific domains is Fourier anal-
ysis. The fractional Fourier transform (FrFT), a generalization of the classical Fourier transform (FT), was introduced
to the mathematical literature in the 1980s. First introduced by Wiener [14] in 1929, the FrFT was designed to solve
the quantum mechanical differential equation. Optical problems can also be interpreted with the FrFT. The FrFT has
been used in many scientific disciplines such as signal and image processing, communications, wave propagation. The
subject came into the limelight with the work of Namias [6] in 1980. Many ideas related to the FT have been extended
to the linear canonical transform (LCT) domain as a further expansion of the FRFT, which is demonstrated to have a
significant impact on optics and signal processing. First-order optical systems, which are theoretically similar to the
linear canonical transformations (LCTs), include transmission through narrow lenses, propagation across quadratic
graded-index media, free space propagation under the Fresnel approximation, and their arbitrary combinations. LCT
is more adaptable due to the additional degrees of freedom, and it has been demonstrated to be an effective tool for
filter construction, time-frequency analysis, phase retrieval, pattern recognition, etc.

The ambiguity function (AF) is a significant instrument employed in the field of signal processing for the purpose
of delineating methodologies that facilitate the recovery of amplitude and phase information from intensity measure-
ments. In accordance with the traditional concept of ambiguity function (AF), Pei and Ding [7] first examine the
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linear canonical ambiguity function (LCAF) and derive several significant characteristics. In the field of optical signal
processing, Zhao et al. [15] have recently looked at the characteristics and physical significance of the LCAF. Tian-
Wen et al. [12] presented a new definition for LCAF that differs from the definitions of AF found in [7, 15]. The key
characteristics and use of the novel AF in the linear frequency-modulated signal processing were also covered.

The continuity problem of LCAF, as defined in [12], is examined in this study in Hardy, BMO, weighted Hardy,
and weighted BMO spaces. It is also worth noting that our current investigation into the continuity of LCAF on Hardy
and BMO spaces draws upon the analytical framework recently established in [11]. In [11], the author demonstrated
the boundedness of the short-time fractional Fourier transform (STFrFT) on unweighted and weighted Hardy and
BMO spaces. Since the LCAF can be interpreted as a kernel-based time-frequency distribution that shares structural
similarities with the STFrFT, specifically regarding modulation and shifting properties within the linear canonical
transform domain, our results maintain a direct continuity with those findings. By extending this analytical approach
to the LCAF, we establish that the boundedness properties, which were previously proven for the STFrFT, hold
consistently across these related time-frequency representations, thereby strengthening the theoretical framework of
the field.

1.1. Preliminaries

This section introduces the fundamental mathematical definitions and properties required for the subsequent de-
velopments in this study.
The Linear Canonical Transform (LCT): Let

O = (a,b;c,d) = [Z‘ z] e R>2

be a matrix parameter satisfying det® = ad — bc = 1. The LCT of a signal 4 € L'(R) is defined by

Je h) Ko(t,uydt, b #0

%mmmo={@awhum b=0

where Kg(t, 1) is so-called the kernel of the LCT given by

K@)(I, I/t) — 1 ez’%b(atz—21u+duz).
2nbi
It is clear from the LCT definition that a signal’s LCT is basically a chirp multiplication when » = 0. Consequently,
in this study, the assumption is made that b # 0 (cf. [7, 12, 15]).
The cross-ambiguity function (AF) of functionals / and f, which are elements of the L2(R) space, is defined as
follows

Ah, ), p) = fR e h(v+ 5 f(v— 5 dv,

if 1 is equal to f, then Ah(u, ) is called the auto-ambiguity function of A, which is given by
Ah(u, ) = f e h(v+ S h(v — %) dv.
R

It is important to note that the term “ambiguity functions” is used to refer to both auto-ambiguity and cross-
ambiguity functions (cf. [3]).

By substituting the kernel of the Fourier transform (FT) with the kernel of the LCT in the AF definition, we may
derive a definition of the linear canonical ambiguity function (LCAF) from the definition of the AF associated with
the FT (¢f. [7, 12, 15]):

MMﬂmm=L@mmm+9m~9w (1.1)

Let w be a function on R that is positive. It is called a “temperate weight function” if C > 0 and N > 0 exist such
that
W+ p) < (1+ Clu)™ w(p), u,u € R.
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In this context, the symbol W will represent the collection of all such functions.

For p € [1, o], the space L? (R) consists of all complex-valued measurable functions on R that satisfy

fR )P dy < co.

We define the LY, (R) norm of & by

Whlly = Al =( fR |h(y)|1’a)(y)dy)p.

Then L?(R) is complete with the norm || - || pw- If w =1, then the space LI (R) is the Lebesgue space L”(R).

It is known that a C-valued function & defined on R is called a locally integrable function if fK [h(x)|dx < oo,

where K C R is compact. L}OC(R) denotes the spaces of locally integrable functions.

There are significant connections between the theory of Hardy Space (HS) and many areas of mathematical study,
such as Fourier analysis, harmonic analysis, operator theory and singular integrals, signal and image processing, and
control theory. The literature has demonstrated that the HS is more appropriate than the Lebesgue space for certain
harmonic analysis concerns. The maximal functions can be defined as follows, and this will allow us to give an
equivalent definition of HS H'(IR): We are going to take a function that is both integrable and smooth. This function
will be denoted by ¢ and its domain will be the real line, with its support lying in the unit ball. In addition, it should
be fR ¢ = 1. Let us set ¢,(y) = t 'o(yt™!), t > 0. For an integrable function h, the maximal operator, represented by
the symbol M., is

Mh(y) = sup s @ (V]
>

The space HS is defined as the collection of functions 2 € L!(R) satisfying the condition that, given any test
function ¢ € S(R) (where the Schwartz space is denoted by S(R) and the integral of ¢ over R is normalized to 1),
the resulting maximal operator M,k remains within L'(R). Furthermore, for any 7 € H'(R), the translation operator
L,h(y) = h(y — u) for y,u € R maps HS back into itself, preserving the Hardy space norm such that ||L, .||y = ||Allg1.

The “weighted Hardy space” (WHS) HLIU(R) is the linear space of all h € LL(]R) if, for some ¢ € S(R) with
Jo o =1, Mhisin LL(R).

Functions with bounded mean oscillations (BMO) are the class of functions whose variation from their means over
cubes is bounded. In [4], John-Nirenberg developed the space BMO(R) of functions with bounded mean oscillation.
BMO(R) represents the space of all functions 4 € L! (R) such that

loc

hllgaro = supl (Ih — I (h)]) < co.
IcR

In this expression, the supremum is computed across the collection of all axes-aligned cubes /. Here, the notation
|7] denotes the Lebesgue measure of the cube I, while I(h) signifies the average value of the function /4 within that
specific cube, that is

I(h) =" fh(y)dy < 1! flh(y)ldy <M < oo. (1.2)
I I

The weighted bounded mean oscillation space (WBMO) BMO,,(R) is defined as the set of all functions & €
L,;“(R) such that

Wllgsso, = suplIL! f 1) = T (W) w()dy < oo,
IcR 1

where ||, = flw(y) dy and the supremum is taken over balls / in R, (¢f. [1, 2, 4, 5], [8]-[11], [13]).

63



Sandik¢t / Montes Taurus J. Pure Appl. Math. 8 (2), 61-70, 2026

2. Continuity of LCAF

This main part of the paper investigates the continuity problem of LCAF in Hardy, BMO, weighted Hardy, and
weighted BMO spaces. However, we shall first obtain the following novel formula for the LCAF given in (1.1), which
is more practical in operations.

Theorem 2.1. Let h, f € L>(R). Then the LCAF can be expressed as follows:
® 1 Lu(au—y) TN im(au—y)
A%(h, iu, ) = —e2b h(m + u) f(m)eb dm. 2.1
271'[9 R
Proof. In consideration of AF, a novel expression for LCAF is obtained as demonstrated below:
A(h, f)(u, 1) = fh(v + 5 fv—5) e ™ dy
R
Moou— o f
= f h(v+%)e 2 (W’g)f(v -9e 2 =D gy
R

= thﬂ(V +3) fulv = 5)dv, 2.2)

where u u
hy(v) = h(v)e 2", L) =fne'’. (2.3)

u u
The replacement of ¢™'2 " and ¢'2” in (2.3) with Ke(v, §) and Ke(v, —5), resp., results in the following equations:

hYV) = h(v) Ke(n5),  f2(v) = f) Ke(v,—5). (2.4)

Therefore, a novel kind of LCAF is obtained by substituting /,, with hﬁ) and f, with fﬂ@ in (2.2):

Lh(v-% DKe(v+5.5) f(v -5 Ke(v—5,-5)dv

h(v+ ) Fv = 5y e @Ry, 2.5)

2rb Jg

Substitution of the equation (2.5) with v — 5 = m gives rise to the following revised equation:

1 i i
A®(h,f)(u,/,[) = ezbu(atr#) f h(m + u) f(m) ebm(au—y) dn.
2ntb R

2.1. Continuity on HS and BMO

In this section, we investigate the continuity properties of the linear canonical ambiguity function, a generalization
of the classical ambiguity function, within the framework of HS. Throughout this section, unless otherwise stated, the
parameter 4 is assumed to be fixed for the operator A®(h, f)(-, ).

Theorem 2.2. Let f be in L'(R) N L>(R). The function h — A®(h, f)(-, i) defines a continuous operator from H'(R)
to itself. Moreover,

1
[A° G, £YC. )|, < T

64



Sandik¢t / Montes Taurus J. Pure Appl. Math. 8 (2), 61-70, 2026

Proof. Firstly, the demonstration of A®(h, f)(-, u) being contained within the set L' (R) is required. For any h € H'(R),
we have h € L'(R). Utilizing the equation (2.1) and the Fubini theorem, we find

A® G, )l = f }—ezb"“‘”‘”) f hom + ) Fam) 5™ dm| du
R

sm f G f hom + ) dudm

=thu1 f ) dm

h <
= b|” IlLfl < oo

Again, we get

(4% g0 <) 0] = | [ %= msir e

( U s tnatunu f h(m + u — ) FOmye b4 dm) o) d,]l

27b

|2 b|f|f(m)|f|h(m+u—77)| le: (M) dn dm

- L f ) f \Leoih(at = ) )l iy i,
[27D| Jr R

where L_,,h(u) = h(u + m). Applying the Minkowski’s inequality for integrals and by using the translation invariant
property of Hardy space, we have

1A% HCp 0 = fR sup (A%, )6 10 5 1) )] e

1
<L f If(m)l( f sup( f Lot = 1) |wt<n>|dn) du) dm
[27b| Jgr R 0 \Jr

1
<o f If(M)I( f sup(|L_phl * Isozl)(u)du) dm
[27b] Jr R 10

1
_W f |fF Lol |1 dim

172l 1 -
s 11 Wl

Applying the previous theorem allows us to establish the following relationship.

Corollary 2.3. Ifh € H(R) and f € L\(R) N LA(R), then

. ol
14° e, )0 = 0(|zﬂb|)'

Our next step is to evaluate the H'(R) metric for a pair of LCAFs.

Theorem 2.4. Let y,p € L'(R) N L2(R). If hy, hy € H'(R), the following conclusion is reached:

[[4° (1. )G ) = A®(ha, p) o )| < (ILY Pl Wil + llolly Iy = hallg )

|27b|
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Proof. We write

[4° 1 x)Co) = AU, )G )|, < [JAC e I Co ) = APy, ) ) (2.6)
+ |41, o). 1) = AU, p)Co ), -
It is evident that
A®(hy, ), 1) = A®(hy, p)ut, i) = AP (ha, x = p)(u, 1)
e W e
27th R
and
((A®(h1,x> = A(h1,0)) (1) * @(4)) ()

= ff L+ 1t = 1) Oy = )(m) €35 WD @ (Em @) o i .

According to Theorem 2.2, the leading term of the right-hand side of (2.6) becomes

491 ) ) = A p)Co |1 < 5= e = ol Ml - 2.7)

12 bl
Again, with A®(hy, p)(u, u) — A®(hy, p)(u, 1) = A®(hy — hy, p)(u, i), we obtain
((A%l,p) = A®(h2, ) (1) % 1)) ()

~ 5 | [ = e e ) G g i,

And so, using Theorem 2.2

[4° (1. p)C. 1) = AP (ha. p) (o )|, < llol 11 = Rallg - (2.8)

[27b] bl
Then from the inequalities by (2.6), (2.7) and (2.8), we obtain

1AC (1) (o p0) = Ao, p) )| < 5l = plly Wl + Nl Vs = allo).

27 bl

We will now present the BMO continuity of the LCAF.

Theorem 2.5. Let f € L'(R) be compactly supported. The function h — A®(h, f)(-, 1) defines a continuous operator
from BMO(R) to itself and holds

49, AC 0| g < 111y lAllsaso +2M),

[27b| bl
where M is the boundedness constant of h in space BMO, as defined in inequality (1.2).

Proof. Taking any h € BMO(R), we have h € L}UC(R). For any compact set / C R, we can write from (2.1)

A®(h, f)(u, )| du < L lf@l | | |hGn+w)| du| dm (2.9)
|
I 127D Jr I

1 -
:ML|f(m)l(£|h(n)l d?])dm, I'=1+m.
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As I’ c sup pf + 1 is aclosed and bounded set in R and 4 € L;UC(R), then

f[ |A®(h, f)(u, )| du < KIfll, <

[27b| bI

So A®(h, £)(-, ;) € L} (R). Furthermore, since

loc

140 ) =1 [ 4

_1 1 ir](maJr niﬂ)—m
= f(n fh(m+17)e2b f@m)eb ”dm)d
ff(m)ebm"(lll_ fh(m+n)e2b”( . )dn) dm, (2.10)
271b

we obtain

1A, )|y = supll”! f 4%, £, ) — 1 (A%, )|

IcR
au—p

ll (ma+

)dm

= sup|l|”! |5 bff(m)ehm”h(m+u)e

IcR

ff(m)ebm” (III 1j‘h(m+n)ebn( - )dn) dm
" 2nb

du

Tu (ma+ an ) (ma+ Ll )
< — f|f(m)|(sup|1| 1ﬂh(m+u) b 1! b 2 fh(m+n)dn du
|27b| ICR I
- f et 5) f hm + 1) di| du
IcR
-1 -1 —n(maJrn—
+supl|/| f||l| fh(m+n)eb 2 dn'du dm
IcR
< f If(m)l(suplll ! f h(m + u) = |1 f h(m + 1) dn| du
[27b| IcR I

+2supll|™! f 1! f |h(m+r])|dndu)dm.
1 1

IcR

Using the set I’, we get

IA

W) - f h(Z)d2 | dz
’

[4°G D6 )| o

1 -1
- I’
2t fm ) (,,cR f1

+2sup|l’|™! f |t f Ih(z’)ldz’dz)dm
I'cR

f Fam)l (Illsso + 21017 M) dm

IA

|27 bI

= bI(IIhIIBM0+2M) A1l -

Corollary 2.6. If h belong to BMO(R) and f € L'(R) be a function with compact support, then we have

14 )6l g = © (|2 b|)
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The following result’s proof is comparable to that of Theorem 2.4.

Corollary 2.7. Let y,p be compactly supported functions in L'(R). If hy, hy € BMO(R), then

[A° G, ) 1) = AU, )G )| g0 < I = olly (lllsao +2M) + lloll; (1a1 — h2||BMo+2M))-

27 bl(

2.2. Continuity on WHS and WBMO spaces

In this section, we demonstrate the continuity of LCAF in both the weighted Hardy space and the weighted BMO
space. For this section, the following assumption is made: the functions, denoted by f, y and p are assumed to be
compactly supported, with their support belonging to a ball of radius r centred on the origin.

Theorem 2.8. Let w € ‘W. If f is in L'(R), then the operator A®(-, f) : H.(R) — H!(R), h — A®(h, f)(-, ) is
continuous. Moreover,

A%, Y < 5z (L CON Nl 1AL -

|2 bl
Proof. Let us take any function i € HL(R). Then h € L}U(R) and so we get A®(h, f)(-,p) € LL(R) as follows:

1 Lu au—, TN im au—,
[a°, HCll;, = f 5 e f h(m + ) f(m) eb™" *“dm‘ w(u)du
’ R R

< Lflf(m)l(‘f Ih(ﬂ)lw(ﬂ—m)dﬂ)dm
[27b] Jr R

SL( [ ronnas cmyan)( [ oo ao)
27051 \ i< R

W(l + Y IAlly o, 11 < co.

Furthermore, utilizing the equality

a(u=1)-p)
2

(A%, ) ) )] = | f (555 [ Fom i i s =y b3 an) got(n)dn‘

<L f L) f lh(m + = 1) i) dy dim
bl s .

1
= 2nb| fR Lf(m)I (1Al * l:)(m + u) dm.

Applying the Minkowski’s inequality for integrals, we have
14°@, )], = fR sup (A, 1)) = ) (@] ) di
1
<L f If(m)l( f sup<|h|*|¢f|><m+u)w(u>du) dm
|2 bl P
f If(m)l( f sup(lil = keo)r) o — m) dn) dm
|2 b R 10

( f I (1 + Clm) )( f sup<|h|*|gof|><n>w<n>dn)
|27Tb| ml<r R 150

|2 b|(1+Cr) A1 Al -

The continuity of LCAF on BMO,, is expressed by the following theorem.
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Theorem 2.9. Let f be in L'(R) and w € ‘W. Then A®(, f) : BMO,(R) — BMO,[R), h — AP(h, f)(, ) is
continuous and holds

A%, 0| pago. < 57 L+ CPP lhllsao, +2M) 1I£1; 5

[27b| bl
where M denotes the boundedness constant from the BMO definition.

Proof. Let I be a compact ball in R and 4 € BMO,,(R). It is simple to see that A®(h, f)(-, u) € L:
method analogous to that in (2.9). Furthermore, by using (2.10), we find

“(R) using a proof

loc

4% DC| o, = suplll, : f ]AG’(h ) = 1(A°(h, f)jw(u)du

L -1
2| L |f(m)|(§2£m“ fl

+2supll|;! f ;! f |h(m+n)|dna)(u)du)dm.
1 1

IcR

h(m + u) — |I|;1 fh(m +17) dn‘ w(u) du
I

Let us say I’ = I + m, m € R. Hence, we get

\r'l, = f w(®) dd = f wim +uw)du < (1 + ClmhN |1,
I 1

and so
1 -1
A®(h, )(, < —f m(1+Cm2Nsu r flhﬁ—l’-lfh dz| w(®) dd
[14° G, )G 1] g, By ) eI\ (1 + Clmlsup || 7 f W)~ 1T | h(2)de) w(9)
+2(1 + Clm))*M sup |I’ ;l f | f Ih(z)ldzw(ﬁ)dﬁ)dm
I'cR r r
< | eI+ b (Illsmo, + 21115 MII'L,) dm
|27Tb| lm|<r
< L +Cry*N (Ihllgmo, +2M) 111, -

[27b]
O

In what follows, the H!-distance and BMO,,-distance of two LCAFs are presented. Using the principles of
Theorems 2.8 and 2.9, the proof of the following result can be carried out similarly to that of Theorem 2.4.

Corollary 2.10. Let w € W and y,p € L'(R).
i) Ifh],]’lz € H‘L(R), then

1A )¢, ) = Ao, ), )1 < (1+Cr)N(IIX plly Wl + lloll oy = hally ).

|2b|
ii) If hy and hy are in BMO,,(R), then
A (a1, x) s 1) = A, )G i) g,

1
< o Cr?(Ibe = pll Wirllao, + 28 + ol (Wir = el +2M) )
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3. Conclusion

Pei and Ding [7] analyzed the LCAF in accordance with the conventional notion of AF, and they deduce some
important characteristics. Subsequent research has addressed this in a number of papers [12, 15]. This study explores
the continuity properties of LCAF on Hardy, WHS, BMO and WBMO spaces. These function spaces are central
to theoretical mathematics, particularly within the realms of operator theory and singular integrals. By focusing on
these challenging analytical frameworks, this study not only bridges significant theoretical foundations with practical
inquiry but also establishes a basis for potential novel applications in engineering.
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