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Abstract

A time—frequency transform is a sesquilinear mapping from a suitable family of test
functions to functions on the time—frequency plane. The goal is to quantify the energy
present in the signal at any given time and frequency. The transform is further specified
by imposing conditions such as those stemming from basic transformations of signals
and those which an energy density should satisfy. We present a systematic study on
how properties of a time—frequency transform are reflected in the associated evaluation
at time—frequency origin, integral kernel and quantization and discuss some examples
of time—frequency transforms.
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1 Introduction

Representing a signal # : R" — C in terms of simpler components is the basic prob-
lem in signal analysis. We consider quadratic time—frequency transforms (u, v)
O(u, v), where Q(u, u) acts as an energy density of the signal « in the time—frequency
plane R" x R". For an ideal energy density (x, n) — Q(u, u)(x, n) the value at the
point (x, ) could be interpreted as the energy content of the component at frequency
n at time x. However, such a pointwise density cannot exist since several of the prop-
erties of energy densities are mutually incompatible for time—frequency transforms.
For instance, if we insist on pointwise positive energy densities, we lose the correct
marginal distributions both in time and in frequency.

We study characterizations of quadratic time—frequency transforms in the space
R”. In general, a time—frequency transform is a function

Q(u,v):R”x@a(C

where the form (u, v) — Q(u, v) is sesquilinear and R" denotes the unitary dual
of R". We will call the quadratic form u — Q[u] := Q(u, u) the corresponding
time—frequency distribution.

The most well-known and widely-applied time—frequency transform is, largely due
to its simplicity and positivity, the spectrogram. It is defined using the short-time
Fourier transform'

Veu(y, &) = fR ey (x)g(x — y)dx (1)

as
u > |Veul?, (2)

where the function g : R” — C is referred to as the window function.
Another example of a time—frequency transforms is the Wigner transform

W(u,v)(x,n) = / e 2Ny (x + y/2)v(x — y/2) dy.
Rn

The Wigner distribution u — W/[u] can also be interpreted as an energy distribution of
the signal u. However, this interpretation is more difficult due to the Wigner distribution
attaining also negative pointwise values for most signals.

Time—frequency transforms (x,n) — Q(u, v)(x,n) may be characterized by
properties related to basic transformations of signals. If they are considered as
functions on the Heisenberg group, the correspondence between automorphisms of
the Heisenberg group and certain unitary operators on signals u € L?(R") yields
these so-called covariance properties. Further characterizations are given by prop-
erties defining an energy distribution. For instance, the time—frequency distribution

1 We use the variables (y, &) for the short-time Fourier transform, since it satisfies Vou(y,&) =

FR(u, g)(y, &), where R(u, g)(x, n) is the Rihaczek transform defined in 26 and F is the symplectic
Fourier transform, see Definition 10.
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(x,n) = Qlul(x, n) should yield the total energy of the signal if integrated over the
whole time—frequency plane.

2 Fourier Analysis

We recall first some basic Fourier analysis. The basic theory can be found in many

intrgguctory texts, for example, in [22]. For any u € LY(R") the Fourier transform
u : R* — C is defined by the integral

uE) = f e 2708y (x) dx.
]Rn

We use the operator notation Fu := u as well. Next we consider some simple opera-
tions on signals and their interplay with the Fourier transform.

Definition 1 For any signal u : R" — C the modulation of u by & € R7 is given by
Meu(x) = ™S u(x).
The translation of u by y € R" is given by
Tyu(x) =u(x —y),
and the energy preserving dilations D are defined by
Dgu(x) = |s| ™ ?u(x/s), seR\{0}.

It follows directly from the definitions that modulations, translations and dilations
satisfy

FoMg=TsoF,
FoTly=M_yoF,
FoDs=Dij0F

as operators in L' (R"). In addition to the previous formulas, we have for the complex
conjugation, z > Z,

F (@) = Fu
where (u(x) = u(—x). The notation ¢ is used throughout for the reflection operator.
For functions of two variables x, y € R" the separate reflections in each variable are

denoted by

l]M(X, y) = M(_x’ Y),
tulx,y) =u(x, —y).

Birkhauser
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We define the convolution u x v : R” — C of two absolutely integrable functions
u,v: R" — C by the formula

(u*v)(x) = fRn u(x — y)v(y)dy.

Convolution is commutative and associative as an algebraic operation and its Fourier
transform is the point-wise product of the individual transforms:

wxv(E) = wEVE).

For functions u(x, y) and v(x, y) of two variables x, y € R" we use the notation u % v
for the partial convolution with respect to the first variable defined by

(u*xv)(x,y) = /Rn ulx —t, y)o(z, y)dr.

The partial convolution u % v is defined similarly.
The Fourier transform satisfies the following self-dual property which is used to
define it for distributions.

Lemma1 Ifu and v are in L' (R"), then

/ﬁ(x)v(x)dx:/ u(x)v(x)dx.
n Rn

The Fourier inversion formula is defined by the integral
u(x) = F'ax) = / 2T X ET(E) d
Rn

in the case of both u and u being absolutely integrable. This may be extended to other
spaces e.g. by the Plancherel theorem as follows:

Theorem 1 (Plancherel Theorem) If u € L' (R") N L>(R") then the equality
||M||L2(Rn) = ||ﬁ||L2(R")

holds. This allows the definition of the Fourier transform on L*(R") as the bounded
extension of the transform on L' (R")NL?(R™). The transform thus defined is a unitary
operator with the inverse

u(x) — u(—x).
We will mainly consider the space of Schwartz rapidly decreasing functions and
the corresponding distributions. As references for the theory of distributions we use

the books [13,20,23]. The definitions and theorems below as well as their proofs can
be found in these monographs.
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We will use the standard multi-index notation ¢ = (ayq,...,0,) € Ng, where
No ={0, 1, 2, ...} and define

o

x4 =x" g

n >
8)‘3‘ = 3}‘3’11 - 3;‘:’
and |a| = Y I, .
The space of smooth functions is denoted by €°°(R"). It is a topological vector

space with the topology given by the countable family of seminorms ¢ — @] k,
where

|@lm,k = sup (sup|8§3‘¢(x>|)

la|<m \xeK

and K is a compact subset of R". The space of compactly supported smooth functions
is denoted by €>°(R").

Definition 2 Consider the vector space of functions ¢ € € (R") satisfying

sup [xP9%¢(x)| < o0 3)

xeRn

for all multi-indices o and B. This space equipped with the topology given by the
family of seminorms defined by the left-hand side of (3) is called the Schwartz space
7 (R") of rapidly decreasing smooth functions, also known as the space of Schwartz
test functions.

Definition 3 The space .’ (R") of temperate distributions is the space of continuous
linear functionals on .¥’(R"). The notation

u(p) =: (u, ). .7
means the evaluation of the temperate distribution u at ¢.

Any function u € LP(R"), 1 < p < oo has an interpretation as a temperate
distribution A, by defining

M@= [ ueop ds. o)
With this interpretation we have
S(R") c LP(R") c " (RY),
and furthermore:

Lemma 2 The space . (R") is dense in the space of temperate distributions.
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We will use subscripts to differentiate the bilinear distribution pairing (u, @) ¢/ &
from the usual sesquilinear Hilbert space inner product (u, v). We define the complex
conjugate of a temperate distribution u by

(U, ). 7 = u, @) o .

Givenapolynomial p(x) = )", a,x* wedefine p(d,) to be the constant-coefficient
differential operator formed from the polynomial p(x) by the formal substitution
x% — 0Y. The operator p(dy) is thus given by

px) =) andf.
o

For the Schwartz test functions we may now formulate the following duality between
differentiation and multiplication operators.

Theorem2 If ¢ € .Y (R") and p is a polynomial then the identities

F(p0x)e)(§) = pi2n§) - Fo(§)
Fp-9)€) = p(—i2n) ™ 9) Fp(&)

hold.

Finally, motivated by Lemma (1), we define the Fourier transform for the space of
temperate distributions:

Definition 4 (Fourier transform for temperate distributions) For any ¢ € . (R") we
define the Fourier transform u € .'(R") of u € ./(R") as a temperate distribution
by

U, ) .9 =, 0.9 7.
The Fourier transform thus defined is an automorphism of .’ and it may be restricted
to automorphisms of L2 and ..

Definition 5 (Convolution of distributions) The convolution of a Schwartz function ¢
and a temperate distribution u is the function given by

(@ xu)(x) == (u, T_x¢) 9 7. &)

We will consider time—frequency transforms which are based on convolutions of
particular temperate distributions. In this context we need the spaces of multipliers
and convolutors. For the following definition we refer to [23, p. 275]:

Definition 6 The space of multipliers, 0 (R"), is the space of functions ¢ € €*°(R")
such that for every multi-index « there is a polynomial P, in R" such that for all
x € R,

100 (X)] < [P (x)].
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The space of convolutors is defined in [23, p. 315] as follows:

Definition 7 The space of convolutors, ﬁ’c (R™), is the space of distributions A sat-
isfying the following property: Given any integer 4 > 0, there is a finite family of
continuous functions in R”, f,, with the multi-index « satisfying |o| < m(h), such
that

A= Z 3ozfot

| <m(h)

and such that for all multi-indices «, |«| < m(h),
lim (14 |x"| fo(x)] =0.
|x]—00

Referring to [23, Chap. 30], we point out that the space of convolutors is precisely
the subspace of temperate distributions such that Schwartz functions are mapped to
Schwartz functions in convolution, that is, f € ﬁ’c (R™) if and only if

fxpe SR

for all ¢ € . (R"™). The Fourier transform is a bijective linear map from &) (R") to
O¢(R") and from O (R") to Oy (R").

3 Time-Frequency Plane

In this section, we introduce the structure of the time—frequency plane and present some
basic properties of functions defined on it using [17] and [10] as basic references. In
applications, the time—frequency plane is often called the phase space or the position-
momentum space. Time—frequency transforms are certain covariant functions on the
time—frequency plane.

Definition 8 Time—frequency plane is defined to be the direct sum of vector spaces
R" @ RY,

where R” is the unitary dual of R" consisting of the functions eg (x) = e 27%E with

& € R". As the mapping § +— e is an isomorphism R" =~ R" of groups we will

regard the time—frequency plane as the space R” @ R” ~ R?". This version of the
time—frequency plane is endowed with the symplectic form

B((x,m),(y.8) =y-n—x-§. 6)
Of particular importance in the time—frequency plane are those coordinate trans-
forms which preserve the symplectic form. The set of these transforms forms the

symplectic group.
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Definition 9 Symplectic group Sp(2n) is the group of linear transformations .4 on R>"
satisfying

B(A(x, m), A(y, §)) = B((x, n), (v, §)),

where B is the symplectic form defined in (6).

The symplectic group is generated by the mappings

(x.m) > (Tx, (T~1)*n), @
(xk, nk) — Mk, —xx), k=1, ..., n, other coordinates remain fixed, (8)
(x,m) — (x,n+ Sx), )

where T is an automorphism of R” and S : R” — R”" is a symmetric linear mapping,
see [17, Sect. 4.4.1].

The standard symplectic form gives rise to a version of the Fourier transform which
we call the symplectic Fourier transform.

Definition 10 (Symplectic Fourier Transform) We define the symplectic Fourier trans-
form Fa € .7 (R?") for functions a € .7 (R>") in the time—frequency plane as

(Fa)(y. &) = / / 2T B0 g (x, ) dx dn
2n

= //RZ g2 eE =y g (i, n) dx dn.

The space of Fourier variables (y, &) € R?" is called the ambiguity plane. The sym-
plectic Fourier transform is also given by

F=SoFioF", (10)

where F7 and J; denote the partial Fourier transforms defined by

(Fra)(E, y) = /R e 2T g (x, y) dx,

(Fra)(x, 1) = / e g (x, y) dy,
Rn

and S :a(&, y) — a(y, &).

A direct consequence of the definition is that the symplectic Fourier transform is its
own inverse F~! = F and that it commutes with symplectic coordinate transforms,
that is,

FoTy=TyoF, an

Birkhauser
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where T qa(x, n) = a(A(x, n)) and A € Sp(2n).

We state some basic mapping properties of the symplectic Fourier transform which,
in view of (10) are analogous to the properties for the standard Fourier transform in
RZn-

Lemma 3 The symplectic Fourier transform is an automorphism of L*(R>"), . (R?")
and ' (R®*"). It is also a bijective map Oy (R*") — O (R?") and satisfies the
Plancherel formula

(Fa, Fb)LZ(RZn) = <a, b)LZ(RZn)
and the identities

FoTgzeo=MgeoolF,
Fa = F@),
F(axb) = Fa- Fb,

where a, b € 7 (R*"), translations and modulations in time and frequency are

T(ng)a(x’ 77) = a(x —Z,N— C)7

2 (x-c—2z1) 27 B((z,¢),(x,n))

M palx,n) =e a(x,n) =e a(x,n),
and the phase space convolution is an ordinary convolution with respect to both time

and frequency.

Particularly interesting in terms of time—frequency analysis are those unitary oper-
ators on L2(R") which are connected to symplectic transforms in the time—frequency
plane. This group of operators is the metaplectic group. We present a few basic facts
referring to Sects. 2.1.4 and 4.4.2 of [17]. The following definition for the metaplectic
group is presented in [17, p. 60]:

Definition 11 The metaplectic group Mp(n) is the subgroup of unitary operators on
L?(R™) generated by

Pu(x) = eu(x), (12)
Au(x) = |det T|™V?u(T~1x), (13)
Bu (%) = /Re—ﬁ“kfku(x)dxk, k=1,....n, (14)
Cu(x) = e™5¥ ¥y (x), (15)
where 0 € R, T is an automorphism of R”, Xy = (X1, ..., Xk—1, Ek» Xk+1» - - - » Xn)

and S is a symmetric matrix.

Remark 1 The Metaplectic group is often defined as the connected double cover of
the symplectic group. This definition differs from the one presented in [17], see [17,
Remark 4.4.20].

Birkhauser
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There is a surjective homomorphism
IT: Mp(n) — Sp(2n) (16)

with kernel C*id 2 gn) such thatif A = TT1(M), the Wigner transform W satisfies the
Segal formula

W (Mu, Mv)(x, n) = (W, v) o A~ (x, n), (17)

see [17, p. 61]. The mapping IT maps the phase transformations P in (12) to the
identity, IT(P) = idsp,) and the operators A, B and C of Definition 11 to the
symplectic mappings (7), (8) and (9), respectively. We will take the formula (17) as
a source of transformation properties that a time—frequency transform should ideally
have.

4 Time-Frequency Transforms and Quantizations

We follow the common tradition of representing time—frequency transform in terms of
the Wigner transform. Since the Wigner transform satisfies many desirable properties,
such as (17), itis reasonable to have it as the starting point for defining other transforms.
We will consider transforms which can be defined as convolution smoothings of the
Wigner transform. In the usual terminology these transforms are referred to as the
Cohen class transforms named after Leon Cohen who first studied such transform
systematically in [6].

Definition 12 The Wigner transform W (u, v) is defined for u, v € #(R") by the
formula

n

W, v)(x. ) = / TN (x4 y/2)0(x = y72) dy. (18)

The Wigner transform is a particular example © = 1/2 of the 7-Wigner transforms
defined by

We(u, v)(x, n) = f e 2Ny +Ty)ox — (I —)y)dy, TeR, (19

Rn
which will be addressed in more in detail in Example 5 of Sect. 6.

The symplectic Fourier transform of the Wigner transform is the (narrowband)
ambiguity transform

X, 0)(y,6) = FW(u,v)(y, §) = /R e u(x + y/Du(x — y/2)dx. (20)
The ambiguity transform is also given by the matrix coefficients

x @, v)(y, &) = (u, p(y, §)v), 21

Birkhauser
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where . .
p(3, &) f(X) = Mg nTyMgpp f (x) = e TYVEFRTEE £ y) (22)

is the symmetric version of the Schrodinger representation p of the Heisenberg group.

Since the Wigner transform is taken to be the basic time—frequency transform, its
properties are of interest when defining other transforms. The lists of properties for
the Wigner transform and several other transforms can be found, for instance, in [1].
The Wigner transform is a member of the Cohen class (Definition 14) having several
desirable properties such as full symplectic covariance, correct marginal distributions,
Moyal property and invertibility. The Wigner distribution is not positive, however, as
can be readily verified by considering W{u] for odd u in R. Positivity is characterized
by Hudson’s theorem which states that the Wigner distribution is positive only for
generalized Gaussians [11, p. 70].

As mapping properties Wigner transform satisfies, for instance,

W Z[R") x S RY) — . (R™), (23)
W : L*(R") x L2(R") — L*(R™). (24)

When defining other time—frequency transforms Q we will mainly consider those that
have mapping properties like (23) and (24). Not all well-known transform satisfy (23)
and (24) as can be seen by examining the spectrogram |V, u |2 (x, n). For the short-time
Fourier transform we have by [11, Chap. 11] that assuming g € .’ (R") nonzero and
u € S (R") then Vou € Z(R?") if and only if u € . (R"). Hence by using the
identity

Vou(y, &) = e 8V, g(—y, =),

most spectrograms are not mappings from . (R") to . (R?").

Translations move the signal in time and modulations move the signal in frequency.
The corresponding property jointly in time and frequency is time—frequency covari-
ance.

Definition 13 A sesquilinear map (u, v) — Q(u, v)(x, ) is time—frequency covari-
ant if
O(TxyMygu, Ty Myyv)(x, n) = Q(u, v)(x — X0, 1 — 10) (25)

for all (x, 1), (x0, o) € R* and u, v € .7 (R").

Based on the mapping properties (23), (24) and time—frequency covariance we
define the Cohen class time—frequency transforms considered in this article as follows.

Definition 14 A sesquilinear map Q : .Z(R") x .Z(R") — .Z(R?*") is a time—
frequency transform if it satisfies

FQu,v)(y, &) = ¢o(y, &) x(u, v)(y, ),

where x is the ambiguity transform defined in (20) and ¢ € ) (R?") N L°°(R?").

Birkhauser
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A time—frequency transform Q can be specified by different kernels which are
Fourier transforms of one another. We will use the following notation and terminology:

ambiguity kernel, ¢o(y,§),
time—frequency kernel, o (x,n) := Foo(x,n),
time-delay kernel, ¢ (x,y) := f{le(x, y).

Definition 14 implies that a time—frequency transform Q is a convolution of the Wigner
transform,

Qu,v) =g * Wu,v),

for some distribution V¢ € O (R?"). Time—frequency covariance of the Wigner
transform implies that the transforms defined in 14 are also covariant.

The boundedness requirement of the ambiguity kernel ¢o € L°°(R?") makes the
transform square-integrable for finite-energy signals by the Plancherel theorem and
the estimate

1O u, U)||L2(]R2n) = ||¢Q||Lw(R2n)||M||L2(Rn)||M||L2(Rn)-

Remark 2 Time—frequency transforms can also be based on the Rihaczek transform
R := W, given by

R, v)(x, ) = u(x)e 2" 15(y), (26)
which can be generalized easily to groups without dilation. The difficulty with the
Wigner transformis y +— y/2 which does not work well on groups in general. Rihaczek
transform is the starting point for defining Cohen class time—frequency transforms on

groups in the article by Turunen [24].

In view of (25), the value of a covariant time—frequency transform at any point
(x, n) is determined by the sesquilinear form

(u,v) = QO(u,v)(0,0),

where u, v € . (R™). We use this sesquilinear form to define the evaluation at origin
operator Qo : S R") — ' (R") by

(Qov, u). 7 = OQ(u, v)(0,0). 27)

This operator admits a representation by a distribution kernel 69 € .7’ (R?") by the
Schwartz kernel theorem as

(Qov, ) .7 = (62, u @ v) 51 7. (28)

Birkhauser
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We collect these observations into a lemma which is a version of [11, Theorem
4.5.1]. The original lemma excludes transforms which are not in general point-wise
bounded for signals of finite energy. An example of such a transform is the Rihaczek
transform (26).

Lemma4 Let Q be a time—frequency transform according to Definition 14. The eval-
uation at the time—frequency origin defines the distribution kernel ¢ e ' (R*")
and

Qe )(x.m) = (32 pCe. )~ u ® px )~ T) 29)

2R

where p(x,n) = My,Tc My, is the symmetric time—frequency shift defining the
Schrédinger representation and 8 the distribution kernel defined in (28). The corre-
sponding time—frequency distribution is expressed in terms of the t-Wigner transform
as

O, v)(x, 1) = (We (u, v) % 11 F2 P8 %) (x, ), (30)

where the operator P is defined by Pra(x,y) =a(x+ty,x+(t—Dy)witht € R
and a € & (R™).

Proof The evaluation at the origin defines the operator Q¢ by

Q(u, v)(0,0) =

By time—frequency covariance

Q. v)(x. ) = (80 (T M) © T M)

= 5_Q’ b _1 9 _1 ) b
< pE.m) U@ p(x. M),
where the phase introduced by the Schrodinger representation is cancelled by the

complex conjugation.
The 7-Wigner transform is given by

We(u,v) = FoPr(u®@0).
We express the evaluation of Q at the origin in terms of the 7-Wigner transform

O, v)(0,0) = (82, P7VFy ' We (u, v)) o
= (Fy ' PsQ, We(u, v)) o 7,

Birkhauser
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where P;la(x, y) =a((l —t)x + ty,x — y). For any point in the time—frequency

plane we find by covariance of the t-Wigner transform

O, v)(x, n) = (Fy ' P89, Ty We(u, v)) 1
= (W@, v) % . Fy ' P89) (x, )
= (We (u, v) % (1. F2 Pr82) (x, 7).

]

When defining a time—frequency transform in terms of the t-Wigner transform, we
use the notation

Q. v) = Y5 % We(u, v),

where é is the t-Wigner time—frequency kernel. The corresponding ambiguity kernel
and time-delay kernel are denoted by ¢>’Q and (pTQ, respectively.

Proposition 1 The kernel of the evaluation at origin Qg is related to the t-Wigner
time-delay kernel <th of the transform Q by

80 = P g}, 31

T

Proof The transform Q is defined with the T-Wigner time-delay kernel as

O(u, v)(x,n) = Fa(pg *1 Pr(u ®))
and at the time—frequency origin we find

O(u, v)(0,0) = F (P (u @) *1 ¢)(0,0)
=(1pg, Pr(u®0)) .y .7
= (P gph u®T) 5 7,

which proves the claim. O
We define next the the Q-quantization related to a time—frequency transform Q.

Definition 15 Let (u#, v) — Q(u, v) be a Cohen class time—frequency transform. The
Q-quantization is the map a +— Op, a taking temperate distributions a € .% "(R?™)
to linear operators from .7 (R") to ./ (R") defined by

(@, Ou, U))y/(RZn),y(RZH) = ((OPQ a)v, u) 7 wny, R (32)
The distribution a is called a symbol of the operator Op a.

Birkhauser
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As an example of quantization we have previously set Qg := Op,(J(0,0)). If the
equality 32 makes sense in L? we write it using the usual inner product as

(Qu,v),a) = (u, (Opg a)v). (33)

Example 1 (Weyl-Wigner quantization) Choosing the time—frequency transform in
the above formula as the Wigner transform we obtain the Weyl-Wigner quantization.
The operator corresponding to the symbol a € . (R?") is given by

Opyane = [[ a2 pumayan G4

where u € . (R").

Symbols in other quantizations have unique representations in terms of Weyl—
Wigner symbols.

Lemma5 Given a Q-symbol a € . (R*") and denoting A = Opgpa : S (R") —
' (R"), there is a unique Weyl-Wigner symbol aw such that A = Opy, aw. This
symbol is given by

aw = F ' (¢gFa). (35)

Proof Writing out the quantization formula for any u, v € ./(R"), we find

(Av,u) 9 o = (Qu,v),a)

= (FQ(u,v), Fa)

= (poFW(u,v), Fa)
= (FW(u,v), g Fa)
= {

W (u,v), F~ ' (pgFa)),

so the Weyl-Wigner symbol of the operator A is ay = F~'(¢gFa). i

We note that if the symbol satisfies supp Fa C {(y,§) : ¢o(y,§) = 0}, then
Opg a = 0. The quantization map may thus be non-injective.

So far we have seen that a time—frequency transform can be characterized by the
sesquilinear form at the time—frequency origin and the time—frequency kernel /. In
addition to these, it suffices to give the quantization of symbols in . (R>") to specify
the corresponding time—frequency transform.

Lemma 6 If a quantization Opy, is the quantization related to some time—frequency
transform Q, this transform is uniquely specified by considering the quantization of
symbols in . (R*").

This lemma is just a consequence of the continuity of the quantization map and
the Lemma 2. We recover the operator Qg of the transform given by the distribution
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symbol 6,0). Furthermore, the distribution kernel 82 of the operator Q¢ has the
representation in terms of the Wigner time-delay kernel as

50 = Pl_/éLHDQ.

5 Characterization of the Properties of Cohen-Class Time-Frequency
Transforms

We show next how properties of a time—frequency transform are reflected in the
associated kernel and quantization. We study also other ways of characterizing these
properties. The conditions are usually formulated with respect to some of the following
objects.

The transform Q itself.

The operator Q.

Some of the kernels e.g. ¢ or ¢g.
The quantization Op,,.

There are extensive treatments of the various desirable properties of time—frequency
transforms. Many such properties with the corresponding conditions for kernels have
been studied first in relation to quantum physics in [19] and [16]. Further works in
time—frequency analysis include [1,5,9,14]. An overview of quadratic time—frequency
distributions with an extensive list of references can be found in [12].

We study the properties elaborating on the tables found in [1, pp. 146-147] and [9,
p. 131].

5.1 Covariance Properties

The term covariant is commonly used when a time—frequency transform behaves
regularly under a symplectic coordinate transform of the time—frequency plane. These
are also the center-fixing automorphisms of the Heisenberg group, see [11, Sect. 9.4].

Definition 16 A time—frequency transform Q is covariant under a symplectic coordi-
nate transform A4 of the time—frequency plane if

Q. v)(A™ (x, M) = O(u(Au, w(A))(x, n) (36)
holds for any u,v € .#(R"), where u(A) : L*>(R") — L2*(R") is a symplectic
operator given by the metaplectic representation p such that IT o u(A) = A with the

projection IT as in (16).

The symplectic operator 1 (.A) is defined up to a complex phase factor by applying
Schur’s lemma to the Schrodinger representation p. It is the unitary operator satisfying

p(A, ) = u(A)px, PuA ™", (37)
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see [11, Sect. 9.4]. By Schur’s lemma, the metaplectic representation A — . (.A) also
satisfies

wW(AB) = cu(A)u(B), (38)

where |c| = 1 is a complex phase factor.
Definition 16 is motivated by the full symplectic covariance of the Wigner transform
as expressed in the following lemma:

Lemma 7 ([10], p. 180) The Wigner transform satisfies
W (u, v) (A7 (x, m) = W(n(Au, n(Aw)(x, n) (39

forany u, v € ' (R") and for any A € Sp(2n).

We will denote the symplectic transform acting on functions in the time—frequency
or ambiguity plane also by T 4a(x, n) = a(A(x, n)).

Theorem 3 Let 1 (A) be ametaplectic operator such that ITop (A) = A. The following
conditions are equivalent for a time—frequency transform Q:

Time—frequency transform Q is covariant under A.

The evaluation at origin Qo commutes with (L (A).

The ambiguity kernel ¢ ¢ satisfies po = T g-1¢¢.

The quantization Op, satisfies Op (T 4a) = w(A) 1o Opgao w(A).

b

Proof (a) < (b): We have on one hand

O, v)(A™ (e, m) = (pLA™ e, 1w, QoplA™ (x, ;1)
= (A o, )T (A, Qo (A o, )T (A)v)
= (p(x, ) (Au, (A Qou(A) " p(x, M)~ i (Av) (40)

and on the other hand
O (u(Ayu, 1 (Aw)(x, n) = (pCx, )~ w(Au, Qop(x, )~ u(Av) 1)

for all u, v € . (R"). Assuming covariance under A, we combine (40) and (41) into
the equality

(p (e, m) ™ (A, 1(A) Qo (A o, )~ i (A)w)
= (p(x, ) w(Au, Qopx, )~ (Aw)

which shows
(A Qo (A~ = Qo

Birkhauser



6 Page180f38 Journal of Fourier Analysis and Applications (2022) 28:6

since i (A) and p(x, n) are isomorphisms mapping .7 (R") to . (R"). Assuming (b)
also implies (a) by the previous calculations.
(a) < (c): Taking the symplectic Fourier transform of 7 -1 Q we find

FT 10, v)(y,8) = Ty-1 FQu, v)(y, £)
=T -1(Pox(u,v))(y, &)
=T 190y, )T 41 x (u, v))(y,§)
=T 1000, E)u, po A (v, £)v)
=T-100(y, &)u, u(A ' p(v, E)u(Av)
=T -190 (. E){((Au, p(y, &) u(Av)
=T 1000, &) x ((Au, n(Av)(y, ).

In addition, we have

FQ(u(Au, p(Av)(y, &) = ¢y, &) x (n(Au, u(Av)(y, §)
so by the Fourier inversion the condition ¢ (y, &) = T 4-1¢90(y, &) is equivalent to

covariance under A.
(a) = (d): Assuming the covariance we have on one hand

(A, 1 (Aw), a) = (u(Au, (Opg a)p(A)v)
= (u, un(A) "' (Opg @) pu(Av)

and on the other hand

(Q(u(Au, u(A), a) = (T410u, v). a)
— (O, v). Taa)
= (. Opo(T4a)).

Hence, if the transform is A-covariant we have
(u, w(A) " (Opgy @) (A)w) = (1, Opy (Taa)v)
for all u, v € . (R™) which implies
Opo(Taa) = 1(A)~" 0 Opga o u(A).

(d) = (a): Assuming the quantization condition we find from the previous calcu-
lations

(Q(M(A)ua M(A)U)v a) = (TA*I Q(M, l)), a)
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for any u, v € .#(R") and a € . (R?"). This implies the equality

O(u(Au, p(A) =T -1 0(u, v).

]

The full symplectic covariance is restrictive enough to single out the Weyl-Wigner
quantization, which is proven, for instance, in Chap. 30 of [26]. This uniqueness result
has also been further studied in [8]. To admit other transforms one has to consider
covariance under certain subgroups of the symplectic group. The usual particular
cases of covariance in the space R" are given by rotations scalings and shears.

Example2 Let S be a symmetric matrix in R"*". A time—frequency transform is
covariant under time—frequency shears A(x, ) = (x,n + Sx) given by the chirp
transforms u (x) — e 5%%)y (x) if its ambiguity kernel satisfies

Do (v, &) = po(y, & —Sy)

for all (y, £) € R¥".

Next we consider the covariance under complex conjugation of the signals defined
in [14, Eq. (2.39)].

Definition 17 Time—frequency transform Q is covariant under complex conjugation
1f Q(ﬁ’ v)(xv 77) = Q(M, U)(x, _’7)

Theorem 4 The following conditions are equivalent for a time—frequency transform

Time—frequency transform Q is covariant under complex conjugation.
The evaluation at origin Q¢ commutes with complex conjugation.

The ambiguity kernel ¢ satisfies o (y, &) = po(y, —&).
The quantization Op, satisfies Op (12(a))u = Opg(a) ().

A=

Proof (a) < (c¢): We find the equivalence of covariance and the kernel condition using
the symplectic Fourier transform by

FOw,0)(y,8) = ¢o(y, &) x @, v)(y,8)
=¢o(y, &) x(u, v)(y, —§)

and

Fro0@,v)(y,§) = FQ0u,v)(y,§)
= ¢Q(y’ _é)X(u’ U)(yv _E)

(b) < (c): The Schrodinger representation satisfies

p(y, §u(x) = e Ty EHZTCE Y (x — y)
=p(y, —&)u(x) (42)
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and the evaluation at origin may be expressed by

Q0.0 = /fR FQ(u. v)(y. ) dy d
= //Rzn b0y, E)x (u, v)(y, &) dy dE. 43)

Applying (21), (42) and (43), we find that the condition for the evaluation Q¢ and the
kernel condition are equivalent by

Quii(x) = f /R 500 Bip(y UG dy g

- //RZ do(y, &)p(y, —&)u(x)dy dg

- //Rz” b0 (v, —E)p(y, &)u(x)dy dé

and

Qou(x) = /fRz $o(y,6)p(y, §u(x)dyds.
(a) < (d): The quantization condition is equivalent to the covariance by

(u, Opg (2(@))v) = (Qu, v), 12(a))
= (2Q(u,v),a)
= (2Q(u, v), a)

and

{u, Opo(@)(@)) = (it Opy (@) ()
= (0@ v). a).

]

Example 3 (Particular examples of kernel conditions) The kernel condition for the
time—frequency kernel v ¢ is similar to the condition for the ambiguity kernel as can
be seen by

Fyo=¢0 =Tapg =TaAFyo =FTayo.

The Rihaczek ambiguity kernel qb% (7-Wigner with t = 0) is given in terms of the
(Wigner) ambiguity kernel ¢o by qb% (y, &) = ei”y'sqﬁQ(y, £). As an example, the
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kernel condition for the covariance under complex conjugation becomes

P9 (v. &) = e Py (y. £)
— eiﬂyvém
= eiﬂyv(—é)ng(y, —£)
= 9% (v, —6).

5.2 Energy Distribution Properties

An ideal time—frequency distribution would measure the energy content of a signal at
a given time and frequency. However, such an ideal density cannot exist. For instance,
positivity and correct marginal densities of a time—frequency distribution are mutually
exclusive as was first proven in [25]. In addition to this, the Heisenberg uncertainty
principle shows that a single point in the time—frequency plane cannot be interpreted
as a single frequency component located precisely at the given time.

It is possible to try to mimic an energy distribution by requiring the time—frequency
distribution to satisfy different properties characteristic to an energy distribution. We
will discuss several of these properties starting with the requirement of the distribution
being real-valued.

Symmetry:

Definition 18 A time—frequency transform Q is symmetric if it satisfies

Qu,v) = Q(v, u)

for any u, v € S (R").

If a time—frequency transform Q is symmetric, then the time—frequency distribu-
tions Q[u] are real-valued for any u € &/ (R").

Theorem 5 The following conditions are equivalent for a time—frequency transform

Time—frequency transform Q is symmetric.

The evaluation at origin Qg is a symmetric operator.

The ambiguity kernel ¢ ¢ satisfies o (y, &) = po(—y, —&).
The quantization Op , satisfies Opy(a) = (Opg a)*.

A= O

Proof (a) = (b): Assume first that the transform is symmetric. Then the operator Qg
is symmetric by

(u, Qov) = O(u, v)(0,0) = O(v, u)(0,0) = (v, Qou) = (Qou, v)
which holds for all u, v € . (R").
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(b) = (a): Conversely, we have by shift-covariance

Qu,v)(x,n) = (T-xM_yu, QoT—xM_,v)
=(Q0T_xM_yu, T_yM_,v)
= (T—xM_,v, QoT—x M_yu)

= Q, u)(x,n)

forall u, v € .Z(R").
(a) < (c): Equivalence of the kernel condition and the symmetry of the transform
follows by taking symplectic Fourier transforms. The ambiguity kernel is defined by

FO@,v)(y,8) = ¢o(y,8) x(u,v)(y,%).

Taking the symplectic Fourier transform of the function Q (v, u) we find

F(Q,u)(y,8) = ¢o(—=y, =§)x (v, u)(—y, =§)
= ¢Q(_y’ _%-)X(M, U)(yv é),

where the last equality follows by the basic properties of the ambiguity transform.
Hence, if the transform is symmetric we have the kernel condition

¢Q(y9 %_) = ¢Q(_yv _%-)

and also the converse by Fourier inversion.
(a) = (d): Assuming symmetry of the transform we find

(u, (Opg a)v) = (Q(u, v), a)
= (Q(v, u),a)
=(Q(v,u),a)
= (v, (Opg a)u)
=

(Opg @)u, v)

which shows that the quantization is symmetric.
(d) = (b): If the quantization is symmetric we have for any real-valued symbol
a € .7 (R?") the equality

{u, (Opg @)v) = ((Opg a)u, v).
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In particular, taking the sequence of real-valued symbols converging to the Dirac delta
distribution 8¢,y we find

{u, Qov) = lim(Q(u, v), au)
= lién(u, (OpQ ag)V)
= lim [5: Opg @
— 1im (0,0}, )
= (v, Qou)
= (Qou, v),
for any u, v € .(R") which proves the claim. O

Remark 3 The Rihaczek ambiguity kernel ¢% yields a symmetric transform Q if it
satisfies

Po(y, &) =75 p) (—y, —&). (44)

This equation has the expression in terms of the Rihaczek time-delay kernel w% as

o) = [ PTG e de
= [ ePremeghy e as
= (pOQ(x +, —)’)

Positivity: As a function of time and frequency, the transform should be positive if
it represents an energy density of a given signal. Hence, we say that a time—frequency
transform Q is positive if Q[u](x, n) > 0 forall u € .#(R") and (x, n) € R*". There
are several articles and results about positivity and many references can be found in
the survey [14].

Aswas the case in Theorem 5, the pointwise values of a Cohen-class time—frequency
distribution Q are related to the numerical range of the operator Qq. In particular, if
Qo : L*(R") — L*(R") we may write

Q[u](0,0) = (u, Qou).

An example of a positive time—frequency transform is obtained by setting Qg = P
for some projection in L?(R") as is seen by

0[u](0,0) = (u, Pu) = (u, P*u) = (Pu, Pu) = || Pul||* > 0.

Any spectrogram is such a transform since for the w-windowed spectrogram the oper-
ator Qg is the projection to the one-dimensional subspace spanned by w. Another
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example is given by the projection onto odd functions defined by Pu(x) = [u(x) —
u(—x)]/2. This results in

lulP1Ce, ) Wld(x, )

Olul(x,n) = > 1

Related to positive time—frequency transforms we define the positivity of a quanti-
zation.

Definition 19 The quantization Op , is said to be positive if every non-negative symbol
a(x, n) yields a positive operator Op, a.

Referring to this definition we formulate the simple observations about positivity into
a theorem.

Theorem 6 The following conditions are equivalent for a time—frequency transform
Q:

1. Time—frequency transform Q is positive.

2. The evaluation at origin Qy is a positive operator.

3. The quantization Op, is positive.

Proof (a) < (b): The equivalence of the first conditions is immediate by the shift-
covariance of the transform.
(a) = (c): By the definition of OpQ we obtain

(u, (Opg ayu) = {Qlul.a) = 0

for all test functions u.
(c) = (b): The delta distribution §(o oy can be approximated, for instance, by Gaus-
sian functions. Let limy ay = 8(0,0). Then

(u, Qou) = (Qlul, §0.0)) = im(Qu], aq) = lim(u, Opg aqt) = 0

by the positivity of the quantization. O

Concerning the form of the ambiguity kernel, we find a simple characterization for
the case of trace-class Qg. This proposition is inspired by [9, p. 118].

Proposition 2 Let Q be a positive time—frequency transform on L>(R™). If the corre-
sponding operator Qg is a trace class operator, then the ambiguity kernel ¢g(y, &)
is a weighted sum of ambiguity transforms. Hence, the transform itself is a weighted
sum of spectrograms.

Proof If Q is a trace class operator there is a total orthonormal set { f;} such that the
spectral decomposition formula

Qou =Y qilu, fi) fi

k=0
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holds with (gx)72 € ¢! The positive square root A of Qq given by a; = /gy is then
a Hilbert-Schmidt operator and

Qou(x) = A*Au(x) = Y qulu, fi) fi = / K (x, y)u(y) dy,

k>0 R

where K (x, y) € L2(R*") and

K, y) =) qrfiu@) fi).

k=0

The kernel of the operator Q¢ can also be given by the time-delay kernel as

K (x,y) = P{juipo(x, y).
Taking the coordinate transform Py /5 on both sides we find
9o(—x,y) = PipK(x,y) =Y g filx +y/2) ik = y/2) (45)
k>0
and by the inverse Fourier transform in the x-variable we have

6008 =Y ar [ e fila+ /2R =D

k=0

= " qix[fil(y. 6).

k>0
which completes the proof. O

In addition to real-valuedness and positivity, pointwise boundedness of a time—
frequency transform can be directly seen from Q. If the operator Qg is bounded in
L2(R™), then the time—frequency transform Q satisfies the bound

10 (u, U)||L0°(]R2n) = ||QO||||M||L2(Rn)||v||L2(Rn)
and is thus bounded for finite-energy signals.

Distribution integrates to the total energy: The integral of an energy distribution
over the whole space yields the total energy. This should also be satisfied by an ideal
time—frequency distribution. We say that a time—frequency distribution is normalized
if it satisfies

/[, Qe dsdn = jur® 6)

for any u € L?(R"). This is connected to the calculation of traces of operators under
the Q-quantization.
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The distribution kernel of the operator A = Opy, a given by the T-Wigner symbol
ais[21, p. 202]

Ka(x,y) = / eizn(x—y)'”a((l —T)x +ty,n)dn.
Rn

If the operator is trace-class its trace is thus given by

Tr(A) :/ Ka(x,x)dx = // a(x, n)dxdn.
Rn 2n

We say that a quantization Q has correct traces if it satisfies the previous formula for
every symbol a € .7 (R>").

Theorem 7 The following conditions are equivalent for a time—frequency transform

Q:

1. Time—frequency transform Q is normalized.
2. The ambiguity kernel ¢ satisfies ¢ (0, 0) = 1.
3. The quantization Op has correct traces.

Proof (a) < (b): The equivalence follows by noting that the integral is just the evalu-
ation of the symplectic Fourier transform at the origin. Hence, we have

//Rz" Q(u, v)dndx = FQ(u, v)(0,0) = ¢9(0,0)x (u, v)(0, 0) = ¢¢(0, 0)(u, v).

(b) < (c): We find using the formula for the Weyl-Wigner symbol

Tr(Opy aw) = / /R aw(x.mdnds

=// F_I(EFa)(x,n)dndx
]RZn
= ¢0(0,0)Fa(0,0)

— 300.0) // a(e.n) dn dx
RZH

foranya € . (R?"). Hence, if the kernel condition is satisfied we have (c). Conversely,
assume that the trace condition holds. Then

Tr(A) = //2 a(x,n)dndx = ¢¢(0,0) f/z a(x,n)dndx = ¢o(0,0) Tr(A)
R Ron

for any operator A given by Q-quantization by the Schwartz symbol a. Hence, we
have ¢ (0,0) = 1. m]
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Remark 4 1f the evaluation at origin operator Qg is trace class, then we may write
using the same notation as in (45),

Tr(Qo) = ) i = /R 0o (—x,0)dx = ¢0(0,0).
k>0

Thus, such transform Q is normalized if and only if Tr(Qg) = 1.

Marginal distributions: Integrating a time—frequency energy distribution either over
time or frequency should yield the corresponding marginal distribution in frequency
or time, respectively.

Definition 20 A time—frequency transform has the correct frequency marginal distri-
bution if it satisfies

fR OLul(x, ) dx = [@(n) 47)

for all u € . (R"), and the correct time marginal distribution if

fRn Qlu)(x. m) dy = Ju(o)P (48)

We characterize next the time—frequency distributions which have the correct
marginal distributions in time and frequency.

Theorem 8 The following conditions are equivalent for a time—frequency transform

Q:

1. Time—frequency transform Q has the correct frequency marginal distribution.

2. The ambiguity kernel ¢ satisfies ¢o(y,0) = 1.

3. Symbols a of the form a(x,n) = f(n), where f € S (R"), map to convolution
operators

(Opg a)v = f *v.
Proof (b) = (a): The ambiguity kernel condition gives
/R O(u, v)(x,n) dx = /R e YN0 (v, 0)x (e, v)(v, 0) dy

=/ e 2T My (u, v)(y, 0) dy
= u(n)o(n)

for any Schwartz test functions u# and v.
(a) = (b): Conversely, by the previous calculation we find

A@ e g0 (v, 0)x [ul (y, 0) dy 2/ e 2y [u](y, 0) dy

Rn
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and by the Fourier inversion

(I =0y, 0)x[u](y,0) =0

for every y € R” and every Schwartz test function # which implies the claim.
(b) = (c): Assuming the ambiguity kernel condition we find for the quantization

(0, v),1® f) = (box u,v), f ® do)
— /}R Po(y, O)W/Rn u(x +y/2)v(x — y/2)dxdy

=/ ¢Q<x—y,0>f<x—y>/ u()20y) dx dy
Rn R”

=/ u(x)f V) dolx — v.0) T —3) dydx
R’l Rn \—_fl—/

= (u, f xv).

(c¢) = (b): Conversely, if frequency-dependent symbols map to convolution oper-
ators the previous calculation leads to

L) [ o=y 07 G =ty ax

=(Qu,v),1® f)
= (u, f *v)

= [ ww [ Ta=u0idyas
R R7
for any u, v € .(R") and convolution kernel f € ./(R"), which implies the claim.
O
The characterization of correct time marginal distribution is similar.

Theorem 9 The following conditions are equivalent for a time—frequency transform

Q:
1. Time—frequency transform Q has the correct time marginal distribution.

2. The ambiguity kernel ¢ satisfies po(0,&) = 1.

3. Symbols a of the form a(x, n) = g(x), where g € . (R™), map to multiplication
operators

(Opg a)v = gv.
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Proof (b) < (a): We assume first the ambiguity kernel condition and find

[, Q@ v)(x.mdn = /R 00, €)1, v)(0, €) dE
= [ e 0.6 ds
R~
= u(x)v(x).

The converse follows by a similar argument as in the case of the frequency marginal
distribution.

(b) = (c): The quantization property follows from the ambiguity kernel condition
by

(Q(I/t, U)s 8 ® 1> = (¢Q ' X(M, U)s 50 ®§>

- / $0(0,6)3¢) | e u(x)v(x)dx dg
n T R}L

:/ u(x)g(x)v(x)dx
R}’l
= (u, gv).

(c) = (b): Conversely we find

/R u()g@v(x) de = (u, gv)
= (Qu,v), g®1)
= / u(x) / e 2 45(0, £)2(8) d& v(x) dx
Rn R

for any u, v € S (R") and g € .’ (R"). Hence,
e = [ G0 67 d

and by the Fourier inversion ¢ (0, §) = 1 for any £ € R". O

Remark 5 The correct marginal distributions can be characterized by the time-delay
kernel ¢¢. For correct frequency marginal distribution it has to satisfy

/ po(x,y)dx =1

Rn

forany y € R". The time-delay condition for the correct time marginal distribution is
9o (x,0) = 8o(x).
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Highermoments: Some of the moments have been used in applications previously. In
particular, calculations for the second moments can be found in [7] and [18]. These are
usually related to modeling the signal using the instantaneous frequency and instanta-
neous amplitude, see [1, Chap. 2]. For a time—frequency transform in R the frequency
moments are

/RnkQ(u,v)(x,n)dn=/RnkF_1(¢Qx(u,v))(x,n)dn

. 1
- /R e B ot [B00 DX e (. £)], g

for any u, v € . (R). The transform has thus the same frequency moments as the
Wigner transform up to kth order if

$0(0.£) =1 and (3,$0)(0,8) =0
foralll <l <kand& € R.

Given a single-component signal u(x) = a(x)e?™, the first moment of the Wigner
transform is

1
/ nWlul(x,n)dn = 2—9’<x>|a(x)|2
R T

which corresponds to the mean frequency at x as can be seen by the remark in [9, p.
30]. We may thus formulate that the transform Q conserves instantaneous frequency
if

/nQ(u,v)(x, n)dn=/ nWu, v)(x, n)dn,
R R

which leads to the conditions

$0(0,§) =1 and (9,¢0)(0,8) =0

for all £ € R. The conditions are similar for the time moment.

The second moments would ideally be positive and describe the spread of the
signal in time or frequency. The higher moments of the Wigner transform do not
satisfy this requirement so different definitions for the correct second moments have
been proposed. For a discussion about these we refer to [ 18] and the references therein.

5.3 Support Properties
A time—frequency transform should be able to detect the times and frequencies where
the signal has energy. The Wigner transform conserves supports in the following sense

[10, Proposition (1.97)].
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Proposition 3 Ler w1 (x, n) = x and w2 (x, n) = n be the projections to the axes in the
time—frequency plane. Let H(E) denote the closed convex hull of E C R". Then

1 (supp Wlu]) C H(suppu),
o (supp Wul) C H(supp ).
Since in the one-dimensional case the convex hull of the support is the smallest

closed interval containing it, we call H (supp u) the lifetime of the signal. A time—
frequency transform is said to conserve the lifetime of a signal if it satisfies

1 (supp Qlul) C H(suppu).

The transforms satisfying this property are characterized by their time-delay kernels.

Lemma 8 A time—frequency transform Q conserves the lifetime of the signal if and
only if its time-delay kernel ¢ satisfies

supp@o C {(x,y) € R 1 x = (r — 1/2)y, T € [0, 1]}.

Proof The distribution Q[u] can be given by its time-delay kernel as

Olul(x,n) = /Rn e 12Ty /Rn ot —x, yu(t +y/2)u(t — y/2)drdy.

Denoting U = H(suppu) we find that the lifetime of the function t — u(r +
y/2u(t —y/2) is the set Ky, = (U — y/2) N (U + y/2). Let Ly be the support
of the distribution  — ¢¢(—t, y). The support of the function

X > / Yot —x, Y)u+y/2u( —y/2)dt 49)
R’l

is then given by Ky + L. The condition for the conservation of the lifetime of u
becomes now

Ky+L,CU
for all y € R". For this inclusion to hold, the map (49) may increase the support only
in the direction of y by no more than y/2. Otherwise there are signals for any y for
which the lifetime increases. This leads to
suppgo C {(x.y) € R 1x = vy, 7 € [~1/2,1/2])
or using the convention compatible with the t-Wigner transform
supppo C {(x.y) € R 1 = (r — 1/2)y, 7 €[0, 1]},

completing the proof. O
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Example 4 Let f be a finite Borel measure on R considered as a distribution and
g € Oy (R"™). Define a family of time—frequency transforms by Q (u, v) = For(u, v),
where, abusing the notation of the distribution f slightly, we set formally

r(u, v)(x,y) =g() [R f@ulx +ty)v(x + (r — Dy)dr.

Such transforms conserve the lifetime of the signal if and only if supp f C [0, 1]. The
time-delay kernel is ¢ (x, y) = g(¥)d(z—1/2)y(x) f and the distribution Q[u] may be
written for any u € ./ (R") as

Oful(x, n) = /R ) e 12Ty [R F@egux +y)ulx + (t — Dy)drdy

=/ f(f)/ e 2 Mg (Vu(x + ty)ulx + (r — Dy)dyde
R R?

= f(&*2 Wrlul).

Setting ¢ = 1 and f = ;7 one obtains the Wigner distribution. Other examples are
presented in Sect. 6.

Remark 6 The strict conservation of supports is more restrictive and only frequency-
averaged sums of Wy and Wy satisfy it. This result can be found in [9, p.125].

5.4 Unitarity

Definition 21 The time—frequency transform Q is unitary or satisfies the Moyal prop-
erty if

(Qu,v), O(f, ) = (u, f)(g, v)

forallu, v, f, g € L*(R").

Interpreting this property in terms of the Q-quantization with the assumption ||u| =
lv|| = 1 we have

(Qlu], Qlv]) = (u, v)(v, u) = (u, (u, V)v) = (u, Pyu).

Hence, the symbol Q[v] in the Q-quantization yields the projection operator P,. An
interesting example is given by the identity operator in a Hilbert space with a total
orthonormal set 4. The identity operator is given by the sum

I=>"P,
o
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so we find

(u, Tv) =Y (u, Py,v) = Y (O, v), Qlhal) = (Q(u, v), a),

o o

with the Q-symbol of the identity as a = Y, Q[v,]. If Q is normalized then the
identity operator is given by the constant symbol 1, so we conclude

> Qlw] =1.

We call the quantization Op, unitary if it satisfies
(a1, az2) 22y = (Opg a1, Opg a2) s := Tr[Opg ai o (Opy a2)*]

for all ar, a» € L*(R*") and where the subscript H S refers to the Hilbert—Schmidt
inner product of operators. If the distribution associated with a unitary quantization is
interpreted as a probability distribution, we find the expectation (a) o of a phase space
function a as

(@)om) = (Qlul, a) = Tr[P,(Opg a)"],

which corresponds to the usual formula for the expectation of an hermitian observable
A in the state u

(A)y = Tr(P,A).
Theorem 10 (Moyal Property) The following conditions are equivalent for a time—

frequency transform Q:

1. Time—frequency transform Q is unitary.
2. The ambiguity kernel ¢ satisfies |po(&, y)| =1 forall &, y.
3. The quantization Op, is unitary.

Proof (b) = (a): Assuming the kernel condition we calculate

(O, v), O(f, 8)) = (FQu,v), FO(f, 8))
= (poxw,v),pox(f,8)
= (Ipo*x (u, v), x(f. &)
= (x,v), x(f,8)
= (W(u,v), W(f,g))
= (u, f){g, v)

forallu,v, f,g € L2(R").
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(a) = (b): Using the previous calculation we find
(1= 1) x (u, v), x(f, ) =0
which implies ¢ (y, §)| = 1 forall (y,§) € R?".

(b) < (c): Assuming the kernel condition we find the Hilbert—Schmidt inner product
of the two operators by

(Opg ai, Opg a2) us
= Tr(Opg a1 o (Opg a2)™)

= /‘/RZ" Kau(%x)mdx dy

= // / eiz”s“aﬁg(y,%)Fal(y,E)ds/ e 27 g0 (v, £V Fay(y, €) dg dx dy
R2n JRn -

B /R fR Py, §)Fai(y,§)¢o(y, ) Far(y, &) dé dy

= fR /R b0 (y, P Far(y, §)Fax(y, &) dé dy

- / ,1 [ Fa(y, §Fa(y. ) dé dy
= (Fal, Faz)

= (a1, a2).
The converse follows since by unitarity of the quantization we have
lgoFall = IOpgallgs = llall = |[Fall,
which yields
(1~ IpoPa,a) =0

for any symbol a € . (R?") and, consequently, |¢Q|2 =1. O

The form of the ambiguity kernel has been previously deduced, for instance, in [9,
p- 126] and [11, p. 80]. The unitarity of the Weyl and Kohn—Nirenberg quantization
has been proven in [11, Theorem 14.6.1].

6 Examples of Time-Frequency Transforms
In addition to the usual Wigner transform, other symmetric time—frequency transforms
may be defined in terms of the r-Wigner transform. This transform has been studied

notably in [21] and more recently by Boggiatto, Oliaro and their collaborators in [2,3].
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Example 5 (t-Wigner Transform) The transform W;, t € R, was defined in (19). It
can be presented with the ambiguity kernel ¢y, given by

Pw, (v, §) = 2T TTUDE,

Notable special cases in the family of T-Wigner transforms are the Rihaczek transform
if R = Wy and the Wigner transform W = Wy ,.

The 7-Wigner transforms can be used to present Cohen-class transforms which are
covariant under the transforms

u(x) — |det T|~V2u(T7x), (50)
u(x)H/e—ﬁ”k%(x)dxk, k=1,...,n. (51)
R

Letpo(y, &) =k(y-&)and f(7) = /k\(r). Then a class of time—frequency transforms
can be given by

FQu,v)(y,&) = fR FOE? ™y (u, v)(y, £)dr, (52)

which yields

0, v)(x. 1) = /Rf(r 12 W, v)(x, ) d

These transforms are covariant under (50) and (51) by the kernel condition of Theorem
3.

In one dimension the situation is a bit simpler since the only transformations (50) are
scalings and in that case the transforms 52 are known as transforms with a product-type
kernel [1, p. 158]. They are characterized by the following proposition:

Proposition 4 Cohen-class time—frequency transforms in R which are scale-covariant
and have correct marginal distributions can be represented by weighted t-Wigner
transforms as

Qu,v)(x,n) = /Rf(f — 1/2)We(u, v)(x, n)dz. (53)

Proof By the marginal distribution condition we have ¢ (0, &) = ¢o(y,0) = 1 for
all y, & € R. Scale-covariance yields

do(y, &) = po(y/a, a)

and, in particular, if y, £ # 0 we may take a = y to obtain
oy, &) = po(1, y§) =t k(y%).
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Defining further k£(0) = 1 we have ¢o(y, &) = k(y&) for any y, & € R. Hence, we
find

FQu,v)(y. §) = fR F@ Py (u,v)(y, £) dr,
where f(7) = 75(1) and the result follows by Fourier inversion. O

Particular examples of these transforms are the Born—Jordan distribution with
f@) =111/ (),
and the Choi—Williams transform with

f(x) =e 712 )\ 2x o2,

We note that by the form of the function f the Born—Jordan transform conserves the
lifetime of the signal while the Choi—Williams distribution does not. Historically,
Born-Jordan quantization was presented first in [4] and the corresponding time—
frequency transform was introduced by Cohen in [6]. We present its explicit definition
with some further observations.

Example 6 (Born—Jordan transformin R) The Born—Jordan time—frequency transform,
given by f(t) = 1;_1,2,1/21(7), has the integral expression

. 1 x+y/2 -

O wteom = [« [T a4y =2 dray.
R Y Jx—y/2

The time-delay kernel here is thus

gl 21, ify #0,

po(x,y) = {ao(x), ity =0,

and the ambiguity kernel is ¢ (y, §) = sinc(§y) € Ou(R?).

This transform can be motivated physically by considering the quantization of
Poisson brackets. Poisson correspondence is the formula

where the brackets denote the commutator, and

n
da ob da db
fapy=Yy 22 _ 27
i 8x,- am 3)’],’ 8x,’

is the Poisson bracket of symbols a and b. Replacing Poisson brackets by operator
commutators would be the most direct analogy between classical mechanics and quan-
tum mechanics. However, no quantization satisfies the full Poisson correspondence.
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The Born—Jordan quantization is partly motivated by a reduced version of the Poisson
correspondence it satisfies, see [15].

Proposition 5 The reduced Poisson correspondence
Opy {a1 + b1, az + by} = [Opy a1 + Op b1, Opy az + Opy by |

with a1, ar being functions of x and by, by being functions of n characterizes the
Born—Jordan quantization. In particular, the quantization satisfies

Op(8xa - 9,b) = [Opgy a, Opy b].

The Weyl-Wigner quantization, on the other hand, satisfies (54) only for polynomial
symbols with degree at most two.

As an example of a zero-localization operator Qo we consider the one related to
the Born—Jordan transform. The value of the Born—Jordan transform at the origin is
given after a change of variables by

[ —0 -
(u, Qov>=/M(X)/ 00 ~ T dy dx,
R R X =y

where 6 is the unit step function and the inner integral should be interpreted as a
principal value. The operator Qg can be written in terms of the Hilbert transform as
the commutator

’

n[P,H]u(x):H(x)p.V./ o) y—p.V./ 0Gu®) 4,
RX — R X—Y

where H is the Hilbert transform and Pu(x) = 6(x)u(x). This form yields after a
brief calculation the L? bound

19, V)llpc w2y < wllullp2mwllvlL2m)

by the L2-boundedness of the Hilbert transform.
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