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Abstract—The linear canonical transform (LCT) provides a
general mathematical tool for solving problems in optical and
quantum mechanics. For random signals, which are bandlimited
in the LCT domain, the linear canonical correlation function
and the linear canonical power spectral density can form a
LCT pair. The linear canonical translation operator, which is
used to define the convolution and correlation functions, also
plays a significant role in the analysis of the random signal
estimation. Firstly, the eigenfunctions which are invariant under
the linear canonical translation and the unitarity property of it
are discussed. Secondly, it shows that all of these connect the
LCT sampling theorem and the von Neumann ergodic theorem
in the sense of distribution, which will develop an estimation
method for the power spectral density of a chirp stationary
random signal from one sampling signal in the LCT domain.
Finally, the potential applications and future work are discussed.

Index Terms—Linear canonical transform, Random signal,
Power spectral density, Ergodicity, Quantum mechanics

I. INTRODUCTION

The linear canonical transform (LCT) provides a general
mathematical tool for solving problems in nonstationary signal
processing, radar, sonar, optical and quantum mechanics [1-
4]. It is a four parameter (a,b,c,d) class of linear integral
transform and many well-known signal processing operations
are its special cases, such as the Fourier transform (FT),
fractional Fourier transform (FRFT), Fresnel transform and s-
caling operations. The deterministic signal analysis in the LCT
domain has had a researchful study, such as the convolution
theorem, the correlation function, the sampling theorem and
so on [5-10]. The random signal analysis in the LCT domain
has also been researched in several literatures [11-16].

In the stochastic signal processing, a stochastic process is
said to be stationary in a wide sense when it has a zero
mean and its auto-correlation function does not change over
time [11-13]. The Wiener-Khinchine theorem is an important
theorem in the random signal analysis, which states that the
power spectrum density and the correlation function form a
FT pair. Similarly, it has been proved that for a nonstationary
signal, if it is chirp stationary in a LCT domain, the linear
canonical correlation function and the linear canonical power
spectral density of the signal form a LCT pair [13].

As is known to all, the convolution and correlation functions
for a transform operation can be defined using the time-
shift operator. Jun Shi et al. have proposed the generalized
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convolution and product theorems associated with LCT by in-
troducing a linear canonical translation operator [5]. Actually,
the translation operator defined in [5] includes the shifts in
time, frequency and linear modulated frequency. The ergodic
theory has been introduced by Boltzmann in the context of
statistical mechanics, which is the study of the conditions that
permit to change a temporal average by an ensemble average
[17]. The von Neumann’s theorem considered advantages in
spectral resolution of linear operators, such as the FT and
consequently in the harmonic analysis. Sampling theorem
plays an important role in the digital signal processing. The
sampling theorems and error estimates for random signals in
the linear canonical transform domain have been studied in the
mean square sense [13]. In this paper, we will first discuss the
properties of the linear canonical translation operators which
has been defined in [5] in detail, then establish the relationship
between the sampling theorem and the von Neumann ergodic
theorem, and last estimate the power spectral density of a
random signal in the LCT domain in the sense of distributions.

The paper is organized as follows: Section II reviews the
preliminaries about the LCT and the nonstationary random sig-
nal analysis in the LCT domain. In Section III, the properties
of the linear canonical translation operator are researched first.
Then, the von Neumann ergodic theorem for linear canonical
translation and random signal estimation by ergodicity are
proposed. Section IV concludes the paper.

II. PRELIMINARIES
A. The linear canonical transform

The LCT with real parameter M = (a, b, ¢, d) of a signal
f(t) is defined as [1]

Fu(u) = Lmlf(1)](w)
- { Bm [0 f)Km(u, t)dt, b#0

Vdei(ed/2 )uzf(du)7 b=0
where Kni(u,t) = el 2 (58"~ 3tu+§v”) i the transform kernel,
By = /1/(527b), and det(M) = ad — bc = 1. The
inverse transform of the LCT is given by the LCT with
parameter M~! = (d, —b, —c, a). From the definition of the
LCT, it is obvious that the LCT with special parameters
could reduce to the transforms what are familiar, such as
the FT when M = (0,1,—1,0), the FRFT when M =
(cos a, sin e, — sin a, cos «v), the Fresnel transform when M =

6]
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(1,b,0,1) and so on. More details about the properties of the
LCT can be found in the references [1-5].

Using the quantum mechanical notation [4], the LCT of the
signal f(¢) can be written as

IO = Baa [ deful K6 01)

= B (ul Km |f)

= (ulFm)

= Pm(u), 2)
where the function is denoted as f(t) = (t|f) and

(u] Knm [t) = Kwm(u,t) gives the representation of the LCT
kernel in quantum mechanics.

B. Nonstationary random signal analysis in LCT domain

The stationarity is one of the most important concepts in
random signal processing. For a nonstationary signal x(t), if
its modulated form z(t)e’ at®/2b i stationary in the wide sense,
the signal is said to be chirp stationary [11-13]. The LCT auto-
correlation function is defined as [13]

RM(t1,ty) = E{a(ty)x*(ty)elvt2(h—t2)/b 3)

When the random signal is linear canonical chirp stationary,
we have that

Rx(tlatQ) = R%(T) ‘T:tI*tZ . 4)

The LCT power spectral density and the LCT auto-
correlation function form a LCT pair as follows

Px(u) = \/ ﬁLM [Rm(T)}(U)e_jduz/(%) . (5)

Obviously, the result reduces to the Wiener-Khinchine theorem
when M = (0,1, —1,0).

III. MAIN RESULTS
A. The linear canonical translation operator

The time-shift operator plays a significant role in the
definition of convolution and correlation functions [5]. In
this subsection, we introduce the linear canonical translation
operator and study its properties first, which will be used in
the future work.

The linear canonical translation operator 7> ng with param-
eter M = (a,b,¢,d) and value 7 is defined as [5]

Trmlfl(t) = f(t — T)eI7(=7/2)alb (6)

It satisfies the following property based on the definition of
the LCT
Lai{Trmlf]}(u) = Faa(w)e 77/, (7

where Fui(uw) is the LCT of f(t). When M = (0,1, —1,0),
the operator T’ np reduces to the ordinary time-shift operator

T-[f)(t) = f(t=7).
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It is easy to prove that the linear canonical translation
operator forms a commutative group which holds the following

group property
TrmoTom =TrivM- (®)
Therefore,
Torm=TrmoTlrmo-oTrm=T" . 9

As a result, the group of the linear canonical translations
{T:m : —00 < T < oo} is a real-parameter group, and its
inverse operator is TT_;I = T_,m and identity operator is
Tom = 1.

Next, we analyze the properties of the linear canonical
translation.

(a) The eigenfunctions of linear canonical translation

For the set of the orthonormal functions

a .2 2$$/+%1/2)
’

oo (z') = Byel2(0° % (10)

it can be shown that these functions satisfy the following
eigenvalue equation:

TT,M_l [@ZL’M](Q:I)
= QO:E,M(x/ _ T)6j7($/
—  Bpeli(307 3@ —n+E @ 1)) i@ - 3)

—7/2)d/b

4
b

BMej%(%xQ—%xx’—&-%acT—&-%xlz)

Y

Therefore, the functions ¢, m(z') are the eigenfunctions of
the operator 1T’ ng—1 with the eigenvalue A\, v = el s,
(b) The invariant subspace of linear canonical translation
The following functions are the subset of the eigenfunctions
of TT7M7 1,

50, m(a).

-1 2ab _ 2. /,d, 12
Parnt () = By 3T T2 REN (1)

where n is an arbitrary integer. The corresponding eigenvalue
is Aan%,M =1, 1ie.

TﬂM_l[(pQﬂ'n%,M](xl) = 9027rn%,M(1'/)' (13)

These functions are invariant functions under the linear canon-
ical translation 77 pj-1. It can be proved that they have the
property of orthogonality. For the functions ¢, » 3y and
Ponmb m»> We calculate .

T/2
/ ) Pt @), (@
1 iromm)?—(2 syan [T/2 . 1
— 76]5[( wn)“—(27m) ]7—2/ e—](27rn—27rm);xdx_
2'/Tb —T/2
(14)
And because of
/2 ) .
/ e IRmn=2mmlzr g — 1 On,ms (15)
—7/2
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we can obtain

T/2
/_7_/2 (p27rn§,M(m)<p;rm%’M(x)dx
= %ej%[(Q‘ff")z—@ﬂm)z]%’(gn,m. (16)

That is to say, the invariant functions ¢, . & pp(2) under
the linear canonical translation 77 pg-1 are ortﬁénormal, and
constitute a complete set in x € [—7/2 ,7/2].

(¢) The unitarity of linear canonical translation

The linear canonical translation can be defined by the

integral form

Toalfi@) = [ S Komode, a7
R
where the kernel is
Ken(zu) =6z — 7 —u)e 750@Wed5m7  (18)

The evaluation of the Hermitian adjoint of K, am(x,w) leads
to

K:M(x,u) = K m(u, z)
= S(u—T— ) PN IHT (19)
from where we obtain
/ J@KT (o u)du =T onlfl). Q0)
R

Consequently, the linear canonical translation is an unitary
operator and satisfies the identity
i -1 _p-1 (-
T °© TT‘M - TT,M °© TT,M =1

7, M

ey

B. The von Neumann ergodic theorem for linear canonical
translation

The ergodic theorem due to von Neumann states that
for a given unitary operator U on the Hilbert space H =
L2(Q, F,P), where (2, F, P) is a probability space, in general
U can be any isometric operator on H, and the orthogonal
projection P onto the subspace of all function invariant under
U, {p € H|Uyp = ¢}; the following limit

1 N—-1
lim =Y U"f=Pf=E{f|F}
n=0

N—voo N 22

exists for any f € H in the sense of the norm convergence
N—1

in H. In other terms, % > U™ converges to P in the strong
n=0

operator topology [17].

For a wide sense stationary random signal U(x), which is
bandlimited with band width upg in the LCT domain with
parameter M, the linear canonical auto-correlation function
RM s also a random function. Considering the sampled
version of RM as follows

~ 27 b 27 b
Xr) = —— — 5 X

n=—oo

2mb

—n=/), (23)
um

18-21 November 2019, Lanzhou, China

27b

where the sampling interval is 2. Then,
Lya[RM](u)
2bBM = g, 27D G3[(2mn)? - —2mn 2 4 dy?)
= R il ™M
it n;oo (n i Je M

(24)

On the other hand, if we use the Poisson summation formula

1 . ox
S d(t—nT) = Y el (25)
n k
(23) can be rewritten as
RM(z) = RM(x) > elmme/b, (26)

Then, in combination with the frequency shift property of LCT

Ly [e” f ()] (w)

= Lulf(@)](u—bp)edre P2 @)
and the linear canonical translation (6), we can obtain
L [RM](u)
oo
- Z La[BM](u — nupg)e? § (rune) o= 45 (nunn)®
= > Tpu— Lm[RM](u). (28)
n=—oo

From the result of (24) and (28), by using the property of
linear canonical translation in (9), we obtain

Z TnuM,M*1 Lm [RM} (u)

= D T, Lm[RM](u)
n=—oo
2mb - 2mb j%[(27rn)2 ab 72ﬂn57u+%u2]
- Bv— RM —_— “ M
Y um n;m (n um )e M

(29)

We can see that the above expression closely resembles the
form of the von Neumann Mean Ergodic theorem in (22).

C. Random signal estimation by ergodicity

Utilizing the representations in quantum mechanics, denote
a function in the position representation as ©orpp/r Mm(2') =
(@'|0arnp/» M). then we can write

|LMRM> = / RM(I) |9027rnb/uM ,M> dx. (30)
R

The above expression is in general true for random sig-

nals whose auto-correlation function RM(z) € H, where

H = Ly(f2, F, P) is a Hilbert space. Nevertheless, the above
identity is fulfilled in the sense of distribution.
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The orthogonal projection operator onto the space of all
vectors invariant under 7T, nr-1 is given by

PuM,M = Z |§027rnb/uM ,M> <9027rnb/uM ,M‘v 3D
and considering the following result
<<)027Tnb/uM ,M‘(px,M> = 5(27771[)/11,1\/[ - I), (32)
we have
2mh 21th | i3l(2mn)? - —2mn 2+ o]
By— RM(n=— . M
M L n;m (n unt )6 M
2mh
= —— (u| Pypm | LM RM) . (33)
um
Substituting (33) into (29), we can obtain that
S | BM) = 2B (LMY (34)
‘. upg, M1 UM UM, .

n=-—

The result is analogous to the von Neumann ergodic theorem
of (22), but is in the sense of distribution. As the linear
canonical correlation and LCT power spectral density form
a LCT pair, the result of (34) can be rewritten as

2mh
“Op
Um

o0

™ |PM) =

i M waM |[PM). 0 (35)

Therefore, the power spectral density of a random signal can
be estimated by the ergodicity from the power spectral density
of the sampling signal in the LCT domain.

D. Potential applications and future work

The estimation method of the power spectral density of a
random signal from its sampling signal has been discussed. In
practical applications, the signals are usually analyzed with
random property as the influence by the external factors,
such as in the applications of sea clutter suppression and
micromotion marine target detection [18]. Some detection and
estimation methods based on LCT has been proposed and
verified to be effective in the detection of marine target with
micromotion [19]. The method discussed in this paper may be
also effective in some similar applications, which will be our
future work.

IV. CONCLUSION

In the paper, the linear canonical translation operator which
can be used to define generalized convolution and product
theorems in the LCT domain is analyzed first, including its
eigenfunctions, the invariant subspace and unitarity. Asso-
ciating the von Neumann ergodic theorem with the linear
canonical translation operator, the power spectral estimation
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of the random signal in the LCT domain is proposed by the
ergodicity in the distribution sense.
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