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Abstract

In 1948 H. Wold introduced an isometric isomorphism between a Hilbert (linear) space
formed from the weighted shifts of a numerical sequence and a suitable Hilbert space
of values of a second order stochastic sequence. Motivated by a recent resurrection
of the idea in the context of cyclostationary sequences and processes, we present the
details of the Wold isomorphism between cyclostationary stochastic sequences and
cyclostationary numerical sequences. We show how Hilbert-space representations of
cyclostationary sequences are interpreted in the case of numerical CS sequences.
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1 Introduction

In [34] Herman Wold identified an isometric isomorphism, to be called the Wold
Isomorphism, between the Hilbert space of a stationary stochastic sequence and a
Hilbert space formed from a numerical sequence. A numerical sequence is sometimes
called a functional sequence or a time-series and may be envisioned as a doubly in-
finite sequence of numerical observations of some variable quantity made at equally
spaced intervals of time. Wold was evidently motivated to show that methodologies
involving linear processing of stationary stochastic sequences (such as linear predic-
tion, innovations or spectral representations) would provide via this isomorphism the
corresponding parallel results for a single time-series.

The notions of spectral analysis and linear prediction for a numerical sequence are
connected to Norbert Wiener’s theory of generalized harmonic analysis, see [30] or
the reviews in [22] or [24]. In an early work [29] , Wiener denoted numerical sequences
as arrays, and the present authors give a more complete treatment of the spectral
theory for the cyclostationary case in [18].

Lately the sphere of problems raised by Wold and Wiener has been resurrected
by Gardner, see e.g. [6, pp. 179-181],[7, p. 377|, [8], and [9] in the context of cy-
clostationary stochastic processes and cyclostationary numerical functions. Gardner
introduced [6, pp. 347], in the spirit of Wold, the construction of an ensemble of
random variables, with time index ¢ and ensemble index s (shift) by

X(t,s) = Tiys, (1.1)

where {x;},° __ is a numerical sequence of complex numbers. If the first and second
moments of X (¢) are calculated using the fraction of time distributions, then these
moments equal those determined by time averages of {z; }, assuming the time averages
exist.

The goal of this work was to see if a mapping in the precise sense of a standard
Hilbert space isomorphism used by Wold [34] for the stationary case exists in the
cyclostationary case. In presenting the affirmative result we have to examine carefully
the domain and range spaces involved and the shift operators that shift the sequences
by one period.

1.1 Summary

In section 2 we review and clarify the results of Wold [34] for stationary sequences.
Here we are concerned with the space of two-sided complex valued sequences obtained
by linear combinations of shifts of a given complex valued sequence x. This linear
space can be closed in a way to produce H;(x), a Hilbert subspace of a Marcinkiewicz
space (see Bass [1]). This gives a little more insight into the nature of the sequence
space that is isomorphic to the linear space of some second order stochastic sequence.
Finally, it is important to note that the one place shift of a stationary sequence



defines a unitary operator in the aforementioned Hilbert space of sequences, and this
corresponds through the isomorphism to the unitary operator on the linear space of
a stochastic sequence.

In section 3 we define CS (cyclostationary) numerical sequences in terms of the N-
step mean and the N-step autocorrelation formed by averaging N-step subsequences.
Using the N-step autocorrelation, a scalar product on the linear combinations of
shifts of a given CS sequence x is defined and its closure Hy (x) is the sequence space
that is isomorphic to the linear space of some stochastic cyclostationary sequence.
The result of Bass [1] again proves this sequence space to be a Hilbert sub-space of a
Marcinkiewicz space of sequences. In this case, the one place shift of a CS sequence is
no longer unitary in Hy (x) but the N place shift is unitary and corresponds through
the isomorphism to the unitary operator of a stochastic cyclostationary sequence. We
then apply the representations for stochastic CS sequences to the case of CS numerical
sequences.

1.2 Other related work

Brillinger [3] gives a nice exposition of most of the issues about stationary functional
sequences that are of concern to us. Bass [1] deals with “pseudo-random” functions
(in continuous time) and gives a method for understanding the completion of a pre-
Hilbert space generated by a single numerical function.

Independently of Wold, and using a completely different technique, the problem
of determining a stochastic process and its probability distributions, from a single
numerical sequence were treated by Furstenberg [5] (see also Masani’s review [23]).
These ideas exceed our current framework as we shall only be concerned here with
the Lo theory. There are also related ideas in the papers [31, 32, 33] and in [21, p.
31, pp. 34 - 35].

Gardner incorporates in [10] the Wold isomorphism idea in a bigger discussion of
basic scientific views about inference. He frames an approach to estimation theory
that deals with a single sequence of numbers, the one we in fact use to form an esti-
mate, and not with a set of sample paths, which is the view invoked by probabilistic
models of inference. Gardner shows how these two views of inference effect the esti-
mation of spectral density, which is a non-linear operation and thus neither covered
by the Wold theory nor by this paper. The ideas in [10] have been extended to almost
periodic and higher order cases [11, 12, 19, 20].

1.3 Remarks

In this presentation, one may interpret a stochastic sequence to be a general Hilbert-
space valued sequence. We will use the stochastic terminology because under sufficient
conditions of ergodicity, (this is the idea of Wold) almost all sequences of a stochastic
CS sequence will be a functional CS sequence of the type required; we will men-



tion some specific conditions in the conclusion. But our analysis does not require
CS numerical sequences to be sample paths of stochastic CS sequences; the ergodic
hypothesis merely allows the construction of examples.

2 The Stationary Case

2.1 Preliminaries

Let x = {x;}7°__ designate a numerical sequence of complex numbers. If II;{-} is
the coordinate map i.e.
I{x} = x;

and A is a complex number, then the operations of addition and multiplication by a
scalar are defined in terms of the coordinate maps as

i{x+y} = z;+y,
H]‘{)\'X} = )\ZC]'.

We define also the mean
p(x) = lim —— Y ay (2.1)

and the norm .

Z ’xj |2’ (2'2)

=—n

| x [I}:= lim
oo o+ 1

whenever the limits exist. Similarly we introduce for a pair of numerical sequences x
and y the scalar product

: 1 S

j=-n

as soon as this exists, where 7; denotes the complex conjugation of an element in
the sequence y. Whenever the limits (2.1), (2.2), (2.3) exist, then taking (2.3) to be
specific, then for any integer ¢, the limit

. 1 — _
7}1_{20 2”"’ 1 Z xj‘qujJrq? (24)

j=-n

exists and is equal to (2.3); that is, the limits are independent of the origin. Using
Cauchy’s inequality for complex sequences we have | (x,y), |[<[|x ||7 - || ¥ ||3 when
all the necessary limits exist.



The autocorrelation of x is the sequence {ry}3> ., where

. 1 < —
Tk =1 (X) = i on+1 Z Li+aljtatk (2.5)

j=—n

if the limit exists, and by our previous comment it is independent of the integer q.
At any value of k for which ry, exists, r_, =7 and | |< ro = (x,x%), < 00.

We denote S as the forward (left) shift operator, defined in the set of doubly
infinite numerical sequences by the action

{8} = 201 (2.6)

for every j. The inverse S~! exists and is simply given as the backward (right) shift,
since the sequences are two-sided. The operation of j consecutive shifts to the left is
defined inductively as the j'th power of S, 7 as is S77. Hence we may write

e (X) = (x, Skx)1 . (2.7)

2.2 Stationary numerical sequences

We define next (c.f. [33, p. 98]) the notion of a stationary numerical sequence in
Wold’s sense.

Definition 2.1 A sequence x = {a:]};ziooo such that

1. the mean p (x) exists as a finite number,
2. the autocorrelation ry (x) exists for every integer k,

15 called a stationary numerical sequence.

Example 2.1 The numerical sequence e, = {¢/}2 (i = /~1) is stationary

for any real . Two sequences e, and es are orthonormal with respect to (-,-), for

a#p 1

Before completing our discussion of the Wold isomorphism we will first consider
jointly stationary numerical sequences.

First, if {z(k), E=0,1,..., K — 1} is a collection of numerical sequences, we define
0
7
z:= , . (2.8)
z(K_l)



Definition 2.2 A numerical vector sequence z, with K components z® = { (k)} k=
]——OO

0,1,..., K — 1, is stationary if the component sequences are jointly stationary in the
sense that the cross correlations defined by

brs(p—q) = nh_{go 2n+1 Z Zy—i-p ]+q7 (2.9)

exist for 0 <r,s< K —1 and all p,q € Z.

We note here that when the limit exists for some p,q, it will depend only on the
difference p — ¢. Also, the collection {¢,s(k),0 < r,s < K — 1} is a crosscorrela-
tion matrix: for any n, collections {ay,aq,...,a, € C}, {71, 72,...,7 € Z} and

{k1,ko,..., k, €]0,1,..., K — 1]}, we have

n

Z Z g Py ey (Tp — Tg) = 0, (2.10)

In the case of stationary stochastic sequences {&,,n € Z}, the sequences ) =
{&Nik,n € Z,k =0,1,...,N — 1} formed by sampling {&,,n € Z} at intervals of
length N are jointly stationary sequences, and this occurs for every N. In the case
of numerical sequences, it does not automatically occur that subsequences formed
by periodic sampling are stationary because the needed limits may not exist. As an
example, let {z,,} be a real sequence taking the values —1,1 whose mean does not
converge. Then construct {y,} by ...,x_1,—x_1, 29, —Z0, ¥1, —Z1, .... We can see (y)
exists but the limit defining p ({y2;}) = p (x) does not exist. Thus we are led to the
following.

Definition 2.3 A sequence x = {xj};i_oo 1s called totally stationary if the sequences
{x® k=0,1,..,N — 1} given by

I {x®} = Ty jn{x} (2.11)
are jointly stationary in the sense expressed in (2.9) for positive N.

A totally stationary sequence is 1-stationary, that is, stationary in the sense of
Definition 2.1.

2.3 The Wold Isomorphism

In order to introduce the Wold isomorphism let us now assume that we have a sta-
tionary numerical sequence x. Since the autocorrelation exists, then for any scalar
)‘7

| x4+ AS*x ||y (2.12)



exists and is finite. Thus we may introduce the linear space M (x) defined as the
(finite) linear span

M, (x) = sp {Skx | k integer} :

Jj=-p

p
= {y => \;87x, arbitrary p, )\j} , (2.13)

and on this linear space (x1,x2), of (2.3) is seen to have the properties of symmetry,
additivity and homogeneity; that is, (a) (x1,X2); = (X2,%1);, (b) (X1 +X2,X3); =
(x1,%X2); + (X2,%3); and (c) (axy,%X2); = a(x1,X2), for every complex o and all
X1,X2,X3 in M; (x). In order for (x1,X3), to be positive definite in the sense that
| x [|?= 0 <= x = 0 we interpret 0 as the (equivalence) class of sequences that are
equivalent to the zero sequence (the complex sequence with z; = 0 for every j). This
expresses the sense of uniqueness obtained by the scalar product (2.3). For example
any two sequences Xi,Xs for which z = x; — x5 € /5 are clearly equivalent because
z satisfies ||x; — xo|[y = 0. Thus any finite sequence is equivalent to 0 and any two
sequences differing in a finite number of positions are equivalent.

In the sequel x will denote (the representative of ) any equivalence class in M; (x).
By the definitions of the linear operations and the inner product (-,-); we have thus
established M; (x) as a pre-Hilbert space.

Let us note that the autocorrelation {ry (x)}32_., is a non-negative definite se-
quence and is identifiable as the autocorrelation function of some (weakly) stationary
stochastic sequence ¢ = {¢; };.ifoo defined on some probability space (2, F, P). From
the sequence ¢ we can determine a Hilbert space H (), the linear span of & closed

with respect to mean square norm || 1 ||ge)=+/E | n |2, where E is expectation with
respect to the probability measure P.

Let us consider a linear map J defined on M; (x) and assuming values in the linear
span sp{&, k € Z} of the sequence & by

T (ASPx + pSFx) = AG, + pé (2.14)

for arbitrary complex A, u and integers k,p. This defines the Wold isomorphism!
between the pre-Hilbert space M; (x) and it’s image JM; (x) = sp{&, k € Z}, which
is dense in H (§). If we denote H; (x) as an abstract completion of M; (x) with respect
to || - ||z, then by the continuity (boundedness) of J on M; (x), J extends to a map
from H; (x) to H (§) and is the desired Hilbert space isomorphism. The elements
of H (§) are all Ly (2, F, P) random variables, but there arises a question about the
interpretation of the limit points of M; (x). That is, are we left only to define the
closure as an abstract completion as in [26, p. 121, 124 - 125|, or does there exist a
more concrete interpretation?

Tt is an isomorphism in the sense that it is a bijection (invertible) and preserves inner products,
and hence is also linear [26].



A positive answer is provided by J. Bass [1, pp.33- 35] for the case in which our
sequences are replaced by functions in a Marcinkiewicz space M?2. Adapting the
result of Bass, it follows that the completion of the pre-Hilbert space M; (x) with

respect to the norm
n

. 1
I % o= Timsup o 3 [ (2.15)

j=—n

is in fact a Hilbert space with respect to the scalar product (x,y);. That is, if
y € Hy(x) then y € M? but also that if y and z € H; (x) then (y,z), exists as a
limit.

Hence we have obtained the following assertion.

Proposition 2.2 Let x be a stationary numerical sequence having autocorrelation
sequence {1y, (x)}32_ and let J be the map from M, (x) into sp{&., k € Z} C H (§)
defined for arbitrary complex A, i and integers k,p by (2.14). Then J can be extended
as an isometric Hilbert space isomorphism from a complex Hilbert space Hy (x) D
M; (x) to the complex Hilbert space H (§), the closed linear span of a wide sense
stationary sequence & that has autocorrelation function equal to {ry (X)}72_ .

The assignment
JS*x = &, k an integer (2.16)

is conceptually utilized throughout Wold’s paper [34], but is never explicitly stated
nor is there any comment about how one is to think about the closure of M; (x).
Let us recall that in H () there exists a unitary operator U such that

U =& (2.17)
(see e.g. [27, p. 14]). Hence the Wold isomorphism J leads to
JSFx = &, = Ur¢ = UM Jx, (2.18)

which justifies the expression
U=JSJ (2.19)

Thus in the stationary case U and S are unitarily equivalent or similar operators (see
[28, p. 242] and [26, p. 193]).

It is natural to say that two L, stochastic sequences {{;} and {7;} are equivalent
if and only if the random variables are identical: || £ — n; ||z2= 0 for every j. In the
case of numerical sequences, the relationship

| 8%~ 8%y |1=0 (2.20)

is valid for every j if it is valid for j = 0.



2.4 The Spectral Representation of Stationary Numerical Se-
quences

Having established that S is a unitary operator on H;j (x), we can use the spectral
representation for stationary sequences (in any Hilbert space) to write

Shx — /0 T exp(iAR)AZ (), (2.21)

where Z(\) = E(\)x with E()\) denoting a spectral family of projection operators on
H; (x). The interpretation of (2.21) is that the quantity

| 5% = 3 exp(idk) [Z0w) = Z0u )] |2 (2.22)
m=1
converges to 0 as the n — oo and norm of the partition {0 = Ao, Ay,..., A\, = 27}

tends to zero.

The sense of the approximation given in (2.22) (see Brillinger [3, Theorem 3.9.1])
is that the increments [Z(\;,) — Z(Am-1)] = [E(Am) — E(Am—1)]x are elements of
H; (x) and thus are sequences themselves. Hence exp(iA,k)[Z(A\y) — Z(Am—1)] is the
increment sequence Z(\,,) — Z(\,,_1) with every element multiplied by the scalar
exp(iAy, k). It is important to observe that the parameter k is no longer associated
with time, as in the stochastic case, but with the number of positions the sequence x
is shifted.

3 The Cyclostationary Case

3.1 Cyclostationary Numerical Sequences

Here we will give the definition of cyclostationary numerical sequences. A key idea in
the definition of numerical cyclostationary sequences (see [6]), is the use of an N-step
mean and an N-step autocorrelation.

Definition 3.1 The N-step mean of a numerical sequence x with starting point m
15 the quantity

) 1 M
/%(év) (x) = hinOO oM 1 '_Z_:M TjN+m (3.1)
]_
when the limit exists.

It follows from the independence of the origin that if (V) (x) exists, then ufflv Jzk N (%)
also exists for every integer k and

(%) = pi oy (%) (3.2)

(V)

pY)

for all m,n. So if the N-step mean u
all m and (3.2) is true for all m.

(x) exists for m = 0,1, ..., N — 1, it exists for



Definition 3.2 The N-step autocorrelation of a numerical sequence X is the quantity
obtained from the N-step scalar product between the mumerical sequences S™x and

S"x:
1 M

LT o3
when the limit exists.

Again it follows from the independence of the origin that if R{Y)(x) exists, then

Rm kN ek (X) exists for every integer k and

RN (x) = RO v (%) (3.4)

So if the N-autocorrelation R (x) exists for m = 0,1,...,N — 1,n € Z, it exists for
all m,n and (3.4) is true for all m, .

Definition 3.3 A sequence x = {x;}>°__ such that

o0

1. the N-step mean exists for every m (and thus satisfies (3.2) for all m);

2. form=0,1,.... N—1,n € Z, the autocorrelation kernel ezists (and thus satisfies
(3.4) for all m,n;

1s defined to be cyclostationary with period N.

For the purpose of notation, we shall say that a cyclostationary sequence with
period N is C'S(N) and we note that CS(1) corresponds to stationarity in the sense
of section 2.2 above.

Observe that the N-step mean and autocorrelation are formed by periodic sam-
pling of x. In fact this suggests that one may view a CS numerical sequence as a
sampling of shifts of some sequence x, rather than as x itself.

There is another condition on the autocorrelation that is often found in literature
on cyclostationarity; we now make precise its equivalence to item 2 above.

Proposition 3.1 A necessary and sufficient condition for the existence of R%VT)L(X)
for all m,n s the existence of

1 M
(N oy . Ny
By (x) = ]\/IILOO M1, E MxHTx] exp(—i27kj/N)) (3.5)

fork=0,1,... N —-1,7 € Z.



Proof: Tt is not difficult to show, using the invertibility of discrete Fourier transforms,

that a collection of complex numbers {R(N )} m,n € Z satisty R\Y) = Rfév JzN nan if
N—1
and only if there exist a family of Fourier coefficient sequences {B,i T), TE Z}k for
which -
N—
Z , exp(i2mkn/N).

The coefficient sequences are determlned by

2

B,g\;) Z H nexp(—i2wkn/N).

The necessity of our claim follows from the fact that if the autocorrelation exists
for all m,n, then

M
BN (x) o Y ey exp(—i2nkj/N)
j=—M

N-1 1 M’

]\}}goo m j/:ZM/ :L‘j/N+n+TTj/N+n exp(—lQ?Tkn/N)

R,(ﬁ)Tn( ) exp(i2mkn/N) (3.6)

where we use the fact that every j € Z in the first sum has a unique representation
j=7N+n(j)for0<n<N-—1and

exp[—i27kj/N]| = exp[—i27k(j'N + n(j))/N] = exp[—i2wkn(j)/N].

The sufficiency may be deduced in the same manner by starting with the existence
of the By ,(x),k =0,1,...N — 1 and showing with the help of

Z Bkm A (%) exp(i2mkn/N) (3.7)

that the averages R{Y) (x) must exist. [l

Remark 3.1 The quantity B ,EJ\T]) (x) is identically zero for k # 0 if and only if R{Y) (x)
depends only on m—n, as is seen by (3.6) and (3.7). This condition defines a stationary
subclass of CS(N). We refer to this subclass as the set of N-stationary numerical
sequences.

10



3.2 Examples

Example 3.2 The stationary numerical sequence e, given in Example 2.1 above is
also C'S(N) for arbitrary positive N and also totally stationary.

In the following examples we will often use the idea of a strictly periodic sequence.
A sequence f = {fj};ifoo will be called strictly periodic with period N if f; = fiyin
for all j, and this holds for no smaller value of N.

Example 3.3 A modulated exponential CS sequence. The numerical sequence
x obtained using amplitude modulation of e, in Example 2.1 by a strictly periodic
numerical sequence f and defined as

Ij = fj €iaj (38)
for any integer j, is C'S(IV), as is easily seen.

Example 3.4 Amplitude scale modulation. Suppose y is a totally stationary
numerical sequence. If f is strictly periodic with period N, then consider the product
sequence

zj = fi v (3.9)
for any integer j. Then for any m,n,
1M 1 & e—
Z TiN+mTjN+n = 577 7 Z FiN+m¥iN+mJiNtnYiN+n (3.10)
2M +1 4=, J I 2M + 1,2, J J J J

converges using the notation in (2.9) to

RN (%) = fnfn Sm-n(0) = R}y n (%) (3.11)
Taking f; = 1 for all j shows that a totally stationary numerical sequence is C'S(V).

Example 3.5 Time scale modulation. Suppose y is a totally stationary sequence
and f : Z — Z is strictly periodic with period N. Then the periodically rearranged
sequence
Tj = Y(+f) (3.12)
is CS(N). Indeed, consider for any m,n
1 M 1 M —
m jz LiN+mEjN+n = m jz_:M y(jN+m+ij+m)y(jN+n+ij+n) (3'13)

-M

which converges in the notation of (2.9) to
R0 = b g1 (0) = By (5): (3.14)

11



Example 3.6 Periodic Mixtures of Jointly Stationary Sequences. This is a
generalization of the amplitude modulation model. It is possible to show that all
cyclostationary numerical sequences can be expressed in a similar form [18].

Suppose {y*, k =0,1,..., K — 1} is a collection of jointly totally stationary se-
quences and {f¥ k =0,1,..., K — 1} is a collection of strictly periodic sequences all
with period N. Then the sum (a sequence)

K-1
=Y fFyf (3.15)
J J <

k=0

is CS(V). Indeed, consider for any m,n

1 M M K-1K-1 -
Z X N+ml‘ iN+n — Z f N+my N+mka+ny iN+n (316)
2M +1 ! ! M +1 =, (= = J J i
which converges to
K—1K— "
Z Z S F¥ Grgo(m —n) = Ry (X). (3.17)

3.3 Preliminary properties

In this section we recapitulate some essential properties that the autocorrelation
R%V%(X) possesses and show the close connection of CS numerical sequences, as in
the case of random sequences [13], to stationary vector sequences.

Lemma 3.7 (m,n) — R{Y)(x) is non-negative definite.

Proof.: We need to show

for arbitrary integer k and arbitrary complex numbers {A,}5_,
But using the definition in (3.3) we immediately obtain

Z Z)\ AR (x) = lim Z Z Z Ap AT jN4pTiN-+q (3.18)
p=0¢=0 nHOOQn_I_l]* n p=0 q=0
Let T denote the transpose of a vector and let x := (ajn,...,zjnx) and X =
(Mo, - -, Ax) be row vectors, we have for every j,
k ko
DD MAgTiNpTineg =| AxT P> 0, (3.19)
p=04¢=0
which gives the assertion. |

And another important property is given in the following lemma.

12



Lemma 3.8 [fx = {xj};i_oo 1s a CS numerical sequence with period N, then

y =X + ASPX, p is an integer (3.20)
is a CS numerical sequence with period N .

Proof. The claim about the mean is by assumption obvious. We need to first show
that the autocorrelation kernel Rffx ,1 (y) for the sum exists. To verify this we consider
the finite sum

n n
Z YiN+mYiNtk = Z (ijNer + )\xjN+m+p) (xjNJrk + )\JTjN+k+p)
j:—n j:fn
n o n
= D TiN4mTiNtk + A Y TiNtmTiNhtp +
j=n j=n
n n
_ 9 _
A D TiNempTink + AT Y TNty TNk p-
j:—n j=—n

Dividing this equality by 2n + 1 and taking the limit as n — oo, we obtain

RN (y) = RO ) + XRD) L (30) + AR () + APRDY) (). (3.21)

Hence the required autocorrelation kernel Rff: ,1(y) exists for every m, k and

showing that y is CS with period N. |

It follows that any finite linear combination of shifts of a CS numerical sequence
x is CS with the same period and therefore it is meaningful to consider the linear
space My (x) consisting of all such finite linear combinations:

p
y = Z A\;j&7x, arbitrary p, A;.

Jj=-p

On My (x) we may define a scalar product on two arbitrary elements yy,ys by

(Y y2)y =3 3 AR (x). (3.22)
j=1j5'=1

Just as the scalar product (2.3) induces a norm on the elements of M;(x), the
N-step scalar product (3.22) induces a norm on the elements of My (x) provided we
consider as identical any sequences x,y with ||x —y||y = 0.

13



Proposition 3.9 A numerical sequence x is CS(N) if and only if the numerical
vector sequence

<0
(D
X := _ (3.23)
X(A;_l)
formed in terms of x*) = {xjNJrk}]o.ifoo k=0,1,...,N — 1 is jointly stationary in

the sense of definition 2.2.

Proof: 1f x is CS with period N, then the existence of the limit R%V%(x) for arbitrary
m,n and the uniqueness of the relationships m = pN + r and n = ¢N + s shows
that the limits ¢, s(p — ¢) will exist for all p,¢ € Z and r,s € [0,1,..., N — 1] and

¢rs(p — q) = R\Y)(x). Further, the relationship R(Y) (x) = RmN,n+N(X) makes it

m,n
clear that ¢, s(p — q) = RZ()%)JH,’Q ~N+s(X) depends only on the difference p — g.

The converse follows from the same relationships. |

In view of the preceeding proposition, a totally stationary numerical sequence in
the sense of definition 2.3 above is precisely a numerical sequence that is cyclosta-
tionary with every period.

The following does not occur in the case of stochastic sequences.

Proposition 3.10 Ifx is CS(N) then it is CS(1).
Proof: If x is CS(V) and the sum

1 M 1 N-1
Z Z TiN+m4kLjN+n+k
oM + 1,4, N &=,

converges as M — oo, then the limit is r,,_,(x). But the sum does indeed converge
to

Z Rm+k n+k = rmfn(x) (3.24)

for every m, n, hence proving the claim. |
Finally, we observe from the invariance of the time origin that

| S'x — Sy |[xy=0 (3.25)
is valid for every j if and only if it is valid for j =0,1,..., N — 1.

3.4 The Wold Isomorphism

We are now in position to extend the isomorphism to the cyclostationary case.
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A stochastic sequence § = {§;})2__ with E[| 1] < oo is called cyclostationary
(CS), see [13], or periodically correlated with period N (PC) if

pin = E[&n] = pnsn (3.26)

and if the autocorrelation satisfies

Ry =E [Smg} = Ry Nn+N (3.27)

for every m and n. Since pu,, is periodic in n, it is equivalent to require the autoco-
variance to satisfy (3.27). If £ is CS with period N = 1, then ¢ is (weakly) stationary,
so for the proper CS-property we require N > 1. It is well known that a CS random
sequence with period N can be obtained by interleaving the components of a station-
ary vector valued random sequence with N components and vice versa (see [13] and
[25]).

The Wold isomorphism for cyclostationary sequences follows in exactly the same
manner as in the stationary case. One first establishes the correspondence on the two
linear manifolds and then takes limits.

Proposition 3.11 Letx be a CS(N ) numerical sequence having autocorrelation RYY) (x)
and let J be the map from My (x) into sp{&k, k € Z} C H (§) defined for arbitrary
complex A\, v and integers k,p by

T (ASPx + uS*Fx) = A&, + pé (3.28)

Then J can be extended as an isometric Hilbert space isomorphism from a complex
Hilbert space Hy (x) containing My to the complex Hilbert space H (§), the closed
linear span of a CS stochastic process & that has autocorrelation function R,(,JZV)L (x).

Proof: Since some Hy (x) exists, at the very least via the process of abstract
completion [26, p. 121, 124 - 125], the proposition holds through the continuity
(boundedness) of J on My (x).

But again the results of Bass [1, loc. cit.] may be applied because the pre-Hilbert
space My (x) is a subspace of the Marcinkiewicz space M? of sequences described in
the previous section. To see this, suppose z € My (x), then (z,2), =| z ||3 exists
and is given by limit of the type (3.22). But if the limit exists for z certainly the
limsup exists and so z € M2, The theorem of Bass implies that if y € Hy (x) then
y € M? but also that if y and z € Hy (x), then (y,z), exists as a limit. |

And now we know there is a continuous invertible linear map

J:Hy (x) — H(§)
that preserves inner products and the respective topologies are those induced (-, ),
and (),
The following proposition, whose proof is simple and thus omitted, (see [17] for

the continuous time case and [4] for a review), gives the connection between unitary
operators and cyclostationary sequences.

15



Proposition 3.12 A second order stochastic sequence & = {fj};i_oo s periodically

correlated or cyclostationary with period N if and only if there exists a unitary oper-
ator U on the Hilbert space H (€) for which

v = Ug; (3.29)
for every integer j.
From (3.28) we obtain
JS"x = Uy = UJS" Vx, (3.30)
which produces
U=JsNJ !, (3.31)

which means that U and SV are unitarily equivalent.

3.5 Spectral Representations of CS Numerical Sequences

Having established the Hilbert space isomorphism between Hpy (x) and the Hilbert
space H (£) of a CS(N) random sequence, we can use any of the representations for
CS random sequences to produce a corresponding representation for CS numerical
sequences.

Recall however from the discussion of (3.25) that in the case of cyclostationary
numerical sequences of period N, || II;{x} — II;{y} |[x= 0 is valid for every j if and
only if it is valid for j =0,1,..., N — 1.

We begin with observing that CS random sequences are strongly harmonizable
[13] and therefore CS numerical sequences are also. This means that the spectral
representation (2.21) still applies in the sense that

| 8% = > exp(iMnk)[Z(An) = Z(Nn-1)] 1% (3.32)
m=1
converges to 0 as n — oo (and norm of the partition {0 = A\, A1, ..., A\, = 27} tends to

zero) except that the increments [Z(\,, — Z(An—1)] (which are sequences themselves)
are no longer orthogonal but have the characteristic correlation structure belonging
to CS (or periodically correlated) sequences [13]. The strong harmonizability implies
that the correlation is given by
2 27
RW) (x) = / / exp(imAr — indo)rz (A, dho) | (3.33)
’ o Jo

where the measure 7z is of bounded variation on [0, 27] x [0, 27] which may be ex-
pressed as

27 21
/ / 5 (A1, d)o) | < o0.
0 0
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A harmonizable sequence is CS if and only if the support of r; is contained in the
union S = {J,, Sy of straight lines

Se={(\1,\2) €[0,27)* | Ay = A\, — 27k/N} for k = —(N —1),...(N —1).

This particular spectral representation retains the decomposition with respect to com-
plex exponentials and the time invariance of the spectral measure; however, the spec-
tral process Z(A) does not have orthogonal increments. A spectral process having

orthogonal increments may be obtained but the spectral process will depend on time
(see [4, 17]).

4 Concluding Remarks

The isomorphism in [34] was evidently constructed in order to justify the optimal
application on a unique time-series any linear operations that are, e.g., optimal for
the ensemble of a stationary stochastic sequence in the sense of mean square. In this
paper we have made some details of Wold’s construction more precise and introduced
the Wold isomorphism as an isomorphic mapping between cyclostationary numerical
sequences and cyclostationary stochastic sequences in the sense of Hilbert spaces. The
linear space of sequences generated by shifts of the unique sequence is the cornerstone
needed in this.
In the present generalization of Wold’s idea it holds that

totally stationary C N-stationary C C'S(N) C C'S(1), (4.34)

where the leftmost inclusion is an observation following the definition 2.3, the second
inclusion from the right is Remark 3.1 and the rightmost inclusion is proposition 3.10.
The rightmost inclusion in (4.34) is reverse to the similar relationship valid in the
terminology of cyclostationary and stationary time-series introduced via the fraction-
of-time distributions. This is evidenced by the discussion and the Venn diagrams
on [8, pp.24-25]. The inclusions in (4.34) are a by-product of the fact that different
inner products are used to determine whether a sequence is CS(N) or CS(1). In the
notation of [8, pp.24-25] it only makes sense to talk of stationary time-series as a
class inside the class of cyclostationary time-series. This is matched in (4.34) by the
inclusion of the N-stationary numerical sequences in C'S(N), in view of the remarks
in (3.1) and in view of the definition of stationary times series in [8, p.23].

Wold noted that if {X,} is a stationary second order ergodic sequence, then
almost all of the sample sequences will be isomorphic to {X,,} in the sense described
above. Similarly, suppose {X,} is a stochastic sequence defined on a probability
space (Q, F,u) by X, (w) = f(S"w) where S is invertible and measurable but only
N-stationary with respect to p, in the sense that u(S™E) = u(E) for E € F. Then
if the system (Q,]—' w, SN is ergodic and f(S"w) € Lo(Q2, F, i), the averages

1 1

2M + 1 Z Xjn4mX jnven = 2M +1 Z F(SPNHMw) F(SINFn)
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converge for (p)-almost every w to

EXiNtmXiNtn = /Qf(S”w)f(Smw)d,u.

If M, is the p-null set on which convergence to the indicated limit fails, then it
is clear that the set © — Uy, n Ny has full measure and on this set all the required
limits exist. Each w in this set produces a numerical sequence for which the averages
of (3.3) converge, and each such sequence is isomophic in the sense of Wold to the
stochastic sequence.

For other issues related to ergodic theory of CS sequences, see Gray and Kieffer
[14], Boyles and Gardner [2], and Gray [15].
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