Chapter 3

Second-order processes : Lo-theory

In this chapter we will study stochastic processes characterized by their first two moments or second-
order processes. Such processes are termed Lo(IP) processes, i.e., processes for which E[|X;|?] < oo.
It turns out that from the point of view of signal processing these assumptions are sufficient to
yield useful results much in the same way as Fourier series and transforms do in the deterministic
context. In fact second order or Ly theory gives analogous results on representations of stochastic
processes which are important not only in sampling and reconstruction of stochastic processes but
also the related issue of filtering by which we reduce the effects of noise on signals. We will begin
with some general results regarding covariance functions and then discuss the cases of discrete-time
and continuous-time stochastic processes.

3.1 Properties of the Covariance

Let us first recall the definition of a second-order process. Sine there are many applications in which
we need to work with complex-valued processes we assume that the processes take values in C, i.e.,
they are complex-valued.

Definition 3.1.1 A stochastic process {X;}ier which takes values in C is said to be a second-order
process if B[|X¢|*] < oo for allt €T.

As mentioned in Chapter 2, a second-order process {X;} is characterized in terms of its mean
my = E[X;] and its covariance R(t,s) = E[(X; — my)(Xs — ms)*]. A second-order process is said to
be wide-sense stationary (w.s.s.) if m; = m a constant not depending on t and R(¢,s) = R(t — s)
with R(t) = R*(—t) i.e. it is a symmetric function in the difference ¢t — s.

Let us first study some elementary properties of the covariance function. Unless explicitly men-
tioned we will always take the mean of the process to be 0 without loss of generality. Also we take
T to be continuous. The properties of the covariance function for discrete-time 2nd. order processes
or sequences follows mutatis mutandis.

Proposition 3.1.1 Let {X;}ier be a complex valued second-order process with mean 0 and covari-
ance R(t,s). Then R(t,s) satisfies the following properties:

i. R(t,s) = R*(s,t) and R(t,t) > 0.



ii. R(t,s) is a non-negative definite function on T x T i.e. let {\;}| be any complex scalars and
{t: YN, be any set of points in T. then:

N N
DD R(ti, tj) AN > 0

i=1j=1

for all N and complex scalars \; and points t;.

iii. |R(t,s)| < R, 1) /R(55)

. Additivity i.e. if Ri(t,s) and Ra(t,s) are covariance functions then R(t,s) = Ry (t,s)+ Ra(t, s)
s a covariance function.

v. Multiplicative property: i.e. if Ri(t,s) and Ra(t,s) are covariance functions then R(t,s) =
Ri(t,s)Ra(t, s) defines a covariance function.

vi. Given any function o(t) on T with values in C then o(t)o*(s) defines a covariance function.
In particular if {C;}7_, are positive constants and {o;(t)}’_, are continuous functions on T
then Y1, Cioi(t)o}(s) defines a covariance. If the limit as n — oo of the above series is well
defined in a Lo(T) sense then the limit will be a covariance.

Proof: The proof of i) is a consequence of the definition.
For the proof of ii) define the r.v.

N
Y=Y NXy,
=1

Then
N N

E[YY*] =3 ANR(ti t;)A\; > 0
i=1j=1

The proof of iii) is just the Cauchy-Schwarz inequality.

For the proof of iv) let X; be a Gaussian process with covariance R;(¢,s) and Y; be another
Gaussian process independent of X; with covariance Ro(t,s). Then Z; = X; + Y} is a Gaussian
process with covariance R(t,s) = Ri(t,s) + Ra(t, s).

The proof of v) follows as above with Z; = X;Y;.

For the proof of vi) define X; = o(¢)Z where Z is N(0,1) then X; has the required covariance.
The extension to finite sums and the limit is direct.

Corollary 3.1.1 If {X;} is w.s.s. then R(7) = E[X; X}, ] has the following properties: R(0) > 0,
R(t) = R*(—7) and |R(7)| < R(0).

We now study the continuity of a second-order process and show how the continuity properties can
be obtained from the knowledge of the covariance function.
Let us first recall the definition of quadratic mean (q.m) or mean squared continuity.

Definition 3.1.2 A second-order stochastic process { Xy }ier is said to be g.m. continuous at t if :

h—0
E[|Xin — Xi?]"=70

If it is continuous for all t € T' then we simply say that {X;} is ¢.m. continuous.



Proposition 3.1.2 Let {X;}icr be a second-order process with covariance R(t,s) (wlog we take
my = E[Xy] =0). Then

a) {Xi} is continuous at t in the g.m. if and only if R(.,.) is continuous at the diagonal R(t,t).
b) If {X:} is ¢.m. continuous (at everyt € T') then R(.,.) is continuous at every point (t,s) € T xT.

¢) If a non-negative definite function R(t,s) on T x T is continuous at every diagonal point it is
continuous everywhere on T x T'.

Proof: a) It R(¢,t) is continuous then

E[[Xin — Xi)?] = R(t+h,t+h)—R(t,t+h)— R(t+ h,t) + R(t,1)
= (R(t+h,t+h) — R(t,t) — (R(t + h,t) — R(t,t)) — (R(t,t + h) — R(t,t)

—0ash—0
Conversely, if {X;} is q.m. continuous at t then:

|R(t+h,t+ 1) = R(t,t)] = [EXnXn] - EX X7
|E[(Xtrn — Xo) X)) — E[X( X — Xp)]

< VEIXoin — XPIEIXern ] + Bl Xeaw — XPIE]X )
—0 as h,h —0
b)
[B(t+h.s+H) = R(t,s)| = ElXen Xl - BXX]])
< VEIXuin — XPIE]Xoa 2]+ /Bl Xt — XoPE[X ]

—0 as h,h —0

¢) The proof of this part follows from parts a) and b) by noting that any non-negative definite
function can be associated with the covariance of a second-order process.

3.2 Hilbert spaces associated with second-order processes

Second-order processes have a natural space on which they are defined. The fact that they are
characterized by their second-order properties defined through their covariances gives rise to a Hilbert
space Ly(IP), i.e. a linear vector space associated with random variables with finite second moments.
We now recall some elementary facts about Hilbert spaces. A linear vector space is said to be
complete if every Cauchy sequence has its limit in that space. Of course to speak of convergence we
need the notion of a metric or ‘distance’ between two elements of that space. The metric is provided
by the definition of a norm which should satisfy the properties below:

Definition 3.2.1 The metric or distance measure, denoted ||.||, defines a norm on a vector space
if:
i. For every x € X, ||z|| > 0 and the equality holds if and only if x = 0.



ii. For any scalar «, ||azx|| = |af||z||.
iii. If v,y € X then ||z +y|| < ||z]| + ||yl

Example: In R" the Euclidean distance metric denoted by ||z — y|| = v/>_1 |zi — vi|? is a norm.
Definition 3.2.2 A complete normed space is called a Banach space.
Before giving the definition of a Hilbert space we need the notion of an inner-product.

Definition 3.2.3 Given a vector space X, an inner-product in X, denoted by |[.,.], is a scalar (in
general complex if X is)associated between any two elements x,y € X with the following properties:

i. [x,z] = ||z||? i.e. the inner-product of an element with itself defines a norm.

it. For any z,y,z € X and any scalars (could be complezr) a and b:
[az + by, z] = a[z, 2] + bly, 2]
i.e. it is linear w.r.t. the first argument.
iii. [z,y] = [y, x]*
We now define a Hilbert space.

Definition 3.2.4 A complete inner-product space is called a Hilbert space.

Example: In R" an inner-product is given by the usual scalar product defined by [z, y] = YT zy;.

If we consider the space of complex-valued square-integrable functions on [0, T] it can be readily
verified that an inner-product is given by [f,g] = fOT f(t)g*(t)dt. Tt is important to note that the
inner-product (and hence the norm) need not be uniquely defined i.e. there could be several norms
defined on a space. However if the space is finite-dimensional it can be shown that all norms are
equivalent.

Having briefly discussed the notion of a Hilbert space we now show how we can associate a
Hilbert space with second-order processes.

Let us first begin by seeing how these spaces arise. Let X and Y be two r.v’s (mean 0 without
loss of generality) with finite second-moments. Then the covariance operator:

cov(X,Y) = E[XY7]

defines an inner-product on the space of r.v’s with finite second moment where the space H is taken
to be the space of all linear combinations of second-order r.v’s where

n
Y = Z aka
k=1

and their limits in the mean square when they exist. Noting by the fact that if a r.v. has variance 0
it is almost surely a constant (0 in the case of mean 0 r.v’s) then two elements are equivalent (in a
probabilistic sense) if E[|X —Y|?] = 0. We have seen that if a r.v. is Cauchy in the mean square then



the limit exists and is a second-order r.v. and thus the space generated by all linear combinations
of second-order r.v’s becomes a Hilbert space (denoted Ls(IP) equipped with the inner-product

The subscript on the inner-product is used to differentiate between the inner-product in Lo (IP) from
the inner-product in R".

Associated with the space Lo(IP) we can define Hilbert subspaces. For example, given a sequence
of second-order r.v’s {X,,} we can define a Hilbert sub-space generated by all linear combinations of
the past of the process at time n denoted by : H, defined by

{Y:Y = linear span of Xp—1,Xp—2.....}
and of the future denoted by H,"
{Y:Y = linear span of Xpi1, Xnt2y.ee}

where the equalities are understood in the mean-squared sense.

Let us now study some consequences of the Hilbert spaces and their relation to representation
of w.s.s. processes.

The geometry of these spaces plays a very important role in the problems of linear filtering,
prediction and smoothing (linear estimation theory) which will be discussed in detail elsewhere.

Having defined the Hilbert space Ly (IP) with inner-product [X, Y] (we drop the sub-script Lo (IP)
when the meaning is unambiguous) we say that two elements X and Y are orthogonal if they are
uncorrelated i.e. [X —mgy, Y —my] = 0 where E[z] = m, and E[Y] = m,. As we saw in chapter
1 the conditional expectation can be viewed as a projection of one r.v. onto the other. If the two
r.v’s are jointly Gaussian then the conditional expectation is a linear function of the r.v. on which
we condition.

In the context of Lo r.v’s we denote the linear projection of one r.v. onto a given subspace
spanned by others as E(X |H1) knowing that if X and the r.v’s which define Hy are jointly Gaussian
then the projection is indeed a conditional expectation.

Let {X,} be a w.s.s. sequence. Define H,, = span(---, X,—1, Xy), i.e., the linear space generated
by the r.v.’s {Xj} up to time n.

Define X,,_ = E(Xn|Hn,1), i.e. the projection of X,, onto its past. Also define v = X, — X1
, the ”error”. Then from the projection theorem we know that v is uncorrelated with all { X}, k =
n—1n—-2n-3,...,iev, L H, 1.

By definition:

X, = Xn—l + l/£

Define: H_o, = NpezH,. This is the subspace which consists of the remote past of {X,}.
Similarly define Ho, = UpezH,,. This is the subspace associated with the entire sequence { X, }.

Definition 3.2.5 The process {vi} is called the innovations process.
We drop the superscript « when the context is clear.

Definition 3.2.6 A stochastic process {X,} is said to be deterministic if and only if for all n,
Xy, € Hy—1. If this is not the case then we call the process non-deterministic. If H_o, = {0}, then
{X,} is said to be purely non-deterministic or regular.



DefineN,, = span{...,vn_1,vn},i.e., N, is the space spanned by the innovations process associ-
ated with {X,,}.Similarly define N_o, =,, N and N = U,, Np.

Lemma 3.2.1 For any m < n we have:
a) H, = Hyp, + span(Vp1, -« - Vn)

b) Hpy, Lspan(Vimy1, ..., Vp)

¢) Hy=H oo+ Ny, Nooo = {0} and H_o L Nx.

Proof: The proofs of parts a) and b) are direct from the definitions of v, and the fact that they are
errors associated with projections. we will only prove the last part.

Let h € H_., then by definition h € H,_1Vn € Z. So hlv, VYn € Z. Now by the continuity of
the inner-product, h lspan{,...,v_1,vp,...}. so it follows that H_~ L N.

Now for any p € N_oo,= p € N,, C Hy, Vnso p € H_ () N_s. This implies that p = 0 since
N_o C H_4. Also by the definition of NV,, we have H,, D H_. + N,. Now for ant h € H,, we have:

BE[h|H_o + N,] = E[h|H_o] + E[h|N,](since H_o LNy,)
= lim E[h|H,) + lim E[hlvma, -, )
m——00 m——00
= lim E[h|H,)
m——0o0
= h
This means that H,, C H_,, + N,, and hence the result follows.

We now prove an important result associated with the representation of w.s.s. sequences due to
Wold.

Theorem 3.2.1 (Wold decomposition)
Let {X,,} be a R valued w.s.s. process and {v,} be the corresponding innovations process. Then:

a) X, = U, 4 V,, where U, = E[X,|Ny,], V;, = B[X,|H_o] and U, LV, ¥n.

b) The process {Uyp} is a w.s.s. process and has the representation:

00
Un - Z QrVn—k
k=0

where Elvyvy,| = 025n7m. Furthermore,
oo
0< Z a% < 00
k=0
and ag = 1
c) {Vi} is a deterministic w.s.s. process and

span(---,Vp—1,Vn) = H_ V1



Proof:
a) The proof of this part is immediate from the fact that H, = N,, + H_.

b) By definition E[v,|Hy] = 0 V n > m. Now since U,, € N, there exist a, such that
Un = > 20 QkVn—k Where:

ako’2 = EUkVn_k]

[
[B[X k| Ni]vn—]
B

[

E
E[E[X).v—1|Ni]]
E[Xvn—k] = E[Xov_g]

Hence:

o2 = E[Xow)
E[(vo + E[Xo|H_1])v0]
= E[{]

¢) Now N,, C Hy, Vi € H_oo C H, VYm,n € Z.

Furthermore for all m < n, X,, = Uy, +V,, € Np+3pan(..., V-1, Vy) and span(..., V-1, V) LN,,.
Also since N,, + span(...,Vn-1,Vy) = H, = N, + H_ and the orthogonal complement of N,, is
unique it implies that span(..., V,,—1, V) = H_o. This completes the proof.

Remark 3.2.1 The Wold decomposition holds for R™- valued processes also. In that case ai is a
matriz and o? = ¥ is a matriz. In that case if ¥ is singular , then AgY = ¥ = SAS. If ¥ is
non-singular then Ay = 1.

The significance of the Wold decomposition becomes clear if we consider the following prediction
problem.

Let {X,,} be a 0 mean w.s.s. process. Denote )A(n‘o = E[X,,|Hy] where Hy = span(..., X_1, Xo)
i.e. we want to predict the value of X, knowing all the past values up to 0 i.e. prediction of X n
steps into the future if we regard 0 as the present.

From the Wold decomposition:

oo
Xn = Vn + Z QpVn—k
k=0

with 3222, |ax]? < oc.
Hence:

00
Xn\O = E[Vn + Z akVn—k|H0]
k=0

= E[Vn|H0] + Z akE[Vn—k:|H0]
k=0

o0
= Va+ > arE[vn_k|No]
k=0

oo
= Vot Z akVn—k

k=n



The error in prediction is:
N n—1
E[X, — Xy’ =05 = 0® ) af
k=0
where 02 = E[v2]. If {X,,} is purely non-deterministic or regular then V,, = 0 and also:

o
lim o) =0 aj = E[X]]

n—o0o
k=0

implying that if we try to predict further and further out we basically obtain 0 as the prediction
since the error is the same as the variance of X,,.

Of course, the Wold decomposition depends on knowing the coefficients {ax}. In practice we
can measure the covariance E[X, X ;] = R(k) (assuming 0 means). We will see later how this
information allows us to determine the {ar}. We conclude our discussion on the Hilbert space
structure for w.s.s. processes here.

In the above we have considered Hilbert spaces associated with discrete-time second-order pro-
cesses. In a similar way we now consider spaces generated by q.m continuous processes. To do so we
have to consider the continuous-time equivalent of a linear mapping on the process with is defined
through an integral. For this we need to define stochastic integrals and give conditions for them to
exist.

3.2.1 Stochastic integrals of second-order processes

As mentioned above the analog of a linear transformation associated with a q.m continuous process is
that of an integral defined w.r.t. to a sample-path of a stochastic process. We used them in Chapter
2 (in the context of ergodic processes assuming that they were well defined). These integrals arise
when we want to study the output of a linear system whose input is a q.m. continuous process.
Specifically, we would like to define processes of the type

t
Yt:/ h(t,s)Xsds
0

where h(t, s) is the impulse response of a linear system. Of course the limits of integration need not
be [0,t) and could be semi-infinite intervals such as (—oo, ], [0, 00) etc..
Let [a, b] be a finite-interval in 7. Let {¢;}_; be points of T" such that :

Jp=Atica=t1 <ta<...<tph_1 <ty,="0}

Then we define (if it exists):

n—1

b
/ F(5)Xods = lim in gm. 3 F(7) Xoy (bt — t); e < 7 < trss (3.2. 1)
@ k=1

where in the limit as n — oo is such that sup |t,, — t,—1| — 0 and the limit is independent of the
choice of J,.

Note as defined the partial sums are Riemann sums and thus the limit is a ¢.m. limit of Riemann
sums or the integral is defined as a Riemann integral.



If X; is q.m. continuous then we know that the covariance function R(t,s) is continuous on
T x T and hence the limit will exist in the q.m. sense if and only if the following integral exists (in
a Riemann sense) :

/ / FOO£(s)* R(t, 8)dtds < o (3.2. 2)

and since [a, b] is finite it is sufficient if f(¢) is piece-wise continuous on [a,b]. The extension to the
one or both end-points being infinite is to consider the finite intervals and then require the limit of
the integral (3.2.2) to exist for the corresponding limits.

Remark: Stochastic integrals can also be defined pathwise (i.e. for almost every sample path)
but to do so we need to introduce the notion of Lebesgue integrals which is beyond the scope of
the course. Furthermore note that the integrand above is taken to be non-random since all we are
defining is a linear operation on {X;}. The extension of to random integrands is the purview of Ito
stochastic integrals and once again beyond the scope of the course.

Hence, since by definition the integrals are q.m limits of sums of second-order processes the limit
is a second-order r.v.. Hence we can associate a Hilbert space with q.m. continuous processes and
Hilbert subspaces for defining the ‘past’ and ‘future’ as in the case of sequences. In particular we
have:

/f de/g )X du)* //f *R(t, s)dtds = [AX, BX],, p)

where the ‘operator’ AX = fa f(s)Xsds and similarly for B.

3.2.2 More on the Hilbert space structure associated with second order pro-
cesses

The Wold decomposition provides a way of representing any w.s.s. sequence in terms of uncorrelated
sequences {v,}. This provides an orthogonal decomposition for for the sequence {X,} where the
inner-product between two r.v’s X and Y is defined as: [X,Y] = cov(X,Y).

We can develop a similar framework for any sequence of second order r.v’s. This is the basis of
linear estimation theory that we will see in the next chapter in detail.

Let {X;}22, be a 0 mean! second order sequence of r.v’s with var(Xy) = o* < co.

Define:

n
LkX = span{Xo, X1, -, Xpn} ={Yn : Y, = Z ap Xy, ap, € R with |0Lk|2 < oo}
k=0

Then for each n < oo the spaceLf forms a linear space of 2-nd order r.v’s that are formed from
a linear combination of {Xj}7_,.
Define Xg = 0 and vg = Xy. Then we have:

Xo=1p€ L

Define )A(n‘n_l = Projection of X, onto L\ ;. Then in particular:

o XX BIX X
o= T 2 0 ot

Xo

Tt is easy to extend the result to non-zero mean sequences



% Define v; = X7 — X1|0‘ Then by definition of the projection v L X, i.e.,

Denote ag =

0
[ X0, 1] = E[Xo1] = E[X1Xo] —E[X1Xo] = 0 or Xy and v are uncorrelated. Now by the orthogonal
decomposition:

X1 =Xo+v1=apvy +11

and vy and v; are uncorrelated. Moreover, it is easy to check:

(E[X1X0))*

2

BX}] = Ela3X{]+BIX7) - =t
0

= a% + agag - agag = O'%
Hence, by definition: L;X = L¥ and LY is spanned by uncorrelated r.v’s.
Now repeating this argument we define:

Vp = Xp — Xn\nfl

By iterating it can readily be seen that:

n
Xn =) ar1vi
k=0

and moreover L\ = LY V n.

In other words we have represented X,, as the sum of n + 1 uncorrelated r.v’s v,. or we have
obtained an orthogonal decomposition for the Hilbert space Lf much as in k"™ for n-dimensional
vectors through the Gram-Schmidt procedure.

Remark 3.2.2 The sequence of uncorrelated r.v’s {v,} is called the innovations sequence (or pro-
cess) associated with {X,}. It amounts to the extra information needed over and above knowing
(X0, X1, X2 -+, Xp—1) to reconstruct X,, in an Lo sense.

If the sequence of r.v’s is jointly distributed gaussian then the equality can be interpreted in an
a.s. sense as the linear projection is equivalent to the conditional expectation.

3.2.3 Differentiation of q.m. continuous processes

In order to develop a complete second-order calculus associated with q.m. continuous processes we
need to define derivatives. As in the case of integrals and other operations since we are working
with second-order processes we define them in the q.m. sense and seek conditions on the covariance
function for them to exist.

Definition 3.2.7 A g.m. continuous process {X;} is said to be differentiable at t if the following
limit (denoted Xy) exists in the q.m. sense:

Xiyn — Xy

X = }1112% in q.m. . (3.2. 3)

Remark: Since the derivative is the q,m. limit of second-order processes Xth = w the limit
is a second-order process and thus belongs to the Hilbert space associated with X.

10



Proposition 3.2.1 If the covariance function R(t,s) of a g.m. continuous stochastic process {X;}
2 .

has mized partial derviatives 8£g5’5) at the diagonal point (t,t) then the derivative Xy exists in the

g.m. sense at t € T and conversely. If the condition holds for all t € T then we say the process is

differentiable in the ¢.m. and then:

s 0%R(t, s
cov( X Xs) = atgs)
Proof: To show that the derivative exists in the q.m. case it is sufficient to show that:
lim E[(Xt+h - Xi) (Xigu — Xt)*] _ 323(2,0
hu—0 h U ot

by Problem 15 Chapter 2 on an equivalent necessary and sufficient condition for q.m. convergence.
Now:

(Xt+h - Xt) (Xt-I—u - Xt)* R(t + h7 l+ U) — R(t + h7 t) — R(t7 l+ U) + R(tv t)

lim E[ ] = lim

h,u—0 h U h,u—0 hu
.1 (OR(t+h,t) OR(t 1)
= lim - -
hli%h< ot ot )
_ O*R(t,t)
N ot?

Note in the above we first took the limit as 4 — 0 and then A — 0 but it can clearly be seen
that the order does not matter.

From the definition it is clear that 6281?((925) defines a covariance since it is the limit of covariance
functions and the proof is complete.

Remark: If the process is w.s.s. then R(t,s) = R(t — s) for t > s and so the covariance of X;
denoted by R (t) = —%R(t) where the negative sign occurs because the partial serivative w.r.t.

to s has a negative sign because of the negative sign associated with s.

As we have seen that under the condition that the covariance matrix is twice differentiable we
can define the derivative of a 2nd. order stochastic process which itself is a second-order process.
Thus if we formally think of dX; = Xsds then we can define the stochastic integral w.r.t to dX; i.e.

ff f(s)dX, is well defined as in Section 3.2.1 provided ff f: f(t)f(s)%dtds < 0.

A natural question to ask is how many orders of the derivatives for 2nd order processes are
defined in a q.m. sense? Clearly this is related to how many derivatives of the covariance function
exist. We will study this question a little later in this chapter although from above we can infer that
the process would be twice differentiable (in the mean squared sense) if the fourth partial derivative
of the covariance exists.

3.3 Spectral Theory of Wide Sense Stationary Processes

In this section we study the spectral theory for wide sense stationary processes. Spectral theory
deals with the frequency content of signals and this in turn is related to Fourier representations of
such processes. Recall a second-order process {X;} is said to be wide sense stationary (w.s.s) if :

11



ii. R(t,s)=R(|t - s|)

Let us first study the discrete-time case.

3.3.1 Herglotz Theorem for discrete-time w.s.s. processes

In the beginning of this Chapter we saw that covariance functions possess the property of non-
negative definiteness. It is usually difficult to check for this condition from the definition. However,
the non-negative definiteness of the covariance functions for w.s.s. processes can easily be established
due to the following result due to Herglotz ( called the Bochner theorem in the continuous-time case).
Essentially it amounts to the property that the Fourier transform of non-negative definite functions
is non-negative (implying that the transform is real). We state and prove this result below.

Proposition 3.3.1 Let R
finite measure F(\) on (—

n) be the covariance function of a w.s.s sequence. Then there exists a

(n)
% %] called the spectral measure such that

R(n) = /_ 2 2mAng () (3.3. 4)

where F(X) is non-decreasing on (—3, 3] with F(—3) = 0 and F(3) = R(0). Moreover F(}) is
unique.
If in addition >"o2 o |R(n)| < oo then F(A) is differentiable in X\ and

dF()\)
X

is called the spectral density and S(A) >0 on (—3, 3).

S(\) =

Proof: We will prove the result under the assumption that a spectral density existsi.e. Y.0° o |R(n)| <
oo since the general case requires knowledge of advanced results from analysis.
First note by the non-negative definiteness of R(n) defining:

N—1N— ‘ )
Sy(\) = Z Z Je—i2mAG k)
j=0 k=0
= 7227T)\k‘ |k‘
= 3 RWeEa- )
k=—N-+1

v

0

Then it is easy to see that:

|—=

/21 GG (VAN = R(n) (1 _ |”|> n| < N
1 N
= 0 |n|>N
Now:
N 00
1SN < >0 [RM)< D |R(n)| < oo
n=—N n=—00

12



and therefore the limit limy_.., Sy () exists and therefore for every n

I T |n| / 'm27r)\ / anﬂ')\
R(n) = ]\}Enoo R(n)(1 N) N—><>o Sn(A)dA = S(N)dA
where the lim on the r.h.s. is by bounded convergence.

Since S(A) is the limit of Sy(A) which is non-negative for all N it follows that the limit is
non-negative and the representation of R(n) as the Fourier coecfficient of S(\) is proved.

Now define: \
:[l S(v)dv
2

then F()) is increasing with F(—%) = 0 and F(3) = R(0) where F()\) is now called the spectral
distribution or measure as in the first part of the statement. As mentioned earlier the existence of
the derivative S()\) is not necessary for the Herglotz theorem to hold with F'(\) having the given
propeties.

Uniqueness states that if F' and F’ are two spectral measures corresponding to a given covariance
function R(k) then F(\) = F'(\) on (—5, 1]. This follows from the fact that if f(\) = 1(q(A) with
(a,b] C (—3, 5] then we can expand f(3) in a Fourier series i.e,:

— i fnein27r>\
And hence:
1 N 1
Fla,b] = / * fwdFw) = lim 3 fn / 2 2GR ()

_= N—oo _ 4
2 —N 2

1

2 in T
= gm S [ ey
2

-/ i FOVAF'(N) = F'(a,b]
2

The limiting operation is valid by dominated convergence since I’ and F’ are finite spectral measures.

Since the above is true for all (a,b] in (—3, ] the proof is done i.e. F(A) = F'()) for allw € (—3, 3].

Remark: In practical terms the condition that > 0%, |R(n)| < co not being satisfied implies that
the spectral distribution F'(A\) will contain discontinuities or in otherwords the spectral density
will contain delta functions(called spectral lines). More generally the lack of summability of the
covariance functions is related to a phenomenon of long-range dependence which we will see at the
end of this chapter.

As an example of the lack of summability, consider the w.s.s. sequence defined by:
X, = X cosn2m g + Y sinn2mw g

where X, Y are independent Gaussian r.v’s with mean o and variance 1.

13



Then:
R(m) = cosm2m g

and (formally)
' dF(A) = (6(A = Xo) + (A + o)) dA

Suppose the condition > ° |R(n)| < oo is satisfied i.e. a spectral density exists then the spectral

density is just given by the Fourier series on (—%, %] with Fourier coefficients R(n) i.e.

S()\) — Z R(n)e—inQﬂ'/\
and in the case of real processes noting that R(n) = R(—n) we obtain:

S(w) = R(0) 42 i R(n) cos(n2mA)
n=1

We are now in a position to study the questions related to the output of a linear, time-invariant,
causal and stable system whose input is a w.s.s. process. We will assume that the input process has
a spectral density.

The requirement of stability just implies that if Ay denotes the discrete impulse response function
of a causal system then >, |hy| < oo which in turn implies that the transfer function H(z) =
Y meo hnz™ is analytic on the entire unit circle. This is equivalent to saying that the transfer function
has when viewed as a rational function of z (i.e. a numerator polynomial in z and denominator
polynomial in z) has no "poles” (roots of the denominator polynomial) inside or on the unit circle.
In practical terms, lack of stability means that the output will grow without bound and hence it is
unrealistic to assume any steady state or w.s.s. property will hold for the output process. We give
a formal definition of stable signals and the associated notion of finite-energy signals below.

Definition 3.3.1 A discrete-time signal or sequence {hy} is said to be stable if it satisfies
> k| < o0 (3.3. 5)

A discrete-time signal {hy} is said to be a finite energy signal if

o

Sl < oo (3.3. 6)

k=—00

Remark: Causality imposes the condition that hy = 0 for £ < 0. In the parlance of analysis stable
signals belong to ¢; while finite energy signals belong to ¢>. Furthermore the two sided z-transform
of stable signals defined with H(z) analytic on |z| =1

Let {X,,} be a w.s.s. sequence (0 mean) with spectral density Sx (). Let {Y,,} denote the output
process when {X,} is the input to a linear, time-invariant, causal (LTIC) and stable system with
impulse response function {hj}. Then,

Yo=Y hp Xy —00<n<oo (3.3.7)
Note causality implies that hy = 0 for k£ < 0 and stability implies that H(z) is analytic for |z| = 1.

14



Proposition 3.3.2 If a w.s.s. sequence (0 mean) with spectral density Sx(\) is the input to a
linear, time-invariant, causal and stable system, then the output process {Y,} is a w.s.s. process
with spectral density denoted Sy (\) and

Sy (\) = |H(e2™)[28x (\) (3.3. 8)

where H(z) denotes the z-transform of the impulse response function defined by:

(o]
= Z h, 2"
n=0

Proof:
Since Y, = 3" o bk Xk = > e heXn— then E[Y,] = 0 Define Ry (n + k,n) = E[Y,1+Y,’].
Hence using the w.s.s. of {X,,} we obtain,

Ry(n+k,n) = Zzhh Rx (k+m—j)
j=0m=0

Multiply both sides by e~**™*¥ and sum. Then we have:

Z Ry (n + k,n)e?™F = Z ZZhh R(k +m — j)e 2™k

k=—00 k=—00 j=0m=0
c© 0o oo
_ Z Z Z h ,efiQTr)\jh eiZWAmR(DefiZfr)\l
= j "
[=—00 j=0 m=0

_ H(eiQWA)H(e—iQW/\)SX()\)

Hence, since the series on the lhs does not depend on n it implies that Ry (n+ k,n) = Ry (k) or the
process is w.s.s. and its spectral density is as announced.

Let us consider the more general case. Let {h,} and {g,} be two stable signals. Let {X,} and
{Y,} be two (zero mean) jointly w.s.s. processes with cross-covariance Rxy(n) = E[X;4+,Y,f] and
corresponding spectral density Sxy(A). Then we have the following result which is called the the
relation of isometry. We will use the notation ) ., to denote > 72 _ .

Proposition 3.3.3

E[(Y X)) giVe)* / H (™G (e ™) S xy (M) dA (3.3. 9)
keZ keZ

where H(z) is the two-sided z-transform of {hi} and G(z) is the two-sided z-transform of {gi}
(which exist because of the stability hypotheses).

Proof:
The proof just follows by taking the expectations and then using the Herglotz theorem for the
representation of the covariance. Indeed:

E[(> mXe)(D oY)l = DD hegiRxy(k—J)

keZ kez keZ jez
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1
2 * _i(k—7j)2m
= /l SN higi e FTD2TAG oy (V) dA

~32 kezZ jez

1
_ / L H(e™)G (e ™) Sy (A)dA
2

where H(e?™) = Y, 0, hpe>™* and similarly for G(e~?™). Note the interchange between the
integral and the summations is justified by the use of Fubini’s theorem.

Remark: We can derive the result concerning the spectral density of the output of a LTIC and
stable system using the result above. For the sake of completeness let us do it.

First note that since the system is a time-invariant,causal and stable system h, = 0;k < 0.
Noting that :

n
Yn = Z hn—ka
—o0

we have S°%°_ h,, e = i2mAn 57200 p, o —i2mAk — gi2TAn [T (¢ =i27X) - Qimilarly the corresponding

expression for G(e~2™) with g = h,_j is e 2™ H (™). Hence
n+k n
BYi¥] = BUY bk X3 o Xn)']

1

1
_ /2 ei(”+k)2“*H(e_i2”’\)e‘mzﬂH(em“)Sx(lambda)d)\
T2

1

1
— /2 eik27r)\|H(ei27r>\)|25X()\)d)\
T2

and the last line is just the Herglotz representation of the covariance of {Y;,} with spectral density
given by |H (e??™)|2Sx (\).

This concludes our discussion of spectral theory for w.s.s. sequences. In the next chapter we will
see some further consequences of the results we have developed.

3.3.2 Spectral theory for q.m. continuous w.s.s. processes

In this subsection we develop the analogous results for continuous-time w.s.s. stochastic processes.
The analogous result to the Herglotz theorem is called the Bochner theorem. Bochner’s theorem
was actually developed to obtain the representation for characteristic functions (recall in Chapter
1 we showed that characteristic functions have the non-negative definiteness property) and we will
comment on this later.

Let {X;} be a q.m. continuous w.s.s. process with mean 0 and covariance R(7) = E[X; . X}].
Recall, R(t) is a non-negative definite function with |R(t)| < R(0). Then we can state the following
theorem.

Proposition 3.3.4 (Bochner’s Theorem,)
Let R(t) be a continuous non-negative definite function on (—oo,00). Then there exists a unique,
finite, non-decreasing function called the spectral measure such that:

R(t) = /_ O:o ePTAIF(N)) (3.3. 10)
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with F(—o0) = 0 and F(oo) = R(0). If in addition [*_|R(t)|dt < co then F(X) is differentiable
with IF ()
) =

S =—

and S(A) is called the spectral density of the process.

>0

Proof: The proof closely resembles the proof of the Herglotz theorem. We give a proof when a
spectral density exists i.e. under the condition that [*°_|R(t)|dt < co.
Define the following integral:

Sr(\ _ L TRt— —2mA(t=5) g4
T()—TO ; (t—s)e s

Then it is easy to see that Sp(\) = [Re?™, e??™] where [.,.] denotes the inner-product in Ls[0, T7.
By the non-negative definiteness of R(¢) it therefore follows that S7(\) > 0 for all A.
Alternatively note that :

1 T (T ) 1 T A T .
— / / R(t — s)e 2™ =9)dtds = —E|( / Xpe 2 g ( / X e ™5 ds)*
T Jo Jo T 0 0
1 T ,
— 7E[|/ Xteszﬂ')\tdt‘Q]ZO
T 0

Changing the double integral to a single integral we obtain:

_

T A
St = [ R = e 2™ ar for 0<|r| < T

Now |Rr(1) = R(7)(1 — %)\ < R(0) hence Ry(7)e™™T converges to R(7)e 2™ as T — oo and
since [0 |R(t)|dt < oo by dominated convergence

T . 0 .
/ RT(T)e_’%)‘TdT — / R(T)e_ZQF)‘TdT
=T —00

Therefore S7(\) converges to a finite limit for each A € (—o0,00) as T" — oo which we denote by
S(A) and :

S(\) = /_ O:o R(t)e~ ™y

or S(A) is the Fourier transform of R(t). Furthermore since S7(\) > 0 for all T it implies that the
limit S(A) > 0. Also noting that S7(\) is the Fourier transform of the truncated function Ry (t) we
have for every T

/ ~ Sr(\)dA = R(0)
and hence [°°_ S(A)dA = R(0). Taking inverse Fourier transforms we obtain that:
R(t) = / 2N G(\)dA
Uniqueness can be established as in the Herglotz theorem.

Remark: Let us see the connection between this result and that of characteristic functions. Define

the normalized covariance % = C(t). Now, C(t) is a non-negative definite function and thus
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by Bochner’s theorem the spectral measure associated with C(t) denoted by F(x) will have the
property that it is non-decreasing with F/(—oo) = 0 and F(co) = C(0) = 1 or F(x) is a probability
distribution function on (—oo,00) and thus C(t) is the characteristic function of the r.v. X with
F(x) as its distribution function. By the argument of uniqueness as in the Herglotz theorem we
obtain that the characteristic function completely specifies the probability distribution since if two
characteristic functions are equal then they must correspond to the same distribution.

Similar to the discrete-time case we can obtain the isometry relationship in the continuous-time
case. As before we define stable signals and finite energy signals.

Definition 3.3.2 A continuous-time signal f(t) t € (—o0,00) is said to be stable if

| 1rwar < o

and of finite energy if
/ F(0)2dt < oo

Remark: In the parlance of analysis stable signals belong to Lj(—00, c0) while finite energy signals
belong to La(—00,00). Note if a signal is stable then it is of finite energy but not necessarily vice
versa. A very simple consequence of the stability property is that the Fourier transform of stable
signals is well defined and if it is a rational polynomial then it will have all its poles in the left half
plane.

We now state the following isometry result. When f = g and X =Y then this is just the analog
of the Parseval theorem.

Proposition 3.3.5 Let {X;} and {Y;} be two zero mean jointly w.s.s q.m continuous stochastic
processes with cross-spectral density Sxy (). Let {fi} and {g:} be two real, stable signals. Then:

BI([ aXun)([ aivide)] = [ FENGO)Sxy (A (3.3. 11)

where F(X) and G(\) correspond to the Fourier transforms of {fi} and {g:} respectively.

Proof: For the sake of completeness we include the proof. Note by the w.s.s. stationarity and the
use of Bochner’s theorem for representing the covariance:

B[ / FiXdt)( / gYidt)] = / / Frgs Ry (t — s)dtds
R R IR
= [ ] [ s
RIRJIR
_ / F(=\)G(N)Sxy (\)dA
R
where F(\) = [ fre”2™dt and similarly for G()).
Using this result we state the following result conncerning the output process of a stable LTIC

system whose input is a w.s.s. process {X;} (zero mean) with spectral density Sx(A). We omit the
proof since it follows by a direct application of the isometry theorem as in the discrete-time case.
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Proposition 3.3.6 Let {X;} be a zero mean w.s.s. process with spectral density Sx(\) which is the
input to a linear,time-invariant, causal and stable system. Let {Y;} denote the output process. Then
{Y:} is a zero mean w.s.s. process with spectral density, denoted Sy (\):

Sy (A) = |[H\)|?Sx (N (3.3. 12)
where H(X) is the Fourier transform of the impulse response function of the system.

We end this section by showing how Bochner’s theorem can be used to study the existence of
higher-order derivatives (in the mean squared sense) of second order processes.

Let us first recall proposition 3.2.1. If {X;; —0co < t < oo} is w.s.s. then the existence of the
derviative in the mean squared sense requires that the second partial derivative of the covariance
function R(t) exists and the second-partial derivative then corresponds to the covariance of the
derivative of the process. A natural question we posed is that can we say directly by measuring
come characteristics of the process as to how many derivatives of the process exist? The answer to
this is given by Bochner’s theorem by noting that the spectral density is nothing but the Fourier
transform of the covariance.

Let {X¢; —00 <t < oo} be a w.s.s. process with spectral density S(A\). We can now state the
sufficient conditions for the existence of derivatives of order n.

Proposition 3.3.7 Let {X;;—00 < t < 0o} be a w.s.s. process with spectral density S(\); —oo <
A< A

If
/ IAZ2S(A)dA < oo (3.3. 13)

then the n — th order derivative of {X;} exists in a mean squared sense and is a w.s.s. process with
covariance given by

RM(t) = / - (A2 X2 S(N)e ™M\ (3.3. 14)

—00

Proof: First note that by Bochner’s theorem:
oo .
R(t) = / 2TG(\)dA
— 0o

Hence:

d? o0 ,

~ L R(t) = / (270) 262G (A)d

dt? —oo
Since S(\) > 0 for all A it implies that A2S()\) > 0 or 472A2S()) is a spectral density and thus
—%R(t) is a covariance which is the covariance function of X; from Proposition 3.2.1. Let us denote
it by R (t). Hence [ A2S(\)d\ < oo implies that R (0) < co. Noting that |R(t)| < R(0) this
means that the process is well defined as a second order process.

Similarly the negative of the second derivative of R (¢) will also define a covariance which by
the argument in Proposition 3.2.1 can be identified as the covariance of the second derivative of the
process which is well defined if [°°_(27A\)4S(A)dA < oo and so on. Repeating the arguments we see
that the condition given assures that the 2n — th derivative of R(t) is defined which can then be
associated with the n — th derivative of Xj.
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Examples:

Suppose that the spectral density of a w.s.s. process is a rational function and the difference
between the order of the denominator polynomial and the numerator polynomial (in powers of \)
is 2m. Then the process is (m — 1) times differentiable since multiplying the spectral density by
A2(m=1) will leave the order of the denominator polynomial larger by A2 which will make the integral
finite.

Here is an example of a process for which a derivative cannot be defined.

Let {X;} be a w.s.s. Gaussian stochastic process with spectral density:

2k

SN = mr e

—0 <A<

Then clearly:
/ A2S(A)dA = oo

or the derivative cannot be defined.
This is a well known process which we have seen earlier. Taking inverse Fourier transforms gives

R(t) = el

which implies that it is a Gauss Markov process.
Finally an example of a process which is infinitely differentiable is a Gaussian process with

spectral density
S(A) = e W

In fact if the spectral density is a rational function then only a finite number of derivatives of
the process can be defined as seen above.

Suppose X; is a w.s.s. process whose spectral density S(A) is band-limited to [—B, B], i.e. its
spectrum has compact (finite) support. In that case it is easy to see that such a process possesses
derivatives of all orders in an Lo sense. Such a process is said to be analytic in Lo.

This concludes our introduction to spectral theory of processes. In the sequel we will apply these
results in the context of estimation as well as signal representation.

3.3.3 Ergodic theorems revisited

In light of the results above we can re-state the conditions for ergodic theorems holding in the mean
squared sense.

First note that the sufficient condition for the existence of spectral densities in both the Herglotz
theorem and the Bochner theorem imply the necessary and sufficient condition for convergence of
sample means to the true means (Proposition 2.6.3) in the mean square. Hence, the existence of
a spectral density implies that the process satisfies the law of large numbers in the mean squared
sense.

The condition that R(k) € ¢; (or R(t) € L1) is actually stronger than the conditions as stated in
Proposition 2.6.3. It turns out that the condition in (2.6.3) corresponds to continuity of the spectral
distribution at the origin i.e. at 0. We state the result below.

Proposition 3.3.8 A necessary and sufficient condition for the sample-mean of a w.s.s. process
(discrete or continuous-time) to converge to the mean in the mean square is that the spectral distri-
bution be continuous at {0} i.e. F({0}) =0.
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Proof: We will only give the proof in the discrete case. The continuous-time analog is similar. By
proposition 2.6.3. the necessary and sufficient condition is

1 n—1

> R(k)=0
k=0

lim —
n—oo n

Let us use the Herglotz theorem to rewrite this condition.

1 1! s k27N
SR = 72/16 dF())
" iso "i—0’/-3

1 n—1
2 1 27
(e
2 k=0
Define ¢, (\) = % Z;é 12Tk
Then
Pn(A) = 1 A=0
1 e’iTL27T>\ o 1
n 6227r>\ -1 7é

But

<
3

=
A\

sin nmw\
nsin wA

7 |sinnmTA

IN

nmwA

IN

2
E
2
where we used the following fact:

2
[sin A| > —|A| for |\ <
T

I

Therefore lim,, o ¢p(A) — 1{0}()\). Therefore the condition that lim,, .o % Zz;é R(k) =0 is

equivalent to
1

1
. 2 2
Jim [ 0uNaF ) = [ 10y (VdF () =0

2 2

or the spectral measure is continuous at {0}. The interchange of the limit in the integral follows by
dominated convergence since the spectral measure is finite.

Finally we conclude with an important result due to Maruyama which establishes strict ergodicity
in the case when the process {X;} is Gaussian. Note since it is Gaussian, w.s.s implies strict sense

stationarity. We state the result without proof.

Proposition 3.3.9 Let {X;} be a stationary Gaussian process. If the spectral measure or distri-
bution is continuous everywhere (in (—%, 1] in the discrete-case and in (—o0o,00) in the continuous
time case) then the process is ergodic and hence Proposition 2.6.5(b) holds.

Remark: As a consequence of the above result, if a Gaussian process possesses a spectral density
it is ergodic.
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3.4 Nyquist sampling principle for w.s.s. processes

It is convenient to discuss this first in the context of deterministic signals. Suppose {X;} is a
deterministic process whose Fourier transform has compact support in [—B, B]. i.e. the Fourier
transform vanishes (equals 0) outside the given interval. Then 2B is referred to as the band-width of
the signal. Now the well known theorem due to Nyquist states that sampling the process at instants
faster than or equal to % (called the Nyquist rate) allows us to completely reconstruct the signal
in an Ly sense i.e. there is no loss of energy (by Parseval’s theorem). This result has a stochastic

counterpart for w.s.s. signals called the Shannon-Nyquist Sampling Theorem.

Proposition 3.4.1 Let {Xy;—0o < t < oo} be a zero mean w.s.s. process whose spectral density
S(w) vanishes outside |[—B, B]. Then:

Sln (2Bt — n)

Xy = Limyooe 3 X (s
e =bemy ”Z 23 (2Bt —n)

(3.4. 15)

where X (55) denotes the samples of { Xy} taken every % units of time and l.i.m denotes the limit
m g.m.

Proof: The proof esentially uses the sampling theorem in the deterministic context and Bochner’s
theorem.

Let P(X) denote the spectral density. Then if R(t) denotes the covariance of {X;} by Bochner’s
theorem:

R(t) = /_ Z 2™ P(X)d\

due to the compact support of P(A) in [—B, BJ.
Now for A € [ B, B] we expand 2™ in a Fourier series in ) i.e.

ei27r)\t — Z an(t)eﬁgg)\

nez

where {ay(t)} denote the Fourier coefficients and are given by:

wm(t) = 35 / PN )

sinm(2Bt — n)
m(2Bt —n)

12Tt

Now substituting for e in the resperentation for R(t) we obtain:

R(t) — / S an (1) 5 P(M)dA
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The above is just a statement of the deterministic or Nyquist sampling theorem for the deterministic
function R(t) whose Fourier transform (the spectral density) has support in [—B, BJ.

First let us note some properties of the functions a,(¢). From the definition of a,(t) it follows
that an(t — 5%) = anym(t) and furthermore:

Rt = 55) = 3 anlt = 5p)R(p) = 3 anIRC550)

. Using the above properties it readily follows that
> an(t)ansm(t + 8) = am(s)
n

and

zn: an(t) t — ﬁ) R(O)

noting that the implicit assumption is the Fourier series representation for e?>™ for \ € [-B, B].
Hence let us show that E|X; — Y00 v an()X(55)>? — 0as N — oco. Let Zn(t) = X; —
N —_~nX(55)an(t) then

N N N

E[Z%V(t)] = E|Xt|2_2 Z an(t) B[ X X 2B )]+ Z Z an(t)am(t
n=—N —Nm=—N

JE[X (52)X(55)]
N N

N
— R0)-2 3 an(t)R( t—— )+ Z ST an(t)am(t (”;Bm)
n=—N —N m=—N

Noting that >°,,c7 an(t)R(t — 55) = R(0) and

Z Z an(t)am(t)R(n;Bm) = Z apm () <Z an(t)R(nz_Bm)>

nezZ mezZ meZ nez
m
= Z am(t)R(t - ﬁ)
meZ
— R(0)

Note in the above the order of taking the summations does not matter.
Taking limits as N — oo above we see that

N

lim F|X; — X(—)? =
Jim BLXe = 3 an(0X ()P =0

and the proof is complete.

Remark 3.4.1 From the definition of a,(t) and Plancherel-Parseval formula it is easy to see that:

/OO an(t)am(t)dt = 0 n#m

— o0

= Const(n) n=m



Which means that {a,(t)} form orthogonal functions on La(—o00,00), and indeed can be shown
to be a basis for all Ly(—o0,00) functions whose Fourier transform vanishes outside [—B, B.
Hence we have:

/ Xy (t)dt = X(;;)

or the sampling theorem is a Fourier expansion of X; in terms of the basis {an(t)} with Fourier
coefficients X (55)-

Let us now study the issue of sampling a w.s.s. process at intervals of % units of time when
in fact the spectral density has a support of greater than 2B. In fact we consider a process whose
spectral density is not necessarily band limited. The interesting questions that arise are what is the
resulting spectral density of the sampled process and the mean squared error?

Let X; denote the approximation obtained based on sampling a w.s.s. process X; every 5 B units
of time using the approximating formula:

Z X(=—= 23 Yan(t)

nez

where a,(t) are the functions defined above.
Let us first show that X} is indeed a w.s.s. process.

Now,
A m
EX:Xers] = E[D Y an(t)an(t+ S)X(2B)X(2B)]
neZ mezZ
-m
nezZ mezZ
We now use Bochner’s theorem to represent R("z" and then
27\ 27\
R(t,t +s) / ZZ(G" Yam(t + s)e’ 3B 9B >P()\)d)\

X neZmez

: : : . o . 2\ 2nO42kB)
Now the term in the integrand in brackets is periodic in 2B since e'25 = ¢'~ 2B and therefore

the above integral can be written is:

2w 2w

R(t,t+s) / >N €28 2B™ Y P(A+2kB)dA

nEZ meZ keZ

. 2mA .
Now using the fact that for A € [—~B, B] 3¢z an(t)e' 2B " = 2™ we have

R B
R(t,t+s) = / e'?™5 " P(\ + 2kB)dA
-B keZ

Noting that the r.h.s only depends on s and not ¢ via Bochner’s theorem we conclude that R(t, t+s) =
R(s) or the process is w.s.s. with spectral density 3., P(A + 2kB).

From the above form of the spectral density for the approximation it can readily be seen that if
the support of the spectral density of X; is contained in [—B, B] then the process X, has the same
spectral density or is completely recovered in an Lo sense while if the support is larger then there
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is contribution of the spectral density outside [—B, B] shifted by 2kB. This phenomenon is termed
aliasing and hence we do not recover the original process.

Let us now compute the mean squared error corresponding to the variance of the difference
process zz = Xy — X4.
Now E[|X; — X;|? = E[X?] + E[X?] — 2E[X,X;]. Noting that
n

E[X,X;] = > an(t)R(t — @)
nez

and

we obtain:

_ / (1= Y an(t)e2TO+HB)N=35))2 () 1 2 B)dA

B |
_ / S (1 — B2 () 4 2k B)dA
B ez

B
= 4 / > sin®(2rkBt) P(\ + 2kB)dA
B ez

27T\
where we have used Bochner’s theorem and the fact that for A € [-B, B] the term Y, . a,(t)e” 2B " =

e—27r)\t and ei47rkn - 1.
It is interesting to note from above that although {X;} and {X,} are individually w.s.s. they are
not jointly so.

Let us now consider the problem of interpolation i.e. starting out with a discrete-time process
we use the approximating formula to obtain a continuous time process. We state this result as a
proposition.

Proposition 3.4.2 Let {X,}5° be a w.s.s. sequence with spectral density P(\),\ € [—%,%}

n=-—00
Define the continuous time process {X;; —oo < t < 0o} by

N .
2Bt -
X, = Lim Y x,Snr2Bt=n)

(3.4. 16)
N m(2Bt —n)
Then {X;} is w.s.s. process with spectral density:
1 A
- —p(= <
SO = SeP) W<B
=0 otherwise
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Proof: By definition of {X;} we have:

E[XiXiys] = Z Z an(t)am(t + s)R(n — m)
—N m=—N

Using the Herglotz theorem to represent R(n —m) we obtain:

B[X,X,] = lim / Z Z an(£)am(t + 8)@2 =) P(\)d)

N
—ee 2 n=—N m=—

= lim 1/B Z an(t)e 127r L=n Z amt+s) —7,27T2Bmp( fB>df

n=—N m=—N

_ 127r n —i2rLm f
= 2B/ Zan 2B Zamt+s 35" P( B)df

mezZ
— i27rfsP i
2B /_Be Gp)¥

and hence by Bochner’s theorem X; is w.s.s. with spectral density as announced.

Remark 3.4.2 Note that by construction {X;} is a band-limited process with bandwidth 2B.

Shannon-Nyquist sampling provides the theoretical basis for most statistical signal processing
algorithms because physical signals have finite energy and thus unless their spectral density vanishes
at a sufficiently fast rate they will violate the finite energy constraint. Indeed most practical signals
can be assumed to to have finite bandwidth.

Given the importance of Markov models in applications it will then come as a surprise to note
that if X, is a w.s.s. process and is Markov, then it cannot be reconstructed via Nyquist sampling
in an Lo sense or equivalently such processes cannot be bandlimited.

The simplest case to observe this is the Gauss-Markov model. We know from Proposition 2.4.2
that if X, is a stationary Gauss-markov process then its covariance is given by R(t) = Ce It where

C =wvar(X;) and f=—1In %. The spectral density is thus given by:

208

Frame O SAS™

S(\) =
and thus the spectral density has infinite support and thus cannot be recovered without error using
any finite sampling rate.

Let us show this result more generally for any w.s.s. Markov process.

Proposition 3.4.3 Let {X;,—0co <t < oo} be a w.s.s. Markov process and {X,r} be the samples
of {Xi} sampled at instants nT,n = 0,+1,£2-. The X; cannot be recovered exactly in an Ly sense
by Shannon-Nyquist sampling.

Proof:

The proof essentially follows from the Markov property and the minimality of the conditional
expectation with respect to the mean squared error criterion.

Indeed let f(X,7,|n| < N) denote a functional consisting of 2N + 1 samples that include t.
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Then we know that E[(X; — f(X,r, |n| < N))?] is minimized when :

But from the Markov property the conditional distribution only depends on X, and X, 11)7 where
t e [mT,(m+1)T):
E[Xi|Xnr, In| < N] = g(thvX(erl)T)

for some measurable function g(.).
Therefore from the minimizing property of the conditional expectation we have:

N

0 < E[(X; — 9( X, X(ms1)r)’] SE[(Xe = > an(t)Xnr)?]
n=—N

since by definition the conditional distribution of X} given Xy,1, X(;;,41)7 is assumed to be strictly
positive from the Markov property.
Now taking limits as N — oo and noting that the L.h.s. does not depend on N we have that

N

lim inf B[(X, — n;N an(t) Xnr)?] > 0

which shows that the process cannot be recovered without error for any finite 7" in the Lao(IP) sense
as we have shown for w.s.s. processes with spectral density of finite support.

We conclude this section by discussing the sampling principle for processes whose spectral density
is defined only for certain pass-bands i.e. processes whose spectral density is non-zero only in the
region [—B— By, —By+ B| and [By— B, Byo+ B]. Such processes arise in communications applications
where the energy of a signal is concentrated around a given frequency called the base frequency. This
is typically the case when a so-called base-band signal is modulated by a high frequency signal of
frequency By. Of course we can use the above sampling theorem and conclude that we can reconstruct
the process if we sample at rate m. If By is large then this will entail sampling at a very high
rate and it does not take into account that the spectral density is 0 between [—By + B, By — B]. In
fact it can be shown that the signal can be recovered by sampling at the rate % which can represent
a considerable saving if By is large in comparision to B. The basic idea is that by modulating the
signal at a frequency of By we can shift the spectrum to lie between [—B, B] and then apply the
above result.

3.5 Karhunen-Loeve expansions for 2nd. order processes

One can exploit the property that 2nd. order processes are defined on Hilbert spaces to obtain
representations of 2nd order processes in terms of collections of uncorrelated random variables much
akin to the Fourier series representations for deterministic signals defined on a finite interval.

Let us begin by studying a simple case. Let {X; ; —00 < t < 0o be a zero mean w.s.s. process
whose covariance is periodic with period T i.e. R(t + kT) = R(t). We can exploit this periodicity
of the covariance to express the process {X;} in terms of a Fourier series whose coefficients are
uncorrelated r.v’s.

First note since R(t) is periodic in T we can represent it by a Fourier series on [0, 7. Let [f.g] =
%fOT f(t)g(s)ds denote the inner-product on Ls[0,7] where g(t) denotes the complex conjugate of
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g(t). Let {¢n(t)} denote a C.O.N.S. (complete orthonormal system) on L2[0,7]. In fact ¢, (t) can
be taken as et g = 2% which is complete in L9[0,T]. Then

R(t) = Z [R7 ¢n]¢n(t)
nez
where [R, ¢,,] = R,, denotes the nth. Fourier coefficient.
We can then show the following result:

Proposition 3.5.1 Let {X; ; —oo <t < oo} be a zero mean w.s.s. process whose covariance R(t)
1s periodic with period T .

Then
N

X = lim. Z X, et - g
n=—N

_27r

- (3.5. 17)

where {X,,} is a collection of uncorrelated r.v’s with B[X?2] = R,, where R,, is the Fourier coefficient
corresponding to the Fourier series for R(t).

Proof: Define X,, = [X, ¢,,] where ¢,(t) = e“0t. Then:

1 T rT .
E[Xan*n] = ﬁ/o /0 E[Xth]GWO(msfm)dtdS
1 T T ot i
_ _ —inwot imwos
T2/0 /0 R(t — s)e e dtds

1 7T :

_ 1 / R(£)e= "™ dt [, ]
T Jo

= Rnén,m

Thus showing that the {X,,}'s form a collection of uncorrelated r.v’s with E[X?2] = R,,. Finally
as in the previous section noting that R(0) = 3, c; R, we obtain that

N
li — %] =
Nl_r)ICl)OEHXt Z Xn¢n(t)| ] 0
n=—N
proving the result.

Actually such a representation holds for any second order process without the requirement that
it be w.s.s. for every finite interval of time. This important result is known as the Karhunen-Loeve
expansion and is the basis for decomposing signals in terms of uncorrelated r.v’s which has important
implications in vector quantization of signals to achieve minimum mean squared distortion.

Before we develop the Karhunen-Loeve expansion we will see some properties associated with
covariance operators or kernels.

Let {X;;t € [0,T]} be a zero mean second-order process with covariance R(t,s) = E[X,;X}].
Then R(t,s) is defined for (¢,s) € [0,7] x [0,7]. Then the fundamental property of a covariance
operator is that it be a non-negative definite operator i.e. for every f € L9[0,T] where L2[0,T] =
(£ = JT1f@)2dt < 0o we have: [Rf, f] = [ [ R(t,s)f(s)f*(t)dsdt > 0. Also the property that
fOT fOT R(t, s)dsdt < oo implies that we can find a sequence of functions {¢x(t),0 <t < T} such that

lorl2 = [ |¢x(t)[2dt = 1 and [¢g, ¢m] = 0 for k #m and
T
Ry = /0 R(t, 5)¢x(s)ds = Meon (1)
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where A\, > 0 i.e. )\ is an eigenvalue corresponding to the eigenfunction ¢(t) for the operator R.
This is exactly analogous to the case when R is a non-negative definite matrix. Moreover it can
be shown that the functions {¢(t)} are ”complete” in L2[0,T] in the sense that for any function
f € L3[0,T] [f, px] = Oimplies|| f||> = 0. Another important property of such covariance kernels is
that

T
Trace(R) = / (t,t)dt = Z Ak < 00
0

which corresponds to the analog for matrices that the trace is the sum of the eigenvalues. This
implies that limy_,o, Ax = 0. Now let us examine what a zero eigenvalue for R means for the process.

Bllow XP = BI[ [ 60X 0ulo) Xedta]

= / / or(t) R(s, 1)} (s)dsdt

— /O e (5)65(s)ds
= M\

and hence Ay = 0 implies that the r.v. has variance 0 and hence is almost surely 0 and hence we
can neglect the 0 eigenvalue terms.

Now let {Xy;t € [0,T]} be s second-order process with covariance R(t,s). Suppose that we can

find a representation of the form:
N

Xe =1im. Y Znpn(t)
n=0

where {p,(t)} are orthonormal in L3[0,T] and {Z,} are uncorrelated r.v’s.. Let us see what con-
straints it puts on the r.v’s and the functions ¢, (t). Let A\, = E[Z,Z}] the variance (assuming that
X is zero mean) of Z,. Then:

=D Aaen(t)en(s)
n=0

and therefore
T
/0 R(t, 3)9071(3)513 = Z Am‘Pm SOm7SOn]

= )\n@n( )

by the orthogonality of the functions ¢, (t). Hence from above it implies that ¢, (t) = ¢,(t) where
on(t) are the eigenfunctions of R(t, s) with A, the corresponding eigen values.

The above arguments motivate the Karhunen-Loeve expansion. Before we state the theorem
we give another important result which can be seen as a result of the above. This result is called
Mercer’s theorem which we state separately since it is of independent interest.

Theorem 3.5.1 Let R(t,s); (t,s) € [0,T] x [0,T] be a continuous covariance kernel. Then
=D Aadna(t) 0 (s) (3.5. 18)
n=0

uniformly in 0 < s,t < T where ¢,(t) are the eigenfunctions of R(t, s) with corresponding eigenvalue
An-
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The idea behind the proof is the following: by the property that fOT fOT |R(t, s)|dtds < oo it can
be shown that

Ao = max [Ro, @]

exists. Let ¢ denote the function for which the max is achieved. Then f] R(t, s)¢o(s)ds = Aoo(t).
Now define:

Ri(t,s) = R(t,s) — Modo(t)dp(s)

Then Rj(t,s) defines a covariance function by noting the following: define the process:

T
n:&—Axwwm%@

Then the covariance of Y; is just R;(¢,s). Now since Ry (t, s) is a covariance we can define the largest
eigenvalue A\; as above and then:

Ry(t,s) = Ra(t, s) — Mo1(t)91(s)

will define a covariance with the additional property that A; will be an eigenvalue of R(t,s) cor-
responding to the eigenfunction ¢1(t) while ¢o(t) will belong to the kernel (corresponding to the
eigenvalue 0) of R;(t,s). Let us show this:

Ri¢o = Rpg — Xodo|do, Po] = Moo — Ao = 0

and hence [R1¢1, ¢o] = Ai[p1, do] = [¢p1, Rido] = 0 which implies that [¢1, ¢o] = 0 from which it
follows that Rpq1 = Ri¢1 = A\1¢1 or Ay is also an eigenvalue of R with corresponding eigenfunction
¢1. Hence repeating these arguments will show that :

N
R(t,s) =Y Aadn(t)dp(s) + Ry1a(t,s)
n=0

and then by the nuclearity condition (sum of all the eigenvalues is finite) it follows that limy_,, Ry +1(Z, $)
goes to zero uniformly.
Using the above observations we now state the Karhunen-Loeve Theorem.

Proposition 3.5.2 (Karhunen-Loeve Theorem,)
Let {Xy;t € [0,T]} be a zero mean g.m.continuous process with covariance R(t,s). Then

a) Let {¢n(t)} be the eigenfunctions of R(t,s) corresponding to eigenvalues {\,} i.e.
T
Row = [ R(L9)6u(s)ds = Mdu(t); 0<t<T
0

Define Zy(w) = [ Xs(w)os(s)ds. Then:

N
Xe(w) =1Lim > Zn(w)dn(t) (3.5. 19)

n=0

where {Z,(w)} form a sequence of uncorrelated r.v’s with E[Z,Z'] = A\, and {¢p,(t)} are
orthonormal in L2[0,T].
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b) If Xi(w) has the expansion above such that {¢,(t)} are orthonormal and {Z,} are uncorrelated
with variance X\, then the pair (\,, ¢n(t)) must be an eigenvalue, eigenfunction pair for the
covariance R(t,s) on [0,T] x [0,T]

Proof: We will only prove part a) since the proof of part b) follows from the discussion before
Mercer’s theorem.
Let us first show that E[Z,,Z},] = A0, m. Indeed,

BiZ,7,] = B[ [ X)X 0n(s)atas
T T
= A(AfWAWM$ﬁ@ﬁ%=AM@m%]
= )\nén,m

showing that the Z) s are uncorrelated with variance \,,.
Now:

N N
E[X; =Y Znon(t)]? = R(,t) = 3 Maln(t)]?
n=0 n=0
which goes to zero uniformly in t as N — oo by Mercer’s theorem.

Let us see some applications of the Karhunen-Loeve expansion.
Example 1: Let {X;; t € [0,T]} be a zero mean q.m. continuous process with covariance R(t,s).
What is the best approximation of order 2 to the process {X;} in L2[0,T]?

From the Karhunen-Loeve expansion the best mean-squared approximation is just

Xy = Zogo(t) + Z11(t)

where E[ZyZ§] = Ao where \g = max{\;} where \;’s are the eigenvalues of R(t,s) with correspond-
ing eigenfunction ¢y (t). Similarly A; should be taken as the next highest eigenvalue with ¢1(¢) the
corresponding eigenfunction. This follows from Mercer’s theorem since the approximation error is

just Trace(R) — Y h_o A = Sps1 An-

Let us consider a more important example related to a series representation of the covariance of
a Wiener process or Brownian motion.

Example 2: Let {X;; ¢t € [0,T]} be a standard Brownian motion. Recall that {X;} is a Gaussian
process with zero mean and covariance E[X;X,] = R(t,s) = min(s,t) denoted by s'.
Let us begin by calculating the eigenvalues and eigenfunctions of the operator R given by:

Ré = Ao

which is equivalent to:
T
| Bt sjo(s)ds =200 e [0.7]
0

Substituting for R(¢,s) we obtain:
t T
/ so(s)ds + / t6(s)ds = Ao(t) (3.5. 20)
0 t
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The above is a so-called Fredholm integral equation which we can readily solve by differentiating
both sides and obtaining a differential equation as follows:
Differentiating the equation above once w.r.t ¢ we obtain:

T
[ els)as =o't
t
which still leaves us with an integral and so we differentiate it once more to obtain:

—o(t) = A" (t)

which is a second-order differential equation. To solve this we need two initial conditions which can
be obtained by inspection of the first two equations: i.e. ¢(0) =0 and ¢'(T) = 0.
The solution to 3.5. 20 for initial condition 0 is given by:

6(t) = Asin \}/\t (3.5. 21)

Applying the condition ¢'(T) = 0 gives

1
cos—T =0
VA

from which we obtain that the eigenvalues are given by:

T2

A= ——
(n+ %)27{'2

;n=20,1,2,.... (3.5. 22)
and the normalized eigenfunctions (norm 1) are given by:

Pn(t) = \/zsin [(n + ;)w;] (3.5. 23)

Hence by the Karhunen-Loeve theorem we obtain:

where Y, are i.i.d. N(0,1) gaussian random variables.
It is interesting to note that although the sample-paths of Brownian motion are not differentiable
anywhere with respect to ¢ from the Karhunen-Loeve theorem the r.h.s. is q.m. differentiable.
Finally we note by Mercer’s theorem we obtain the following representation for the covariance:

min(s,t) = niozo (n+2§)27r2 sin {(n + ;)W;:l sin {(n + ;)W;:l (3.5. 24)

which is a purely analytical result which is hard to derive directly.
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3.6 Spectral representation of w.s.s. processes

The Bochner theorem (for continuous-time processes) and the Herglotz theorem (for discrete-time
processes) relate the covariances of w.s.s. processes to the spectral density in frequency domain i.e.
the spectral density is the Fourier transform of the covariance. The question that is natural to ask
is whether the Fourier transform of the original process is well defined when we view the process as
a function of the time index? This section is devoted to the study of this issue.

Let us begin by considering the continuous-time case. First note that for any deterministic
function of time such that [°°_|f;|2dt < oo the Fourier transform F(\) = [ fie 2™ dt is well
defined. The original functlon can be recovered by taking the inverse Fourier transform given by
[0 eRmER(N)dA.

In the stochastic case the basic problem is that ffooo e~ 27 X, dt need not exist (because of the
infinite interval) and thus we cannot define the Fourier transform directly. To do so we need to define
a so-called generalized Fourier transform which is well defined called the spectral process. Then the
original process can be viewed as the inverse Fourier transform of the spectral process where the
equality holds in a quadratic mean sense.

We will first see the result in the discrete-time case.

Let us first recall the notion of an orthogonal increment process. Let Z(\) be a zero-mean,
complex-valued stochastic process. Then Z(\) is said to be a process with orthogonal increments
if: given (A1, Aa] (A3, A4] = 0 then: E[(Z(A\2) — Z(M1))(Z(M\1) — Z(A3)*] = 0 i.e. the process on
the non-overlapping intervals is uncorrelated. Let us furthermore impose the following condition:
E[(Z(X2) — Z(M))(Z(A2) — Z(\))*] = E|Z(X\2) — Z(M\1)]? = | A2 — A1] i.e. the process has stationary,
orthogonal increments.

Let f(A) be a continuous function on —% < X < 3. Define the stochastic integral:

f() Z(N)

l\‘)\»—t

where Z()) is the orthogonal, increment process defined above. Such an integral is well defined if
1

T2 1 f(V)PdX < oo as we have seen.

N

Choose as the function f(\) the function e?™ then let us define the following integral:

X, = / L PTAAZ(N) (3.6. 25)
2
By definition F[X,] = 0 and
BElXnX3] = / |, eI dz () dZ (v))
27732

_ /51 ez?w(n—m)kd)\

2
= 0ifn#m
= lifn=m
implying that {X,} is a sequence of uncorrelated, random variables indexed by n with variance 1

or a white noise sequence. This is the heart of the spectral representation theorem which we state
below:
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Theorem 3.6.1 Let {X,} be a w.s.s., zero mean sequence of r.v’s with spectral density P(X). Then
we can represent X,, in the mean squared sense as:

X, = / : A (N)dZ(N) (3.6. 26)

D=

where Z(\) is a stationary, orthogonal increment process and
SOV (N) = PV (3.6. 27)

It is enough to see that the L.h.s. and r.h.s are the same in quadratic mean via the definition of
Z(\) and the Herglotz theorem.

The function ¥ (A) is called the spectral factor of P(A) and the procedure is known as spectral
factorization. In particular ¢(\) can be chosen to be stable when P()\) is rational.

To see this we note that P()\) being a spectral density must be non-negative for all A € [—1 3 ;]
and hence both the denominator and numerator polynomials (in A) must be even. Furthermore if
e2™0 is a root of the denominator polynomial then e~27* must also be a root which implies that
if there exists a root within the unit circle there exists a corresponding root outside the unit circle.
Hence we can choose as 1(\) the rational function with all its roots in the denominator polynomial
and numerator polynomial within the unit circle implying that it is a stable, minimum phase (all
the roots of the numerator polynomial are within the unit circle).

Let us now see an example on how we can identify the ”transfer function ” ¥ (\)”.

Example: Let {X,} be a stationary process defined by:

> apXp—p =Wy (3.6. 28)

where {W,,} is a white noise sequence. Clearly since the process {X,,} is shationary and {W,} is
stationary it is necessary that the ”system” defined by the sequence {aj} must be stable i.e. the
transfer function A(z) = 37", arz " must have all its roots within the unit circle . (This is just the
Wold decomposition for a purely non-deterministic process if we re write X,, in terms of the {IW,}).
Such a process is called a stationary AR (Auto Regressive) process.

Let us use the spectral representation theorem substituting for X, to obtain:

/ Zakeﬂﬂ(n k)\¢ dz A = /1 227rn>\dZ )
2

2k0

A ~1 A
The equality of the lhs. and the r.h.s implies that ¥(\) = [ZZ‘:O ake_’%k’\} . Defining z = **™

we see that all the roots of the denominator polynomial corresponding to 1(z) = ﬁ are within the

unit circle implying that 1(z) is stable system. From the isometry theorem we have:

A(e 2N AP P(N) = 1

In an analogous way we can define the spectral representation of a w.s.s. continuous-time process.
We state the result below.
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Proposition 3.6.1 Let {X;, —o0 < t < oo} be a w.s.s. continuous-time stochastic process whose
spectral density S(X\) satisies [Z0  S(A)dX\ < co. Then {X} can be written as:

Agzi/m)é%ﬂd&MdX(A) (3.6. 29)

where:
YAY(=A) = 5(A) (3.6. 30)

and {X()\), —00 < A < 00} is an orthogonal increment process satisfying:
EIX(\) - XW)?=|x—v| (3.6. 31)

The use of the spectral representation is in the context of Wiener-Hopf filtering and other signal
processing issues which we will discuss elsewhere.

3.7 Long-range dependence and self-similarity

Long-range dependence is a phenomenon by which correlations in a process persist over long dura-
tions of time. In mathematical terms it means that the correlations between X,, and X, x decay
slowly in that even for k large the correlations are not negligible, i.e., when > 72, R(k) = co. When
correlations die away slowly they lead to special characteristics which can indeed have very impor-
tant consequences in practice. For example we have seen in Chapter 2 that if Y - R(k) < oo where
R(k) is the covariance of a w.s.s. process then the SLLN holds for the empirical sum of the random
sequence. We also saw that we needed a second-order condition for the CLT to hold. On the other
hand when the correlations persist one would need inordinately large sample sizes to obtain good
estimates of means and variances from observed samples. We will now study these characteristics
in some detail and provide some precise definitions.

Definition 3.7.1 Let {X}} denote a w.s.s. sequence. For each m =1,2,...,, define the m — level
aggregated process {X ,im)}kzl formed by taking the average of m samples at a time given by:
Xmk-1)+1 T+ Xim

xm = - . k=1,2,... (3.7. 32)

The sequence {X ,E:m)} is thus formed from the original sequence averaging over non-overlapping

blocks of length m. Thus we can think of {X ,gm)} as viewed at a larger time scale of mk, i.e. each

(m)

unit of time or sample of the sequence X, is actually composed of m samples of the original

sequence. This process can be repeated by averaging over m samples f the sequence X ’gm) to obtain
another sequence viewed at the time scale m?k and so on. This process of averaging is important
because it will allow us to study the phenomenon of long-range dependence.

First let us note that the sequence X ,gm)

E[X}] and variance:

is also a second-order sequence with mean, E[X ,gm)] =

R(O m
RM(0) = —X R(k
m—1 1
— & 3 ZR
m M= k=
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Now let us define the difference operator 62¢,, = gn+1 — 2gn + gn—1. Then we have:

S2(m2R™0)) = (m+1)2RTY0) — 2m2R™(0) + (m — 1)2R™D(0)
= 2R(m)

From this we see that specifying R(™(0) is equivalent to specifying R(m) or equivalently S(\)
the spectral density.

Using the above we can also compute the covariance of the sequence X ,gm) as:

RO (k) = %52 (K2R (0))

Let us first note some simple consequences of the fact Y, R(k) < co. From the Herglotz theorem
we have S(0) < oo. Furthermore lim,, oo mR™ (0) — R(0) + 2352, R(k) < co. One consequence
of this is that if { X} } is a sequence of i.i.d. mean 0 variance 1 r.v’s then as m — oo the m-aggregated
process goes to 0 in the mean square. We now define the notion of long-range dependence and study
some consequences.

Definition 3.7.2 A w.s.s. stochastic sequence or process {X,} is said to be long-range dependent
if any of the following equivalent conditions hold:

i Y0 R(E) = o0
ii. S(\) diverges at the origin
ii. mR(™(0) — oo as m — oo.

Remark 3.7.1 A very important class of processes is one whose covariance decays as a power-law
for large k i.e. R(k) ~ ck=P for 8 € (0,1). For such processes it can be seen that R(™(0) ~ m~Pc,
where ¢ is a constant, as m — 0. Such processes are usually termed asymptotically long-range
dependent processes.

Closely related to the notion of long-range dependence is the notion of self-similarity. In a crude
sense what self-similarity implies is that the process looks the same over all time scales i.e. no
matter whether the time-scale is long or short the process behaves statistically the same there is no
averaging out effect. Once again we need a few definitions:

Let H > 0 and let us define the following m-level aggregated process as in equation 3.7. 32
except that we divide the m samples by m rather than m. i.e. let:

m X

(m
Xk‘ - mH—l

(3.7. 33)

Definition 3.7.3 A discrete-time stochastic process {X,} is said to be (exactly) self-similar with

H
self-similarity parameter H > 0, if for allm = 1,2,---,, the process {X,gm )} has the same finite
dimensional (joint) distributions as {Xy}.

Requiring exact self-similarity is usually too much. In most applications we need a weaker form
of 2nd. order self-similarity which we define below.

Definition 3.7.4 A w.s.s. process {Xy} is said to be 2nd. order self-similar with self-similarity
H
parameter H > 0 if {Xlgm )} has the same covariance as {Xy}.
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. ) I . (m) _ g1y (mH) .
Suppose that {X}} is a second-order self-similar process. Since X,/ = m X, it follows
that:

R(m)(o) _ m2H—2RmH(O) _ m2H—2R(O)

Let 8 € (0,2) and let H = 1— 5. Then we see that R (0) = m~?R(0). From the remark 3.7.1
we see that if 3 € (0,1) the process is also long-range dependent.

An equivalent definition of (exact) second-order self-similarity is that {Xj} is 2nd order self-
similar with self-similarity parameter H = 1 — g for 4 € (0,2) if R(™(0) = mPR(0).

Using the fact that R(™ (k) = ‘Z—Q(kQka(O)) we can show that if a process is second-order
self-similar with parameter H =1 — g we have: RU™ (k) = £6%(k*H). Hence:

1
R (k) = 5 (I + 1P — 2k 4 [k = 1[27) b = 0,41, %2, -,

Note when H = 1 the process is un-correlated.

The definition of long-range dependence and self-similarity for continuous-time processes is sim-
ilar except that we now do not need m to be an integer. We define the notion of self-similarity
below:

Definition 3.7.5 A continuous time process { X }1>0 is self-similar with parameter H > 0, if for all
a > 0 the finite dimensional distributions of {Xu} and {a" X;} are identical. If the sorresponding
result holds only for moments of order up to 2 then the process is said to be second-order self-similar.

A canonical example of a self-similar and long-range dependent process is a Gaussian process
called Fractional Brownian Motion. 1t is self-similar with parameter H and long-range dependent if
He(3,1).

Definition 3.7.6 A stochastic process {WH }i>o is said to be a Fractional Brownian Motion (ab-
breviated as fom) if:

i. For each t, WH is Gaussian with zero mean.
ii. Wi =0 a.s..
{W{} has stationary increments and the increment Wi — WH is distributed N(0,0%t*H), H > 0

From the definition, it can be easily seen that if H = % then WH is a Brownian motion. The
parameter H related to the covariance plays an important role in the theory of long-range dependent
and self-similar processes. It is called the Hurst parameter, after a British scientist who studied the
level of the Nile river in the Sudan in the late 1800’s.

A discrete-time counter part of fbm constructed by defining X,, = W,{{ - Wf_ L,n =12 .1
called fractional Gaussian noise.

A natural question that one should ask is whether self-similarity and long-range dependent
processes are common. It turns out, self-similar processes are natural limits of normalized partial
sums of strictly stationary random variables. This important result is due to Lamperti which we
state below.

Proposition 3.7.1 Let {Y;} be a stochastic process such that Y1 # 0 with positive probability.
Assume that {T;} is the limit in distribution of the following normalized partial sums :

[nt]
Vi=a," > Xi;, n=1,2---, (3.7. 34)
k=1
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where |nt| denotes the integer part of nt and {Xy} is a stationary sequence of r.v’s and ay,ag,- - -,
18 a sequence of positive normalizing constants such that loga, — 0o as n — oco. Then there exists
an H > 0 such that for any u >0

1i Any H

im — =u

n—oo @,
and {Y;} is a self-similar process with stationary increments and self-similarity parameter H. Ad-
ditionally, all self-similar processes with stationary increments and H > 0 can be obtained as limits

in distribution of such partial sums.

Thus long-range dependence can obtained as a limit of sums of random variables which have
heavy-tails by which we mean P(X > t) ~ ¢t for some 8 € (0,2).

This study of long-range dependence and self-similarity is a very rich and active subject but we
will leave our discussion here and defer to more advanced books.

This concludes our study of the basic results in the study of second-order processes. In the sequel
we will apply these results to problems arising in the filtering,prediction and smoothing of random
signals in the presence of additive noise.
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Problems

1. Test whether each of these functions can be the covariance function of some w.s.s. process.
(a) R(t,s)=1—1|t—s|, 0<|t—s| <1and R(t,s) = 0 otherwise.
(b) R(t,s) =e sl —0o <t 5 <00
(¢c) R(t,s) =1, 0 <|t—s| <1and R(t,s) =0 otherwise.

2. Let R(t) be the covariance of a w.s.s. process and [0 |R(t)|dt < oo.

Define:
Ry (t) = R(t)1y<1)

i.e. we truncate the covariance to a finite interval. Show that Rr(t) need not define a covariance
function.

Hint: Consider Rp(t) =1,|t| <T and Ry(t) =1 — ‘%'
3. Show that the following function cannot be the covariance function of any discrete-time process:
R(n) = mn=0
= 2n=45

= 3n==15
= 0 for all other n
4. Let {S,} be a stationary stochastic sequence with spectral density p(\). Define, for fixed B,
the continuous-time stochastic process {X;} by:
(2Bt —
keZ (2Bt — n)

where the convergence of the infinite series is in the mean squareed sense. Find the covariance
of Xy for fixed A and 2BA < 1. Specialize the result when

P =1Ae[-3, ]
5. Show that if R(t,s), —oo < t,s < oo is a covariance function so is aR(at,as) for any a > 0.
6. Let {W;} be a standard Brownian motion. Let:
X(t) =sin(2rft + W), t >0
Calculate the mean and covariance of X (t).
Show that:

lim E[X(t)] = 0

t—o00
_ cos(27 ft) o~

li T T =
A BT T +1) 5

or the process is asymptotically w.s.s.
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7.

10.

11.

12.

13.

A stochastic process is called lognormal if it is of the form:
V(t)=eXW, —0o <t < oo

where X (t) is a Gaussian process with mean m and covariance R(7) = cov[X (¢) X (t + 7)].
Find the mean and covariance of y(t). Does the spectral density exist? If so, compute it.

Let & be an iid sequence with mean 0 and variance o2. Let z(t) be a stationary Gaussian
process with mean 0 and spectral density S(\).

Define:

k=1

Find the mean and covariance of {X,,}.

The process {X,,} is a randomly sampled version of X (¢).

Let X (t) be a 0 mean w.s.s. process with covariance R(7).
Show that if:

then:
(o) [e.e]
R(t) = Z a? cos 2mnt; Z a2 < oo
0 0

Let R(t), —oo < t < oo bethe covariance of a w.s.s. process with [0 |R(t)|dt < co. Assume
R"(t) exists.
Show that:

R(t)

t 2 R//(o)

and
R'(t) > R"(0), t >0
Let {X,,} be a 0 mean w.s.s process with covariance function R(7). and spectral density S(\).
Define:
Yt)=X(t+C)—-X(t—-C); C>0
Find Ry (7) and Sy () the covariance and spectral density of Y'(.).
Let n(t) be a white noise process with mean 0 and covariance §(t — s) (Dirac delta). Suppose

n(.) is the input to two LTIC systems with impulse responses h(t) and g(t) respectively with
corresponding outputs X (.) and Y'(.) respectively.

Show that X (.) and Y'(.) are jointly w.s.s. and find E[X (¢)Y (¢t + 7)].
Let {X,,} be a real-valued stationary process with mean 0 and covariance E[X, X, x| = R(k)

with R(0) < oc.

Let

o0
Yo=Y apXpp, n=0£1,...,
k=0
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14.

15.

16.

17.

18.

be a stochastic process defined from the stationary sequence { X} with > 72 |ax| < co. Find
the covariance Ry (k) of {Y,,} and show that the sequence {Y},} satisfies the SLLN.

Hint: $°2° |ag| < oo implies that 352 |ax|? < oo
Let X (t), —oo < t < 0o be a zero mean w.s.s. process with spectral density S(\) that is not
necessarily bandlimited.

Define the following process:

sin(w(2Bt—n))

where an(t) = T2n(2Bt—n)

Find the variance of X (). What do you observe?

Show that the function ,
R(t)=¢"

can be the covariance function of a w.s.s. process.

Let {X,} be a 0 mean stationary Gauss-Markov sequence with covariance function
Ro(k) = p : k=0,+1,+2, ...,

with p < 1. The sequence {X,} is the input to a linear, time-invariant and causal (LTIC)
system whose impulse response is

1
a

with a > 1. The corresponding output is denoted by {Y;,}.
Find the variance Ry (0). Show that the output {Y,,} satisfies the Strong Law of Large Numbers

(SLLN) (the a.s. version) and, moreover, is ergodic.

Let {X;} be a zero mean w.s.s. process with spectral density Sx(w). Suppose that Sx(w) =0
if |w| > 27B. Let T = %. Suppose we want to find the best linear mean squared estimate of
X; given {XnT}éV:_N in the form:

Find h(t — nT).
This problem shows that the sampling theorem can be interpreted as a least squares represen-

tation on the space La[(—o00, ), P).

Let R(t,s) given by the function in Problem 1 (a). Find the eigenvalues and eigenfunctions of
R(t,s).

Hint: Show that R(t) must satisfy:

d’R(t)
dt2

= —25(t)
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