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A CORRELATION RESULT FOR NONSTATIONARY INPUTS*

BY
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1. Introduction. In [1], K. S. Miller obtained an expression for the mean-square
output of a linear time-invariant filter subjected to a nonstationary random input,
y(@t) = g@)z(t), where z(t) is a wide-sense stationary random process and g(¢) is a de-
terministic function of the particular form

g(t) = Z_; @ €08 (0al + ¢n). 6))

The purpose of this note is to generalize Miller’s result in two directions; we shall con-
sider arbitrary modulation functions g(¢) and also obtain an expression for the general
output autocorrelation function

é.(t , 1) = Ele(t)z(L)],

where z(t) is the output corresponding to the input y(t) = g(t)z(t). The mean-square
output is then easily obtained by taking ¢, = ¢, = ¢. Since Miller’s formula is immediate
on further specialization of the modulation function, the general analysis affords as a
by-product a much simpler proof of the result in [1]. In the concluding section, a rec-
iprocity theorem is proved which shows that the mean-square output of a linear filter
is invariant with respect to an interchange of the impulse response A(t) and the modu-
lation function ¢(¢).

In addition to the application suggested by Miller [1], we note that reverberation
noise is commonly modeled [2] in the form ¢(f)z(t), where g(t) represents the time-
varying decay characteristic of the reverberation and z(f) is a stationary random process.
Thus, nonstationary noises of the more general type considered here are involved in
the analysis of sonar detection systems operating in a reverberation-limited environ-
ment.

2. Analysis. Let y(t) = g()z(¢) denote the input to a linear time-invariant system
with impulse response A(t), so that the output z(f) is given by

) = [ 1 - By . @

We assume both A(¢f) and g(f) are real-valued with ¢(f) uniformly bounded on
(— ®, ®) and h(t) in the class L, M L, on (— o, «); that is, h(t) is square integrable
and corresponds to a stable filter so that it is also absolutely integrable. The real-valued
random process z(t) is assumed wide-sense stationary with square integrable auto-
correlation function ¢.(r) = E[z()z(t + 7)] and related power spectral density S,(w).

Using (2) and noting that E[y(£)y(n)] = g(&)g(n)e.(¢ — n),

ety 1) = Bewe) = [ [t — 9hits — o@atentc — 0 dedn. @)
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We next define a function B(w, t) as follows:

B ) = [kt — 9e@e d. @
Then, by Parseval’s theorem [3], the é-integration in (3) becomes
© 1 «© ; M
[t = 99006 — ) d = 5= [ Blo, 8. do
and the remaining n-integration yields
1 @
ot 1) = 5= [ Blo, B, S.6) de, )

where an asterisk superscript denotes complex conjugate. Equation (5) with B(w, t)
given by (4) is the main result of this section. For ¢, = ¢, = {, equations (4) and (5)
specialize to
1 @
o |Bw, 1)|* S.(w) dw, ©)
T Jo
which is the desired extension of Miller’s result to arbitrary bounded modulation func-
tions g(z).

If, in addition, g(f) ¢ L, on (— =, ), then by Parseval’s theorem applied to (4),
we have

ER ()] =

Blo, ) = 5= [ HO)G(r + e d, 0

where H(w) and G(w) are the (L,) Fourier transforms of A(f) and g(f) respectively.
Equation (6) may then be written equivalently in terms of the spectra:

El°(H)] = ’1-3 | H(n)G(n — w)e™ dy : S.(w) dw. (8)
8 Jow |/

3. Miller’s Theorem. To see that (6) contains the previous result [1] as a special
case, we consider ¢g(¢) to have the particular form

N
9(t) = 2 a. cos (wat + ¢.);
then from (4),

N @
B(-—w, t) — E anf h(i _ E)[ei(wn$+¢n) + e—t’(u,.fﬂh)]eiwe dE

n=t (h
Je' ' [M(w) + M*(—w)],

where we have followed Miller in defining

DO | =

N
M) = Z a.H(w + w,)e ™,

n=1

Then, noting that B(—w, {) = B*(w, {), substitute (9) in (6) to obtain

B0 = & [ : M) + M*(—e)[* 8.() do,

which is easily seen to be the equivalent of Miller’s formula (equation (4) in [1]).
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4. Reciprocity Theorem. In this section we require g(f) [as well as A(t)] to belong
to L, M L, on (— =, ). An obvious change of variable coupled with the observation
that S.(w) is an even function allows us to write (8) in the alternate form:

BEO) = o [

_l_fm
- 87"3 -

Rearranging the latter expression and changing the dummy variable back to n, we
have

S.(w) do

[ H@ew + e dn
- (10)

2
S.(w) dw.

[ #E - wewee

()] = G(n)H(n — w)e dy Sz(w) do. (11)
Comparison of (8) and (11) proves the following reciprocity result:

Let z(f) be a wide-sense stationary random process with square integrable power
spectral density S.(w). If A(f) and ¢(t) are two given real-valued functions in L, M L, on
(— =, =), then the mean-square output of a time-invariant linear filter with impulse
response h(f) and input y(t) = g(t)z(t) is exactly the same as the mean-square output of a
linear system with impulse response ¢(t) and input y(f) = A()z(t).

Thus, the mean-square output of a linear system is invariant with respect to an
interchange in roles of the impulse response h(t) and the modulation function g(t).

Lastly, we observe that the time dependent spectral density W(t, w) defined by

W, w) = f 6.ty L+ De " dr
can be calculated from (5) to give the following result:
W(t, o) = e—ff?’l [ B, 960 — o)) do. (12)

This formula generalizes equation (16) of Miller’s paper [1] and can easily be shown
to reduce to that result when g(t) = >_¥_, a, cos (w,t + ¢.). For the special case,

Gw) == Z a8 — w) + e 8w + wl)],

where §(w) is the delta functional and B(a, t) in (12) is given by (¢™***/2)[M (—a) +M*(a)]
from equation (9).
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