924 IEEE TRANSACTIONS ON INFORMATION THEQRY. VOL. 1T-28, ~0, 6, NOVEMBER 1932

Structural Characterization of Locally
Optimum Detectors in Terms of Locally
Optimum Estimators and Correlators

WILLIAM A, GARDNER. MEMBER, IEEF

Abspracr— Explicit formulas for locaily (SNR - 0) optimum (MMSE)
signal estimators {smoother, filter, and predictor) for discrete-time observa-
tisns of a random signal in additive random noise are derived and used 1o
characterize the locally optimum (likelibood ratio) signal detector for
on=off sigmaling. The characterizations are canonical {distribution-free)
detector strectures involving estimator=correlators, These soructural char-
acterizations provide new interpretations of known detectors for various
special cases. If the one-step signal predictor is recursive and the noise is
white (possibly non-Gaussian or nonstationary ). there is a canonical strue-
fure that admits recursive compuration. The primary motivation for these
structural charscterizations is to render the estimator—correlator design
philosophy applicable for the purpose of simplifving implementations and
enhancing adaptability. Unlike the known estimator=correlator structural
charscrerizations for continuous-time globally oprimum detectors, the new
characterizations apply for non-Caussian as well as Gaussian noise, and the
estimators are explicit rather than implicit.

[. INTRODUCTION

A, Motivation

HE practical value of the signal-detector design

philosophy based on an estimator-correlator struct-
ural characterization of the optimum detector, for a
Gaussian signal in additive Gaussian noise, was demon-
strated [1] shortly after it was proposed [2], 25 years ago. [t
15 shown in [1] that the filter in the optimum detector can
be significantly simplified (for the purpose of implementa-
tion) with only negligible degradation in detection perfor-
mance. As demonstrated more recently [3], the practical
value of simplified implementation afforded by this char-
acterization can be exploited in a varietv of ways while
maintaining near optimal performance. The pracucal value
of an analogous design philosophy for point and jump
process signal detection [4] also has been demonstrated by
elimination of nonlinearities with negligible performance
degradation [5]. Based on this practical motivation of
simplified implementaton, a number of investigators have
contributed to the derivation of estimator—correlator
structural characterizations, and. more generally, the
elucidation of the role of signal estimation In optimum
{likelihood ratio) detection for a wide variety of probabilis-
tic models for continuous-time observations [6, and refer-
ences therein], [7]-[11]. However, efforts to develop analo-
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gous characterizations for probabilistic models for
discrete-time observations have met with more limited
success for all but the most elementary model of a Gauss-
ian signal in additive Gaussian noise [12, and references
therein]. This is illustrated by the fact that the estimator-
correlator characterization for continuous-time observation
of a non-Gaussian signal in additive Gaussian noise has no
counterpart for discrete-time observation [[12, and refer-
ences therein], except in a generalized sense [13] that has
not been shown to be of practical value as a basis for a
design philosophy (but does vield a recursive formula.
which might suggest an efficient implementation).

Mouvated by the increasing practical importance of
discrete-time implementation and of low-SNR detection
[29], the purpose of this paper is to show that, in contrast
to the hmited applicability of the estimator-correlator
design philosophy to globally (arbitrarv SNR) optimum
detection with discrete-time observations, this philosophy
is widely applicable to locally (SNR = () optimum detec-
tion with discrete-time observations.'

It is well known that the structure of the locally opu-
mum detector for an arbitrary on-off random signal in
additive arbitrary noise is mathematically explicit [14], and
that for several special cases (such as coherent and non-
coherent detection of a sine wave in white noise [15], [16].
[29]) the structure is functionally explicit, consisting of
functicnal elements such as zero-memory nonlinearities.,
correlators, squarers, and summers. For these special cases,
the applicability of the estimator-correlator design philos-
ophy is based on alternative structural characterizations of
known structures. For some of these special cases, the
known structure is sufficiently amenable to implementa-
tion that the design philosophy based on a structural
reinterpretation in terms of an estimator-correlator is un-
likely to lead to a simplified implementation {although it
can enhance adaptability). However. the structural char-

'At the time of preparation of this manuscript. the author was net
aware of other work on this topic, However. a literature survey conducted
before submission of this manuscript for publication revealed the waork of
Sosulin [27] (and references thereing on locally oplimum recursive estima-
tor—correlator structures for on—off Markov signals in additve Markoy
nose and some generalizatons thereof, The resulis in [27] are. in cssence,
embellishments of the structural characterization (33) derived  Section
¥ This derivation, however, applies to a general signal model. whereas
Sosulin’s applies o a Markov signal model
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acterization can still be of conceptual value in such cases.
For example, for detection of a sine wave transmitted over
a Rician channel [17, p. 360], the characterization reveals
that it is the sum of the specular signal component and the
MMSE (linear) estimate of the Rayleigh fading compoenent
that is correlated with the observations; and, regardless of
the fading distribution and the noise distribution, the char-
acterization (Section IV) reveals that the signal to be
correlated with is still the sum of the specular component
and the local-MMSE (nonlinear) estimate of the fading
component.

As another example of practical value, the characteriza-
tion reveals that the only difference between coherent and
noncoherent detectors for an arbitrary cyclostationary sig-
nal (AM, PM, PAM, PCM, etc.) in additive arbitrary noise
is that a synchronized periodically time-varying linear
estumation filter in the coherent detector is replaced with
its time-averaged counterpart in the noncoherent detector.
The practical significance of this is discussed in Section V1,
and in more detail in [3]. This simple relationship between
coherent and noncoherent detectors applies 1o all weak
cyclostationary signal in additive noise detection problems,
whereas, previously known explicit relationships between
coherent and noncoherent detectors require that the signal
be narrow-band, the noise be broad-band, the signal phase
and amplitude be independent, the noise distribution be
circularly symmetric, etc. [29, and references therein].

For some signal detection problems (such as detection of
a random signal in non-Gaussian narrow-band noise [16]).
the locally optimum detector can be sufficiently complex
that the design philosophy based on the estimator—-correla-
tor structural characterization can be of significant pract-
cal walue in obtaining a simplified implementation,
especially if adaptation is required. Since the particular
noise (or signal) distribution governing observations in a
given application is likely to be unknown and possibly
ume-varying, an adaptive implementation of a locally opui-
mum detector is often indicated [15], [16], [18]. In such a
signal /noise environment, the estimator-correlator struct-
ural characterization can be used to advantage. For exam-
ple, for serial signal detection (e.g., digital data transmis-
sion), a decision-directed adaptive estimator can be used
(possibly following an initial supervised training mode).
One advaniage offered by the estimator-correlator struc-
ture for adaptive implementation i1s that a performance
indicator for control of the adaptation is available during
operation; viz., the error between the decided (detected)
signal and the estimated signal. (This is an alternative to
the SNR performance measure employed in [18].)

As additional metivation. it is mentioned that in addi-
tion to being near opumal for low SNR, the locallv opu-
mum detector can vield adequate performance for larger
SNE [15], [16]. Also, the locally optimum detector can be
near optimal under conditions of low-energy coherence in
the signal, even when the detector output SNR is large
(vielding high-performance detection) [3]. Therefore, esti-
mator-correlator structural characterizauons of locally op-
timum detectors can be of practical value for moderate-to-
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high performance detection and for moderate-to-low noise,
as well as for low-performance detection and high noise.
The performance of locally optimum detectors, according
to various criteria. has received considerable attention
[14]-[16]. [18]-[22], [29]. For example, certain locally opti-
mum detectors have been shown 1o be asvmptotically
{observation time = <o) oplimum.

B. Problem Statement

The class of detection problems to be considered is
modeled by the hypothesis testing problem

Hy: yy=n,,

H s

oy =8+ n, i=12,---.m,

for which the m observations y = {y,}7" consist of an
m-vector of random noise variables (with joint probability
density (pdf) denoted by fy(n)) under the null hypothesis
H,, and consist of the sum of the noise m-vector and an
m=vector of random signal variables {(with joint pdf de-
noted by fg(s)) under the alternative hypothesis H,. It is
assumed that the signal vector s is statistically independent
of the noise vector n. Multiplicative noise can be included
in the model for s, as described in Section VIL

As 15 well known, the optimum (Baves, Neyman-Pear-
son, or minimax) signal detector is (equivalent to) the log
likelihood ratio test

#,
(y)=y
Hy
for some threshold value v, where
() Zlog[ fyw(»)] —log[frm(»)]. (1)
The conditional densities in (1) are given by
fr H.‘,{ y)=fuly)
fril ¥) = [Inly = $)fs(s) ds, (2)

where the integral is m-fold. When the signal is known, f; is
an m-dimensional Dirac delta. For later reference, we
introduce the notation

gly) =log[fy(»)].
&) =log[ fu(x)]. (3)
The class of estimation problems to be considered is
described by H,. As is well known, the optimum (MMSE)

signal estimator is the conditional mean; e.g., for the
smoothing estimator,’

$(») = E(S|y) = [sfyp(s|y) ds. (4)

The objective in Sections II and IIT is to obtain ap-
proximations to the estimation function, §{-) {for smooth-
ing. filtering, and prediction) and the detection function,
#(-), that are asymptotically (SNR — () exact. These are

I

“We usc capital letters for random mevectors, and corresponding
lowercase letters for realizations (statistical samples) of the random m-
VECLOTS,
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the locally optimum estimator and detecror. The objective in
Sections IV and V is to characterize ={-) in terms of §(-}.

To define the statement SNR — 0, we denote the ran-
dom signal vector § by

where § is a nonrandom scalar, and §; is any “normalized™
version (e.g.. trace of correlation matrix for &, is unity) of
the m-vector 8. Then

SNR=0=§=0. (5)

C. Ouverview

In Section IL. explicit formulas for the locally optimum
(MMSE) noncausal fixed-interval smoother and the causal
filter and one-step predictor are derived. It 1s shown that
these causal estimators are recursive if the signal is wide-
sense Markov and the noise 1s white, but not necessanly
Gausstan or stationary. In addition, it is shown that the
estimator is linear if the noise 15 Gaussian,

In Section 11l a derivation of the well-known mathe-
matically explicit formula for the local log likelihood ratio
is presented for completeness.

In Section IV, the formulas from Sections II and III are
employed to derive a canonical (distribution-free) estima-
tor-correlator structural characterization of the local log
likelihood ratio. It s shown that this structure admits a
recursive implementation if the signal is wide-sense Markov
and the noise is white, but not necessarily Gaussian or
stationary. In addiion, it is shown that this structure
decomposes into a linear estimator—correlator preceded by
a noise whitener if the noise is Gaussian.

In Section V, an alternative derivation of the locally
optimum detector that is tailored to the objective of recur-
sive computation is presented. It is shown that the local log
likelihood ratio can be computed recursively if the noise is
white and the one-step signal predictor is recursive,

In Section VI, the estimator-correlator structural char-
acterization is emploved to compare coherent and non-
coherent detector structures for arbitrary cyclostationary
signals in additive arbitrary noise.

Finally, in Section VII. applicability to multiplicative
noise is briefly discussed, and potential extension to jump
and point process observations is suggested.

II. Locairy OpTiMUM ESTIMATORS
B using Bayes law, (4) can be expressed as

[sfeisl w|s)fels)ds

)

f,"r'r"s': yis)fels)ds

flp)= {a]

.tj whers

.-"I:r".s.'[ .lf'|-'i'] ZJ{»-'{J? =2 {7)

The first-order Taylor series expansion of the function fy

1 I
el a6 il

Fiz. 1. Local-MMSE estmator.

I8

about the point y, evaluated at y — s is’
fuly=sy=fu(y) = sTefuly), (8)
where ¥/ ( ») is the gradient vector of fy evaluated at y
and has fth element [/ »)], = dfy () oy. It follows
from (3) that
Vivl¥)ly) =gl y). (9)

Substitution of (8) into (7) into (6), and use of (9) yields the
approximation

i[1 = 5"we(y)] = Ksvgl y)

— {10}
1= 55575l y)

§ly)=
which is further approximated (by ignoring the vanishingly
small term §7 wa( p) for SNRE — 0) by

fly) =5+ Ks[—ws(x)], (11)
where K is the covariance matrix for 5,
Ky =E[8§5 L~
and § is the mean vector for §,
§=E(S).

For example, § can be interpreted as the known signal
component, so that K is the autocorrelation matnx for the
random signal component, § — 5, Ko = E{(§ — W5 —
7)1 Eq. (11) can be written out as

s(p) =5+ 2 Ks(i, D[-3s(y)/ax]. (1)
=1
where K(i, j) = E{5,5;} — 5,3,

A signal flow block diagram of this local-MMSE estima-
tor is shown in Fig. |. The observations y are transformed
by the nonlinear (in general) transformation —%g(-),
which is specified by the noise pdf. Then the transformed
observations z are filtered (matrix product) by the linear
transformation K, which is specified by the signal pdf.
Finally, the known signal component 5§ is added. The
nonlinearity, — vg(+), has been studied extensively (in
connection with signal detecuen) for various non-Gaussian
neise distributions that anse in practice [13], [16], [29].

The estimator (6) and (11) is the noncausal [ smoothing)
estimator for 5, in terms of the observations y = {y: | =
=m} =y™ By letting m =i in (117 with y denoted by
p117) vields the causal ( filtering ) estimator

() =5+ 3 Kl )[-2e(x)/85]. (1)

i —

.l. I

Similarly, the oneg-step predicting estimator can be shown to

'The superseripl T denofes matrix transposition; thus, since s is Laken
to be a column vector §' is & row veclor.
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be
Sl ¥)=5,+ 2 Kgli + 1, f}[_aH{ }"J".»"a}}l-
=1
(13)

A. fndependent Noise and Recursive Estimation
If the noise variables { N} are independent,. then
~3g(y')/8y, = —dg,(y)/dy; = 5,(5).

Therefore, both the filtering estimator (12) and the predic-
ting estimator (13} can be computed recursively provided
that the covariance K exhibits Markov structure. For
example, the first-order Markov structure K (i, j) =
o7 r' ! makes (12) reduce (with § = 0 for simplicity) to the
first-order recursion

§(6) =m0(»7") + adz, (1)
Furthermore, in this case. the one-step predictor and the
filtered estimator are related by (letting § = 0 for simplic-
ity)

‘fjlll[—]'rg} = 'ri.'{y.l}‘

§(0) = 5(y7") + 05z, (1).

B. Gaussian Noise
In general, these local-MMSE estimators (11)—-(13) are
nonlinear. However, if the noise is Gaussian, then
g(y)=— %{ Y= E}TK;-"[ ¥ — i) + constant, (14)
and therefore wg(y)= —Ky'(y — #), from which (11)
i for example) reduces to
{y)=3+ KK, (y—n).

This is clearly an approximation (SNR — 0) to the linear
MMSE estimator

i(y) =i+ K[Ks+ Ky] (p—35—n).

[1I. Locarry OpriMum DETECTOR

The log likelihood rato is, from (1) and (2),
w(y) = log [ fu(y = 5)fs(s) ds = log fu( ). (V)

The second-order Tavlor series expansion® of the function
[y about the point y, evaluated at y — 5 15

Iy —s)=fyly)=sTwfuly) + %‘rﬁl{ ys.
i (13)

where H, ( y) is the Hessian matrix of fy evaluated at y.
and has (i )th element

[H,()],, = 3wl ¥)/33,3,.

‘Although only two terms were retained in Section 1T (%) we must
retain three terms here (13) because the first two terms, when substituted
in { 1), represent only the signal mean, and not the random component of
the sigmal
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It follows from (3) that
H, (y)/fv(y) = H(y) +ve(y)[ve(y)]". (16)

Substitution of (15) into (1°), and use of (9) and (16) yields®
1
(y) = Ios{l -frv.g'[.r]l[! B ;5Tvg{yl]
1 .
+5[va(y)] Ksvs(y)

1 i
+Elr{[ﬁj*ssr]ff¢{_}']}]. (17)
which is further approximated (by use of 1 — 457 wa( y) =
1 for SNR — 0, and by use of log{l — x) = —x, since
x — 0 as SNR — 0) by

_ 1
ly)=—5"ve(y) + E[‘?E{ »)] Ksvz(y)
1 o
+3u { [k + ssr]HH{ y)}. (18)
This formula is identical to Middleton’s formula [14, eq.
(19)].

IV. EsSTIMATOR-CORRELATOR STRUCTURES

In order to characterize the local log likelihood ratio in
terms of the local-MMSE estimator, we first manipulate
{18) into the appropriate form. This requires the following
characterization of the Hessian operator {on gi y)) as the
outer product of the gradient operator (on g y)) with
itself,

H(y)=vvigly). (19)

In the remainder of this section, approximations (11)-{13)
and (18) will be written as equalities, which simply means
that =(-) and #(-) are to be interpret.d as locally optimum.
rather than globally optimum. Substitution of (19) into
(18), and regrouping of terms involving 5 vields

y) = %f‘"[— vzl )]

(5 + K[—wel »)]) [-val »)]

bd | — | —

r [ v (5 + Ks[- wg(»)])"

+v (57— va(»)]57)}. (18"

Substitution of (11) into (187) yields the desired characteri-
zation:
[5 + $( )]~ wa( )]

b —

") =
—%tr{v[fl W7+ e [5- va(1)]57])
; (20)
()= S35+ ()

_2%15:‘” +[$;_r.-,.);,] -

b | =

*The quantity tr {M] denotes the trace of the square matrix M.
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Fig. 2. {a) Locally optimum canonical detector structure, characterized in
terms of the lecal-MMSE estimator (smoother). {b) Alternative sche-
matic for the detector structure in Fig, 2(a}

where

: = —vsgly).
This local log likelihood ratio formula can be represented
by the signal-flow block diagram shown in Fig. 2{a), where
the alternative notation®

L)

e (v} = 3 [diag (v [5(5)]7)]

=1

is used. The upper signal-flow path in this canonical struc-
ture, which corresponds to the first sum in (207, 15 an
estimator—correlator. That is, the observations y are first
transformed by — wg(-) into z. Then the local-MMSE
estimate §( y) is obtained from g by the filter (matnix) K,
and addition of the known component 5. Finally, the
arithmetic mean of the known component and the esti-
mated signal is correlated with the transformed observa-
tions; i.e., the discrete-time signals [ y) + 5]/2 and £ are
multiplied together and summed {over time). In the special
case for which the signal is completely known (K, = D),
the upper signal-flow path degenerates into the conven-
tional locally optimum correlator detector for a known
signal [15, and refs. therein]. In the special case for which
the signal is completely random (5 = 0), the upper signal-
flow path remains an estimator—correlator and is a new
interpretation of the conventional locally optimum quadra-
ture correlator detector for various applications involving
bandpass signals with random amplitude and phase [186,
and refs. therein].

The lower signal-flow path in the canonical structure,
which corresponds to the second sum in (207, involves the
derivatives, with respect to the observations, of the signal

6 S : :
The quantity diag (M} is the m-vector on the disgonal of the m % m
maltrx M,

estimator and the known signal-component part of the
correlation performed in the upper path. In certain special
cases, this signal-flow path degenerates wo yield a term that
is independent of the observations, but that contributes an
important bias to the threshold—an SNR-dependent bias.
These and other special cases are discussed in the following
subsections.

For application of the estimator-correlator design
philosophy, the alternative signal-flow block diagram shown
in Fig. 2(b) should be used. The only functional elements
contained in the upper signal-flow path of this diagram are
the signal estimator §{+). a nonlinearity, wgi-), which is
dependent on only the noise distribution, and a correlator,
{-,-% The lower signal-flow path can be implemented
using only the “hardware” in the upper signal-flow path,
but in a time-shared mode, provided that the denvatives
4 /dy are approximated by finite differences.

A, Gaussian Noise

If the noise is Gaussian. then it follows from (14) that
Hy)= — K%', in which case the output of the lower
signal-flow path in Fig. 2ia) is simply the signal-indepen-
dent bias term

n=—w Ky} — i Ky's. (21)

This term is closely related (in fact, equal in some special
cases) to the SNR-dependent bias term in the opumum
detectors for known and Gaussian signals in Gaussian
noise [23, ch. 2]. Furthermore, for this special case of
(Gaussian noise, the nonlinear transformation in the upper
signal-flow path degenerates into the linear transformation
— vzl y) = Ky'( ¥y — &), which removes the mean noise,
and then whitens the remaining zero-mean noise, Specifi-
cally, (207 reduces to (letung § = 7 = 0 for simplicity)

(y) 2%[ﬁyl]?f.@‘f‘%‘r{fsf.i-"}~ (22
o ¥) =%{ﬂﬁ]]rﬁ—%lf{ﬁs,‘} (22)
where
F=Ky' %y, §IH =5+ (23)
and
KK PR RS, Ky=1. (24)

In (23), K,'/* is the unique, positive definite, symmetric
square root of the matrix Ky (which 15 assumed to be
positive definite). The signal-flow block diagram for thus
locally optimum detector for zero-mean random signals in
additive zero-mean Gaussian noise 15 shown in Fig. 3. This
noise whitener estmator—correlator structure is function-
ally similar to the optimum detector structure for continu-
ous-time observations [6], however, the local-MMSE esti-
mator in Fig. 3 is noncausal. whereas that in the optimum
detector (for non-Gaussian signals) 15 causal, and sirmularly
for the noise whitener. Nevertheless, both noncausal filters
K; and K5'7?, can be replaced with equivalent causal

5 :
filters. Specifically, by defining K3'/? to be the causal
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Fig. 3. Locally optimum detector for zero-mean signal in additive
Gaussian noise: Local- MMSE estimator-correlator preceded by a noise
whitener.

1 !‘;l-IE ]

Fig. 4. Optimum causal neise-whitener causal estimator-corrclator de-
tector structure for a zero-mean signal in additive Gaussian noise.

square root of K', and by using the identity

Ly

E{Uc ;)

where K is the causal part of K. i.e,

P
VK = 557K

5 K:i, J), j=i,
[ s 5
KS{LJ] {[], J=i,
{22') can be reexpressed as
L) I ] 5 .
t(y)= 2 3(5)7 —-2"2 +#) (227)

i=]
where 5,( 7') is the causal estimator for 7 (12), and Ky'/?
in (23) is the causal noise whitener. The signal-flow block
diagram for this locally optimum causal detector is shown
in Fig 4.

B. Independent Noise

Another special case of interest is that for which the
noise variables are independent. In this case

[vely)]: = dz.(5)/dy.

[H()], = (d%(5)/d?)8,
where 8, is the Kronecker delta. As a result of (23). the
nonlinear transformation — ¥g(-) in the upper signal-flow
path in Fig. 2(a) is memorvless (and therefore causal), and
the nonlinear transformation in the lower signal-flow path

is also memoryless, i.e., the ith terms at the outputs of
these transformations are

z(y) = —dg(y)/dv,.
x| yr,'l = I[crszl + Ef }d:gl{ ¥, J.‘_fd}.-lz_

(25)

(26)

Therefore, by using the identity

g 1
1Kz = 5%

E{U‘il_

r—]

TK_'.': i)

together with (26), (207 admits a characterization in terms
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Fig. 5. (a) Locally optimum causal estimator-correlator detector struc-
ture for independent noise variables. (b) Alternative schematic for the
detector structure in Fig. 3a).

of the causal estimator §( y') (12},

§; + 2 K_';{‘;~j]-",1..-'r}\]'

=1

i(y')=

[xr.i',r,} - {"s.-'r{.‘}]}':]-
(27)

A signal-flow block diagram for this locally optimum causal
detector is shown in Fig. 5(a). We note that if K exhibits
Markov structure then §( »*), and therefore =( ). can be
computed recursively as discussed in Section I1.

For application of the estimator-correlator design
philosophy, the alternative signal-flow block diagram shown
in Fig. 3(b) should be used. The only functional elements
contained in the upper signal-flow path of this diagram are
the causal signal estimator §(-), a scaling amplhfier with
gain o, a zero-memory nonlinearity, ¥g(-), which is de-
pendent on only the noise distribution, and a correlator,
{+,+% The lower signal-flow path can be implemented
using only the nonlinearity ¥g(-), provided that the de-
rivatives, d/dy,. are approximated by finite differences.
and ¥g(-) is implemented in a time-shared mode.

If the independent noise variables are Laplacian,

f.\',{”, )= { '1'5‘:'\-'. } 3

then (26) reduces to

=
L=
]
]z
b
'—_
o
t.
[
bz

1 - "
cxpl—=,1|n, |/ay ).

z(y) = ‘%r sgn( ¥},

x(y)=10,



Q30 IEEE TRANSACTIONS ON INFORMATION THEORY, ¥VOL. IT-28, NO. &, NOVEMBER 19521

and therefore, the lower signal-flow path in Figs. 2 and 5
vanishes, and the nonlinearity in the upper path is simply a
time-varying clipper. This, of course, includes the well-
known locally optimum clipper-correlator structure for
known signals, and the locally optimum clipper quadrature
correlator structure for incoherent bandpass signals as
special cases of these locally optimum clipper-estimator-
correlator structures,

In general, if the function g is not nearly quadratic or
lower order (piecewise linear)—i.e., if the noise is not
nearly Gaussian or Laplacian—then the lower signal-flow
path in the canonical structures cannot be deleted without
incurring suboptimality,

V. RECURSIVE ESTIMATOR-CORRELATOR
STRUCTURE

It follows from (27) that if the noise is independent, then
the detection statistic can be computed recursively pro-
vided that the causal estimator §,( ') can be computed
recursively. An alternative approach to the derivation of
locally optimum detectors that is tailored to the objective
of recursive computation is presented in this section.

By using Bayes law, the likelihood ratio L{ y'), which is
based on observations up to time {, can be expressed in
terms of L{ ') as follows

J'rr',|r"'.H,|:.1"£|.-'r"r_l}

L{y)=L( !
[} } {.P ]I f}f.,'rr-‘,u,,{}ﬂ'l_i'g_l}

We shall assume that the noise variables are independent
50 that

Fyprer, H.;.{ Hi l..lf"._J } = fr_..rfn{ ¥} = J'f.-o.r,{}'r}- (28)

By again using Bayes's law, we obtain the expression

fY,,Y"'.H-_{-va |3f"r._|]|

:ffr,|rf".s,{}'a|}’*‘l~5.']'fs,|r' '{3:|J’"_Ij ds;. _

(29)

Furthermore, it follows from the additive noise model for
¥, | H, that

fr,|r"'.s,{}}|_lf"_l~ 3.} =f.\',|r"'|[.“} -5 |J"J_l]- (30)

and it follows from the independence of {N}7 and ({5,}7,

and the independence of the individual noise variables N,
and N, that (30) reduces to

frp-s{nly L) =fhin—5). (1)
Approximation of fy(-) by the Taylor series (15), and
substitution of (28)—(31) into the preceding expression for
Lo ') yields

But (32) reduces to (using (16))

L(y') = L(y=4)|1 = E{S1y" ' }dg.(3)/a,

+ SE((S) 1y e (n)/d

+ {dg(» },--’dx}l}]~

where g.{¥) = log Sy (y). Finally the log likelihood ratio
e p'y = log L( y') is, from (32") (using log(l — x) = —x
since x — 0 as SNR — (),

r(y)=r(p") =5 (' "dgln)/ay
|

+ 5 E((S) |y H % 5) /]

+ {dg,(3)/dv}’), (33)

where §( »'~') = E{S,|y'""} is the one-step predicting
estimator for S, and similarly E{(S,)*|»'~'} is the one-step
prediction of (5,)*. Therefore, =( ¥') can be computed
recursively if these two predictions can be computed recur-
sively, Equation (33), when approximated by deleting the
term involving E{(S,)*|y'"'}, agrees with Sosulin's for-
mula [27, eq. (1.12)], which was derived for a Markov
signal process,

In order to relate (33) to the canonical structure (27), we
use the locally optimum form (13) for §,( p'~ '), viz,,

(32)

i=1

(¥ =5+ Z Ks(i )z ().

i=1

(34)

where z,(-) is defined by (26)." Similarly, the predicting
estimator of (S,)* can be approximated (replacing §; with
(5.)* in (34) and deleting the higher order term which — 0
as SNR - 0) by

E{(s) |y} =5 (35)

Substitution of (34) and (35) into (33), use of (12) and (13)
{and use of 1 = $7.dg(»)/dy, = 1 as done in deriving (18)
from (17)) vields the recursion

() =y ) + 500 )2(n)
*% x(9) = (05,20))] (36)

where x,(-) is defined by (26), and §,( »') is given by (12).
Summation of (36), and use of =(y") =0, yields the
canonical form (27

V1. CoHERENT/NONCOHERENT DETECTION OF
CYCLOSTATIONARY SIGNALS

If the signal 5 to be detected is cyclostationary [24] with
period, say, p, then the covariance matrix K is periodic

J[ fnr_.[.v,} — s dfy () /dy, + %Sfd?.f.v_.[ ."'.-}.-‘:4”.1 fsiv [5 e I:' ds, -II

(32)

Ly )=L(y™")

Sul¥) J
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(block-Toeplitz)

Keli+tpo j+p)=Kslh j) {37)
As a result beth upper and lower paths in the canonical
detector structure in Fig. 2 contain a periedically time-
varying transformation (viz., §{-)) that must be synchro-
nized to the periodicity in the observed process (when the
signal is present). This usually requires estimation of the
phase (time origin) of the signal. from the observations.
When such phase estimation is impractical (as it is in many
applications). a noncoherent detector must be emploved.
The optimum noncoherent detector is simply the optimum
detector for the phase-randomized (stationarized) siznal
{denoted by ). Since the locally optimum detector shown
in Fig. 2 depends on the signal to be detected through only
115 mean vector and covariance matrix, then the only
difference between the locally optimum coherent and non-
coherent detectors is that the signal mean and covariance
in the coherent detector are replaced by their time-aver-
aged (stationarized) versions [25] in the noncoherent detec-
tor:

|Ie=

[
| —

-I:—("r"

I [+

[

| =

(38)

I

Kg{i—j) , Ks(i+q, i+ q).

1

4

That is, § and $( y) are replaced with & and §( ), where
s{ ¥} is the local-MMSE estimator for the phase-rando-
- mized signal 3. This provides a general framework within
which coherent and noncoherent detector structures can be
compared (cf. [3]). This relatively simple characterization
of the relationship between these two types of structures
includes as special cases, and /or provides alternative inter-
pretations of, the results for various specific problems
involving random /deterministic amplitude and phase,
slow /fast fading channels, narrow-band /broad-band and
analog /digital modulation [14]-[16], [29, and refs. therein].

VII. ConNCLUDING REMARKS

The new structural characterizations shown in Figs. 2(b)
and 5(b) provide the basis for extending the estimator—cor-
relator design philosophy, referred to in the Introduction,
from continuous-time detectors to discrete-time detectors.
This extension of estimator—correlator structures from con-
tinuous time to discrete time is, in fact, a generalization
since it is wvalid for non-Gaussian as well as
Gaussian noise, a feature which is absent from the struct-
ural characterization for continuous-time detectors. The
design philosophy is. specifically, to try using practical but
suboptimal implementations of estimators (e.g., adaptive
estimators) in place of the optimum (or locally optimum)
estimators in the estimator—correlator structure. If the re-
sultant detection performance for a tnial implementation of
an estimator proves to be acceptable in practice (or in
simulations), then the approach is successful. This design
philosophy has often been successful for continuous-time
detection as discussed in the Introduction. The new struct-
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ural characterizations reveal not only what to correlate the
signa| estimate with (viz.. the nonlinearly transformed ob-
servations, — wg( y)), but also reveal explicitly what the
signal estimator to be approximated with a practical imple-
mentation is {cf, Fig. 1). This should be contrasted with the
globally optimum characterizations that provide no more
than the implicit conditional mean characterization of the
signal estimator.

Aside from their fundamental roles in the canonical
structures of the locally optimum detectors, the locally
optimum estimators (the smoother, filter, and predictor)
may be useful in their own right. That is, their relatively
simple explicit formulas (11)—-(13) may render them useful
as suboptimum estimators for applications in which the
SNER is not low. The fact that these estimators are recursive
for white (non-Gaussian, nonstationary, in general) noise
and wide-sense Markov signals is of particular utility.
Nevertheless, it can be shown that without some modifica-
tion, locally optimum estimators will probably perform
unnecessarily poorly when the SNR is not low, This is
easily demonstrated for Gaussian noise, using the results in
Section II-B. Moreover, the results in Section 11-B suggest
the following modified version of the locally optimum
estimator (11

Hy)=5+Ks[Ks+ K.v]_IK:\-‘[_ vgly —§)].

which is optinwm for Gaussian noise. Since the modifica-
tion is negligible for low SNR, then this modified versicn is
still locally optimum, regardless of the noise distribution.

There are signal detection problems (other than the
additive noise problems addressed herein) for which the
optimum detector structure is guite simple, except for
the computation of the MMSE estimator (e.g., jump pro-
cess observations [4], [8]-[11]). For such problems, a possi-
bly adequate suboptimum detector can be obtained by use
of the local-MMSE estimator in place of the global-MMSE
estimator. For example, it has been shown [3] that an
adequate suboptimum detector for Poisson observations is
obtained by replacement of the MMSE nonlinear estimator
with the linear MMSE estimator (cf. [26]). Therefore, a
possibly fruitful topic for future research is the study of
local-MMSE estimators for observations other than signal
in additive noise,

The random signal in additive random noise problem
addressed in thus paper includes the signal (both random
and nonrandom) in multiplicative and additive random
noise problem simply by redefining the signal § to be
§ = [M]5,, where 5, is the actual signal, and [M] is a
diagonal matrix representing the multiplicative noise vector
M. (More generally, [M] need not be diagonal.) The net
result-is that the matrix K¢ in the canonical estimators and
detectors decomposes into Kg = E{[M]Kg [M]"), which
further reduces for diagonal [M] o Ky = K, @ K¢ where
% denotes Schur matrix product, K.(f, j) =
Koli. fIKg (i j) [28, p. 646], for which K, (i, j) is the
correlation of the 1th and jth diagenal elements of [M]. In
addition, the mean vector § in the canonical estimators and
detectors decomposes into § = E{[M]}s,.



932

[

1

[

(4]
(3]

18]

(7]

1]

(4

(0]

(1

[z

[13]
[14]

(L1

IEEE TRANSACTIONS ON INFORMATION THEORY, YOL. IT-28, MO, 6, NOVEMBER 1932

REFERENCES

R. Price and P. E. Green, *A communication technique for mult-
path channels.” Proc. JEEE, vol. 46, pp. $35-570, Mar, [958,

R. Price. "Dptimum detection of random signals in noise. with
application to scatter-multipath communication— 1" fEEE Trans.
Inform. Theory, vol. [T-2, pp. 123-133, Dec. 1936,

W. A Gardner and I C, Bukofzer, “Performance evalugtion of
subcptimum estimator-correlator detectors for Gaussian signals with
low energy coberence,” Signal and Image Processing Lab. Tech.
Rep. no. SIPL-30-15, Univ. of California. Davis, CA. Dec. 1950,

R. Boel, P. P. Varaiva, and E Wong, “Martingales on jurnp
processes,” STAM J. Canee, vol, 13, pp. 99%9= 1061, (975,

M. H. A Davis and E Andreadakis. “Exact and approximate
filtening in signal detection: An example,” TEEE Trans, fnform.
Theory, vol. IT-23, pp, TRE=TT71, Nov, 1977,

T. Kailath, " The innovalions approach to detection and estimation
theory.” Proc. TEEE, vol. 38, pp. 680-695, 197,

—. “The structure of Radon-Nikodym derivatives with respect
w0 Wiener and related measures,” Ann. Math. Sranist., vol. 42, pp.
[054= 1067, 1971,

D. L. Snyder. " Filtering and detection for doubly stochastic Pois-
son processes.” TEEE Treans, Inform. Theory, vol, IT-13, pp. 91-102,
1972,

[. Rubin, “Regular point processes and their detection.” JEEE
Trans. Inform, Theory, vol. [T-18, pp. 547-557, 1972,

P. M. Bremaud, “A Martingale approach to peint processes,”
Report ERL-M3435, College of Eng., Univ. of CA, Berkeley, Aug,
1972,

A Begal, A Martingale approach to medeling, estimation, and
detection of jump processes,” Report no. 7050-21, Information
Systems Lab., Stanford Univ,, Stanford, CA, Aug, 1973

L. L. Scharf and L. W. Nolte, “Likelihood ratios for sequential
hypothesis testing on Markov sequences” FEEE Trans, fnform,
Theory, vol, IT-23, pp. 101-109, 1977,

S . Schwartz, “ The Estimator-Correlutor for discrete-time prob-
lems,” FEEE Trans. Inform. Theory, val. IT-23, pp. 93100, 1977.
[, Middleton, " Canonically optimum threshold detection,” JEEE
Truns. Inform. Theory, vol. IT-12, no. 1. pp. 230-243, 1966,

A. Do Spaulding and D. Middlewon, “Optimum reception in an

I.lél

(17
(18]

[19]
[26]
[21]

22)
[23]

[24]

[23]

(26

(28]

(23]

impuisive interference environment— Part I: Coherent derection.™
TEEE Trans. Commun., vol. COM-25, pp. 910-923, Sept. 1977
——. "Optimum regeption in an impulsive interference environ-
ment—Part [I: Incoherent reception,” FEEE Trans. Commun_, vol,
COM-23, pp. 924-934. Sept. 1977,

H. L. Van Trees. Deteceion, Estimation, and Medwlation Theary,
Part 1. New Yoark: Wiley, 1968

I. W. Moedestino and A. Y. Ningo, “Detection of weak signals in
narrow-band non-Cravssian neise,” [EEE Trams. Inform. Theory,
vol. IT-25, pp. $92-60H), Sept. 1979

I. Capon, " On asymptotic relative effliciency of locally optimum
detectors.” [RE Trans. Inform. Theory, vol. IT-7, pp. 67-72, Apr
1961

J. H. Miller and J. B. Thomas, * Detectors for discrete-time signals
in non-Gaussian noise,” FEEE Trans. Inform. Theory, vol. IT-18.
pp. 241 =150, Mar. 1972

A, F. Kushner and B, R. Levin, " Optimal ranking algorithms for
the detection of signals in noise,” Probl. Peredack. Inform., vol. 4,
1968,

A. K. Ribin, " Classification of weak signals in non-CGaussian nose,”
Eng. Cybern. (USSR), val, 10, pp, 901-909, 1972

H. L. Van Trees, Derection, Estimation, and Modularion Theory,
Purr 1T New York: Wiley, 1971,

W. A Gardner and L. E. Franks, " Characterization ol cyclosta-
tionary random signal processes.” [EEE Trans, fnform. Theory, vol.
[T-11, pp. 4=14, Jan. 1975,

W. A Crardner, “Staticnarizable random processes,” [EEE Trans
faform. Theory, vol. IT-24, pp. 8-22, Jan, 1978,

. “An equivalent linear model for marked and filtered doubly
stochastic Poisson processes with application 10 MMSE linear
estimation for synchronous m-ary optical data signals,” FTEEE Trans
Comemun,, vol. COM-24, pp. 917-921, Aug, 1976,

Y. G. Sosulin, “Estimation-correlation methods [or detection of
weak signals in noise and mathematical-heurstic synthesis,” Eng.
Cybern. (USSR, vol. 9, pp. 909-918, 1971,

T. Kailath, finear Sysrems. Englewood Cliffs, NJ: Prentice-Hall,
14940,

M. H Lu and B. A. Eisenstein, " Detection of weak signals in
nen-Gaussian noise,” JEEE Trans. Tnform. Theory, vol. TT-27, pp.
Tad=771, Nov. 1981,




