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20. Abstract

are presented. Specifically, it is illustrated how the detection performance

of the technique is established by the total energy in the spectral set rather
than by the levels of individual spectral elements in the set. Furthermore, it
is shown how minimum variance spectrum analysis actually can suppress components

in such a set. Finally, simulated examples are presented which illustrate the
performance of the technique.
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A TECHNIQUE FOR COHERENT DETECTION AND RELATING OF SPECTRAL SIGNALS

INTRODUCTION

In many frequency and wavenumber analysis problems the
objective is to detect multiple spectral terms in simultaneous fashion.
Typically, this detection objective is implemented by power spectral
estimation followed by a search routine designed to relate detected
components according to some a priori determined structure. For
example, spectral terms could be related according to harmonic family
in frequency analysis or a plane wave arrival structure with possible
multipath in spatial wavenumber analysis. Until recently, the detection
aspect of this procedure has been performed as if the spectral terms
being detected were characterized by random phase. As such, phase in-
formation is ignored and detections are performed sequentially on the
basis of estimated power spectrum. More recently !,2,3 sequential
adaptive schemes have been considered which exploit stationary phase
estimators which yield coherent detection algorithms that exhibit
improved detection performance. However, very little consideration has
been given to exploiting potential coherence between the complex
envelopes of multiple spectral components with the objective of improv-
ing both detection and relation. Intuitively, one feels that the best
detection scheme should have implicit an estimation algorithm for
simultaneous coherent detection and component relating. In the follow-
ing sections, such an approach to coherent spectral component relation
which occurs simultaneously with detection is presented. The proposed
scheme is based on a principal component analysis of the random
Fourier transformed data vector ' and more specifically an orthogonal
vector analysis of the cross-frequency correlation (CFC) matrix.S This
analysis decomposes the CFC matrix into its eigenvectors and indicates
that the frequency information on harmonic sets with coherent envelopes
appears in a single eigenvector.

THE CROSS-FREQUENCY CORRELATION (CFC) MATRIX

Consider the frequency-to-frequency Hermitian correla-
tion matrix R with term in the i-th row and j-th column given by

X(Vi! P)X*(Vj, p)l (2)
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where ( ) 1s the statistical expectation operator, ( )*

indicates the matrix complex conjugate transpose and X(v, p) is the p-th
time sample of a complex envelope function for a narrowband random
process centered at the discrete frequency v. Two important examples
of this type of complex envelope time series are

-~

output time series from a phase rate
normalized discrete frequency analyzer at
frequency v ©

]

X(v, p) or (3)
output time series from a beamformer

with steering at spatial frequency (wave

number) v for a particular temporal frequency.

The CFC matrix R is illustrated in figure 1. The diagonal of R is the
discrete frequency power spectrum of the random process X(v). In most
frequency analysis based detection systems, estimates of this power
spectrum obtained with appropriate temporal averaging and spectral
smoothing is the only information used to detect the presence of
possibly multiple spectral components in the interval [yO, UN- 1]

An extraction scheme which uses only the d1agona1 of R is commonly
referred to as being incoherent since it ignores both the possibility
of nonrandom (or at least short term stable) phase rate in the term
X(vi, p) and possible coherence between the ''complex envelopes"

X(vi, p) and X(vj, p) at frequencies vj and Vj respectively.

In terms of improving detection performance, a logical
question to ask is, '""What off-diagonal terms in R might exist which
constitute useful information?" In answering this, consider as an
example the spectrum analysis problem where the signal of interest con-
sists of a harmonic set with fundamental frequency vj with harmonics at
{mv;} Ml' Clearly,if the signal component of the phase rate normalized
envelopes at each frequency in the set have stable amplitude and phase,
the complex envelopes would exhibit correlation. In fact, the amplitude
of the off-diagonal term rj pj in the i-th row would be proportional to
the product of the amplltudes of the fundamental and the m-th harmonic.
If the fundamental at v; has completely random amplitude and phase
envelope, then it might still be characteristic of the harmonic
envelopes to exhibit random amplitude and phase variations that are
proportional, that is, correlated with those of the fundamental. Thus,
while there might be no justification for phase detecting any element
in the harmonic set individually because of randomness in the complex
envelope phase, there might certainly be justification for exploiting
finite crosscorrelation between elements of a harmonic set.
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A somewhat similar argument to the above could be applied
to detection of signals in a Doppler compensated wavenumber spectrum.
However, rather than a mechanism as structured as a harmonic set leading
to envelope correlation, multipath, for example, might well provide
spectral components at different arrival angles (wavenumbers) which have
not been completely 'decorrelated'" by propagation through the medium. As
such, the complex envelopes would lead to nonzero cross-(spatial) fre-
quency terms off the diagonal in the corresponding R matrix.

Accepting the premise that there might be useful off-
diagonal information in the cross-frequency correlation matrix R leads
to the determination of a systematic search routine for examining the
R-matrix. Furthermore, given that an efficient search routine can be
found, it must be determined how best to interpret the findings of such
a search in terms of a detection and component relate objective. In the
next section an approach to the decomposition of the R matrix which
leads to a strategy for both search and interpretation is developed.

DECOMPOSITION OF THE CROSS-FREQUENCY CORRELATION MATRIX

In the following, upper case bold face letters are used
to indicate complex matrices and underlined matrices represent column
matrices (vectors).

Let the deterministic complex N-dimensional column
vector Ex describe the position (frequency) of a spectral component in a
complex N-dimensional sample space. Furthermore, let the complex enve-
lope, sk, account for possible random gain and additive random phase on
each nonzero element of E;. Finally, consider an observed N-dimensional
complex random data vector X consisting of K < N spectral components and
additive noise

X = skEk + N, (4)

K
k=1

where N is an N-dimensional complex sample vector of zero mean,
identically distributed and statistically independent noise. In par-
ticular, the element in the i-th row and j-th column of the noise CFC
matrixNN* is

2 _———.

of;| -l (5)
“[o2, 1=
={0, i #j - (6)
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It is advantageous to introduce the following matrix
quantities: An N (row) by K (column) matrix, E, wherein the spectral
location vector Ex is the k~tN column,

o e B ] - Q)

The columns of E will be assumed to be linearly independent but not
necessarily orthogonal.

A K by K correlation matrix, P, for the complex
envelope factor, wherein the element in the i-th row and j-th column is
given by

[Ply; = 53 (8)

= pi. A (9)

Finally, an N by N identity matrix IN is defined.

With the above the CFC matrix can be written as

R

"
X
x

*

== (10)
0°N" (11)
It is now desirable to orthonormalize the spectral location vectors in

terms of a set of new orthonormal vectors {2&}§=1 where if @ is an N
by K matrix

¢ = [9192 QK] ) (12)
then
P = e (13)
AK by Kupper triangular matrix ' %
byibyy ** bk
B e byo (14)
L 0 bkk §
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can be found using a Gram-Schmidt procedure where ¢ can be expressed
as

¢ = EB. (15)

That is, each spectral location vector Ey can be expressed as a linear
combination of the orthonormal vectors ®,. Of course, the orthonormal-
ization procedure presented above could have been used had the vectors
Ex not been linearly independent. In this case, an orthogonal set
{9£}L=1 would have been established where the integer L < K is called
the éimensionality of the signal (sub)space defined by the set {gk;kEI.
For the duration of this discussion, however, the spectral location
vectors will be assumed linearly independent, since this ensures that
the Gram-Schmidt coefficient matrix, B, is a square, nonsingular matrix
for which an inverse, B™!, exists. Using (15), equation (11) becomes

R = ¢B1PB 10" + oIy (16)
The Hermitian matrix B-'PB-1" is now written in diagonal form as
B-lpB-1* = $3y*, (17)

where y is a K by K matrix consisting of the orthonormal eigenvectors
of BPB-1* andY is a K by K diagonal matrix consisting of the eigen-
values 02 > o% Bl Gaen & o% of BPB-!*. It is worth noting that (16)
represen%s acoupling of the information contained in the spectral
position vectors with the complex envelope factor correlation charac-
teristics.

Using (17) in (16) and post-multiplying by @y yields
Rpy - ¢y[2 + a2l ] (18)

Observing (18), it is evident that the matrix @y contains K of the N
eigenvectors of the CFC matrix R as columns with corresponding
positive, real eigenvalues A\y = 0% + 02 > A, = 02 + 02 > ... > A, =

o§ + og > o given as the corresponding diagonal elements of the matrix

A = 3 # oglK. (19)

The remaining N-K eigenvalues of R are identically cg corresponding
to a root of the CFC matrix of multiplicity N-K. The elements of A
in (19) have been assumed to be arranged in decreasing order. Finally,
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it is seen that the N by K matrix of eigenvectors corresponding to the
K largest eigenvalues of R is given by

m =Py (20)
=EBY. (21)

Thus, the eigenvectors (columns of M) are seen to be linear combinations
of the spectral position vectors where the combination coefficients are
functions of the inner products of the position vectors E* E; through

B and the complex envelope factor correlation characteristics through Y.

Some examples of the results obtained in this section
are given in the following section. Specific attention is given to the
case of two (K = 2) spectral components because more complex spectra can
be considered as extensions of this basic signal spectrum.

ORTHOGONAL DECOMPOSITION OF THE CROSS-FREQUENCY CORRELATION
MATRIX FOR AN M COMPONENT SPECTRAL SET

For simplicity, let the observed data vector consist of
two spectral components plus additive uncorrelated noise. If the nota-
tion ajj = g_; gj is introduced, then a two-step Gram-Schmidt procedure
to orthogonalize” E=[E1 E2] as in (15) yields

1
bl NP by =0, 1<2)
11
and
1/2 1/2
aj,/ag) an
L Sl T S e W23)
such that
o IRl %
B =——— 3 (24)
7% Ja, . |2)1/2
%11 e oL
7
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where

A = (311322 = |f:112|2)1/2 .

Therefore, the matrix

c=B"B-1* (25)

has eigenvalues given by the roots of the characteristic equation of
B-!PB-!" , which is

*
o% - (a11P11 + az2P22 + 2 Re(pyoajp))o?

(26)
+ (anazz - la12|?) (p1p22 - |p12!?) = 0.
As a simplification, let the following definitions be introduced
G, for i=j (intracomponent spectral gain)
|
N . (27)
o 2
b (GiGJ) / a for i#j (intercomponent spectral gain)
and
Si for i=j (intracomponent spectral power)
., = 28
Pij 1/2 (28)
(SiSj) B for i#j (intercomponent spectral power)
8
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where a shall be called the spectral overlap factor (|a|<1) and B shall
be called the envelope correlation factor ( BI:}). The parameter G is
a scalar gain factor. Using (27) and (28) in (26) gives

2. 62 = Llgs; + 6,8, + 2(615:,6,5,) " .
01, 03 = 5 [G151 + G35, (G1516252) ~ Re(aB*) *
2 2 2 2. 2 1
s (6151 - 65| + 46151658, [lal” + 181” - fal 181 |
1/2
+ 4(G1510252) Re(aB*)[GISI + GzSz
+

1/2 1/2
(G15,G2S2) Re(aB*)]) ] (29)

Notice the duality between the envelope correlation factor B and spectral
overlap factor a. Two special cases with respect to (29) are of interest
in that they give the extreme values of of and c§ where, in particular,
either the intercomponent spectral gain factor, o, is zero due to the
noncoincidence in frequency of elemental spectral components, or the
intercomponent spectral power is zero due to the lack of coherence be-
tween spectral component envelopes. Accordingly, there results:

: Noncoincident spectral components (o« = 0 for E1 and E2 orthogonal):

| ofs 05 = % [Glsl + G3Sp + ([5151 s 6252]2 + 4G1510252|8|2)1/2] (30)

G1S1, G2Sp for |B] = 0 (31)

¢ ] GySy + GySy, 0 for |B| = 1. (32)
¥
d

9
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Incoherent complex envelopes (B = 0);

1
R N (SO CH 615,655, 1a]2)1/2]
(33)
G151, G2S» for ja| = 0
= (34)
G1S; + G3Sy, 0 for |a| = 1.

An expression for the eigenvectors y; and ¥, of B-lpB-l* given general
a and B would not be particularly informative; however, for the bounding
conditions underlying (30) to (34) there results the following:

For noncoincident spectral components (a = 0) with incoherent complex
envelopes (B = 0)

(4]
2 1
gl = G]_Sl, Xl = LO ) (35)
and
K
03 = G253, 32 = LJ' (36)

For either noncoincident spectral components (a=0) with coherent complex
envelopes (B = 1) or incoherent envelopes (B = 0) with completely
coincident spectral sets (a = 1)

g 1 (GEIDETS I
oy = Glsl 5 GZSZ’ Zl T [Glsl + 6252]1/2 (G252)1/2
Using (20) in conjunction with (35) and (36) gives the eigenvalues
and eigenvectors of the cross-frequency correlation matrix R as
A = G;S5; + 02 M, = —1—-E1
: : 0r= e (38)
G1
G,G 2 m : E (39)
A = + o5, M = — E2,
2 262 0’22 G1/2
2

and similarly for the conditions stipulated for (37), there results

10
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(note E; = E, given o = 1)

A1 = G1S; + GpS5, + 0%
1 172 1/2
(516, + Sszlll‘?(Sl Ei -~ 5y Ez), ot
M, =
1
—E = 1. 40
G{/Z_l’ @ (40)

Thus, at one extreme, the occurrence of two spectrally disjoint
components in the same eigenvalue (eigenvector) stems from correlated
complex envelope factors and at the other extreme, the complete separa-
tion of disjoint components occurs due to the lack of envelope
coherence. The significant result from the preceding development

is that by orthogonal decomposition of the cross-frequency correlation
matrix R, simultaneous extraction of envelope coherent spectral
components can be achieved, because a linear combination of the com-
ponent position vectors forms a single eigenvector of R which, in turn,
can be examined for its spectral content.

To further emphasize the significance of (19) and (21),

consider the case of K spectral components with orthogonal position
vectors, i.e.,

EE. = G.6,. (.. = dirac delta), (41)
157) i1) 1)

and complex envelope power

s; = Is;12 - (42)

Let the K spectral components consist of L sets where the E'th set
{ieQQ} contains components for which the magnitude squared coherence

2 lsis.l2 1 for i,jeQy
Ce = __J____,: s
l 13' Isi'2 lsj|2 0 for ief, and jEﬁl (43)

that is, envelope coherence exists only for components within a set.

11
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It can be shown from (19) and (21) that

2 1
)\2 = Z Gisi + Oo,MQ = 1/22 (Gisi)l/zgi for £ < L
ieq, 2 65 a4
ieﬂz 1y (44)
and
A, = op for N-1L<2x<N. (45)

Thus, it is suggested that detecting the l-th spectral set be accomplish-
ed by comparing an estimated Ay to o% and relating components within

the 2-thspectral set be accomplished by interrogatingM; to determine
which components of the set {gk}§_1 are present in the linear
combinations. i

The above case pertains to the situation where each of
the spectral sets is disjoint, i.e., QN Qg = 0 with 2 # k. For the
case Qp N Qg # 0, which includes partially coherent complex envelopes,
leakage between sets occurs. However, inclusion of a spectral component
within a given set will tend to be in proportion to the amount of
coherence which exists between that component and the components within
the set. Returning to the case of 2 spectral sets, it is useful to
consider the behavior of o%, cg for ,GT and |B| in the interval (0, 1).
This consideration assumes o and B to be real valued. (See Cox’ for a
discussion of beamformer mismatch which can be related to the spatial
interpretation of the variable a.) N.L. Owsley8 addresses the problem of
signal suppression in noise canceling array processors due to signal
and noise correlation. This type of suppression can be related to the
variable B. Figure 2 presents plots of o% (——) and c% (-------- )
for various values of G;S; and G»S, versus envelope coherence B for a
specified intercomponent spectral gain, a. The transfer of energy from
one eigenvalue to another as the two spectral components become either
spectrally disjoint or envelope incoherent, as the case may be, is
readily apparent. Figure 3 gives the ratio of eigenvalues o%/o% (dB)
versus B for fixed a and three values of G1S;/G2S2 (dB).

EXAMPLES OF SPECTRAL SET SEPARATION

This section presents several examples of spectral set
extraction by the method of orthogonal decomposition of the CFC matrix
which was presented in the previous sections. The presentation is in
terms of an N by N, 2-dimensional square array Oij with eigenvalue number

12




TR 5495

(¢) uotrzeraxxo) adoraaug pue (v) deraaag
3195 1ex3d2ads jo uoridung B Se san[eAuadtyg
usomlag A8xsug jusuodwo) Jo uOTINGTIIST] °Z 2anSty

() 103084 UONIR|ALI0D 3dO|3aAuT]

o'l 60 80 Lo 90 S0 vo €0 Al 10 00
.Alylln i s i il e b i iy i i (L
/ —
/”// I’l
~N T~
NN ~~ :
// ~ — —Z0
e ™ =
/ — — 1 ]
b G e ical ST —vyo m
~ 2
N // S~ - <
N // s o P ] W
~ /I = e m
~ ~ B
~ /, A5
// /ll P N
~o ~—-—— —80 2
~ "i 5]
/l
~< Q
I"
A\ \o;
’ ——
A ———— 1=¢s%o",01="s'o ‘0L =0 50
\
TR 1=s%o,01='sto ‘=0 4o
SO ¥O €320 12 ~— |vmb 1=%g5%9 ~No—upm—0 ‘9 =0 :g£)
l 8l arteln b - .
( VN.o-be —lmONOPIwO v'=0 :20
1=%s%o " ;01='s'o ‘0 =» 12

13

TN AT T

-8

S—

T A3 S

P




TR 5495

(¢9) uotizersxxo)y adoyaaug pue (o) deraaag
39S Tex3dads O uorjdung B SB SaN]eAudldTjg
usomiag A3xsug usuodwo) Jo uorINqrIISI|

(§) HOLOV4 NOILVI3IHHOD 3dOT13AN3

ot 60 80 L0 90 S0 0 €0

| [ [ _ [ _ |

%0]

€0

to
o

€D

o

00

ot

ci

vi

9l

8l

44

ve

9

8¢

(8P) OILVYH INTVAN3IOIT

14

T AR P T i




TR 5495

(1) and eigenvector element number (j) as the independent variables.
11e spectral level plotted in the 3-dimensional format of figure 4,
for example, is the value

= 2
Oij ¥, Ailmijl ’ (46)

where m;; is thej‘th element in the N by 1 eigenvector M; corresponding
to the elgenvalue A; of the CFC matrix R. Thus, since the i-th eigen-
vector is a linear combination of the spectral position vectors for

all components with spectral overlap and/or envelope correlation, the
term ]mi-lz will give an indication of the presence of energy in the i-th
spectral set at the j-th frequencycell. The eigenvalue Aj weights the
normalized component energy by the total energy in the harmonic set.

The examples which follow are described as labeled on each figure. A
CFC matrix for N=64 frequencies is treated in each case. Figures 4 to

8 present cases where the CFC matrix for spectral components with speci-
fied phase randomness is stipulated analytically and formulated for
simulation on a general purpose computer. Phase randomness is specified
in terms of a uniform distribution of phase over one of three intervals:

(0°, 0°) coherent (C)
(0°, 180°) partially coherent (PC)
(0°, 360°) incoherent (I).

When a component is indicated as being a member of a specific harmonic
set, this implies that the phases are coherent with respect to other
members of the set, that is, the phase difference between the component
envelopes is a constant even though the absolute phase of each component
may be randomly distributed.

Figures 4 and 5 give an example of a three set harmonic
extraction operation. All parameters for the two runs are identical,
except for a relative decrease of 6 dB for the results shown in figure
5. Notice that the results are substantially the same except for some
artifacts in figure 5 due to operation at low SNR, i.e., small eigen-
value magnitudes. Figure 6 has the same parameters as the case of
figure 4 except components 2 and 6 are partially coherent. This
coherence of phase leads to the appearance of considerable spectral
energy from these components in the first eigenvalue and corresponding
vector. Figure 7 illustrates an example of two sets with components
which are spectrally coincident but incoherent at frequency cell 30.
This results in the appearance of energy in eigenvectors 1 and 3. Also
for this example, the partial envelope coherence of the component at
frequency 45 results in a spreading of energy over several eigenvectors,
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essentially as predicted by the results of the section on ORTHOGONAL
DECOMPOSITION OF THE CROSS-FREQUENCY CORRELATION MATRIX FOR AN M COM-
PONENT SPECTRAL SET. Figure 8 contains 4 sets with spectral coincidence
at frequency cell 30 between sets 1 and 4. This coincidence leads to
coupling between spectral position vectors as predicted. The results
illustrated in figure 9 derive from an actual random frequency "jitter"
at cells 15 and 45. The random frequencies are stable with respect to
each other and therefore are contained in the same eigenvectors. This
would be an example wherein coherent processing of each component in-
dividually would be an exercise in futility, whereas joint processing
in terms of eigenvectors would yield nearly a 3 dB increase in the cor-
responding eigenvalue.

RELATION OF ORTHOGONAL CFC MATRIX DECOMPOSITION TO
MINIMUM VARIANCE SPECTRUM ANALYSIS

A R A

A minimum variance estimate of the complex envelope for
a possible component of the random data vector X with spectral position
vector D requires the minimum variance filter for X given by

s il

-

-l
H=-c8D (47)
D*R-'D

where D*D = G. The expected output power for the minimum variance
filter is given by

ly 1% = |uX|? (48)
G2
* DR D (49

In the preceding sections the cross-frequency correlation matrix R has
been decomposed according to

. R =M3IM* + ofl,, (50)
which can be written as
. 2
& - 2 * : 51
R = 2 ofMM * of Iy i
o k=1
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where
Mk = EByk . (52)

(Note: A, implies thek~ -th ¢olumn andA the k-th row, respectively,
of the matrix A.)

The inverse of R can be expressed as

=%2[| -M3( 3+ ognk)-lm*] (53)
_ 1 g . (54)
= ;g-[ MYM ]
L Iy - i Y M M* ’ (55)
T g2 |'N k—k—k

0 k=1

by

y = — o (56)
+

el 7 - (57)
* 2
B &wkle m, |

Consider the case of two spectral components with
orthogonal position vectors, i.e., a = 0, (57) becomes

2452
G h

S Sz incoherent

G - ———|0*;[2 - ———|p*E;|2  envelopes

GS; + of GS; + o (8 = 0)

|2 =< (58)

Gzcg

3

coherent
envelopes
LB =4

(59)
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An important special case of the above exists for
* -
'E'lgl =G (60)

and

DE. Go
=1 i .6
Glo,|e?¥i
where 0 f.lpili!l where |p.| is termed the generalized cosine of the
angle between the vectorsgl and _E_i. Equations (58) and (59) can now be

written as

(61)

Gog
chi S T (S2|N) .
e (SlN)'pll T (BN pa|2 (B = 0)
lymvlz =< GOS (62)
1
Lo v s1lm o+ (50w ksllN)|°1|2 + (511N |p2]?

+

26511 1/2(82IM1/2], | [o,] oS8, - 8] & = 1)

\

where (S./N) = GSi/c2 is the postfilter signal-to-noise ratio for

B = 1 in"the absence of any other component and where (8; -6,) is the
phase difference between the filter outputs D*E; and D*E;. Figures 9
and 10 present plots of the ML beamformer output power for two spectral
components, where the two components exhibit both incoherent envelopes

(MVI, ) and coherent envelopes (MVC, ------ ). In addition, the
conventional filter output
v 12 = Tox[Z , te
C
Go2 [(51IM]p1]2 + (S2|Mez|2 + 1] (8 = 0)
iYC‘Z - Gog [(siINle1(2 + (S2IN)|p2]2
+ 251N 2(5,IN /2|0y |op| COS(B1 - €2) + 1] (B = 1)
(64)
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is given. In figures 10 and 11 the filter output power is plotted as a
function of the generalized cosine |p;| of the angle between D* and E
and |pp| is assumed to be zero, that is, D and E, are considered to be
orthogonal. The mechanism for suppression of signal with position
vector E ) due to coherence as a function of (S|N) for the signal with
position vector E, even though E; and E , are orthogonal can
observed in (62). T

In the above, it has been shown that for incoherent
spectral component envelopes, minimum variance filtering resolution
sensitivity for the position vector E; with respect to the desired
filter vector D is superior to conventional filtering. This can be
easily be seen by considering the sensitivity expressions

alyw"rz 1+ (S1IN)
LS = Gog(sllN) (B =0) (65)
Ik L+ a-lnlaEim]?
p2=0
and
aly 12
—— | - = 6o2(5,|M), (B=0and B =1) (66)
2
3le1
p2=0
for |pp| = 0. In the case of coherent spectral term envelopes, however,
3 yyy |2 1+ (S1N) + (S2|N)
— = : GUS(SIIN)
JE [+ -l + s200)]?2
p2=0
(B =1). (67)

In which case, as the signal-to-noise ratio of the second spectral
component (S;/N) increases, the sensitivity to s; decreases according to

12 Go2 (811N) [ea|?

=

—— - 2 2
3(S2/N) ! []_ + (1 - ‘pll )(SIIN) + (S 2|N)] (8 =

1) (68)

REe e e ? S0 VL ERL 2 . e




TR 5495

SIa3TTd (D°IAW) 9dueTIEA UNUWTUTY pue (D°ID)
TBUOTIUSAUO) IOF JOIDI\ YOO IBI[TJ 3yl
PUEB J0329\ wxad] [ex3dads e uasmiag _ﬁq_ auUTISo0)
PRZTTBIAUAY Y3 SNSIIA I3Mo4 Inding I937T4 °[1 3Ind1y

(0 = %)) |,0] INISOD G3ZITVH3INID

0l 60 8'0 L0 90 50 ¥'0 £0
| I | I Am——t==

8P oL = (N/S) OAW__ _—

-
-— -
-— —
T“

. z
POL- = -
g (N/°S) OAN_

-

gpoL ‘0’0l = (N/%S)
ap ol (N/'s)

SLIN3INOJWNOD
TVH103dS LNIHIHOD HL1IM
H43IMOd LNdLNO H31714 31VIOIANI JAW ANV IO

SIN3INOJWOD
AVH103dS LNJH3IHOONI HLIM
43MOd 1NdLINO H31714 3LVOIAONT 1AW OGNV 1D
‘310N

00

(ar) 309 A8 G3ZITVIWHON H3IMOd LNd1NO

27




TR 5495

which is always negative. Thus, it is apparent that the application of
maximum likelihood filtering to coherent envelope spectral components in
noise can give poor results. Furthermore, if a spectrum rich in coherent
(and partially coherent) components is to be analyzed, a direct decom-
pesition of the CFC into orthogonal components could provide an effective
spectrum analysis technique.

CONCLUSION

A spectrum analysis technique based on an orthogonal
decomposition of the cross-frequency correlation matrix has been pro-
posed and compared in some respects to both conventional linear and
minimum variance spectrum analysis. Orthogonal component spectrum
analysis exhibits the useful property of simultaneous extraction of a
set of spectrally disjoint components which are characterized by co-
herence between the envelopes of the components within the set. It has
been shown that minimum variance spectrum analysis for this class of
signals can actually lead to worse performance than conventional analysis
due to suppression of coherent components. Orthogonal decomposition, on
the other hand, exhibits detection performance governed by the ratio of
the total signal power in an envelope coherent spectral set to the noise
level in a single spectral resolution cell. As such, orthogonal spec-
trum analysis would have application to the extraction of a limited, but
perhaps interesting, class of signals. It is noted that the method of
estimating the frequency parameter from the estimated CFC eigenvectors
has not been addressed herein. It is suggested that each eigenvector
could be interrogated sequentially using a variety of techniques such as
either maximum entropy or Pisarenko spectral decomposition techniques.
Reference (9) is suggested as a survey of such techniques. Finally,
adaptive algorithms based on gradient search techniques are available
for realizing the orthogonal component spectrum analysis technique de-
scribed herein.l® These algorithms will circumvent the necessity of
first estimating and storing the CFC matrix with subsequent orthogonal
decomposition.
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