" AD-R151 477 RDRPTWE FILTERING OF SIGNALS FROM NOISE REVISION 1<U> 1/1 .
MITRE CORP MCLERN HD RBHRBRNEL MAR 8
. JSR-83-218-REV-1 F19b28 84-C-0081
UNCLRSSIFIED F/G 17/1 NL

'
B
BEBE

o




PLTT— !."-.".ﬁ.v'. LI S e da Jr= St Rr-ath

ml 1.0 :gmu%ﬁ fzs

::' =ilw
E‘r [ i e

5 = e

| Jli2s is e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1961-A




LLY LSLV-av




W W W W T W W e (A Ve VWV e e Ve va "YW

---------------

&
: o

ey

Adaptive Filtering of
Signals from Noise

[l e gy _—rv s

Henry D. 1. Abarbanel

Unennenne 4 0

Accession For - i
NTTS  CRARL L
PTIC Ti® _ S

AR Sy

;_.A__,_. RS

‘ \ERT I I —

Yoot et Ay S

Conaot LTIy L
January 1985 | Avel oy ity Codes‘

oot and/or
JSR'83-2 10 Dot w‘ se-cial
Revision | , | ‘

Approved for public release; distribution unlimited. B \\

ek A A 2 X2 an 4 M an o ol an d0 o o
O

DTIC

o 1 mCTERS

¥ Lew - v
| b (R a0 weh
' 6‘ WAk 19 185 ;

JASON o )
The MITRE Corporation : Cia

1820 Dolley Madison Boulevard
McLean, Virginia 22102

——— T

LT . C .- R - . . e . . .
T N N R R A et N T i

P LR A SR -t L e e G IRt IR S S - I o T et N .. X -t
L&‘LLL'L'.-\-'&'- AL AP SSAL WAL ST, SoTRAL I W LN SO, S S-S SO, S TR, S S SR, WL, U, Sy U U, T U, TSSO, SN o D S UL PP Y




1
|

T
-

LS

g
IR
L
L

~

n

. g
f

TR w

Y

T,

sy

LM iicatuMaRE Beet Jou S e A AN Aaeds Sadioass Sed ML PR ~ane ek e S

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

R R A A g R drs ‘B et B e Sub dee S0 FBF LT SEE SR ]

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

Revision 1

1. REPORT NUMBER 2. GOVT ACC;SSIO’

. RECIPIENT’'S CATALOG NUMBER

4. TITLE (and Subtitle)

JSR-83-210
Adaptive Filtering of Signals from Noise

5. TYPE OF REPORT & PERIOD COVERED

Technical Report

7. AUTHOR(s)

Henry D. I. Abarbanel

6. PERFORMING ORG. REPORT NUMBER

8. CONTRACT OR GRANT NUMBER(s)

F19628-84-C-0001

9. PERFORMING ORGANIZATION NAME AND ADDRESS
JASON Program Office

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

The MITRE Corporation
1820 Dolley Madison Blvd., McLean, VA 22102

11. CONTROLLING OFFICE NAME AND ADDRESS

12. REPORT DATE 13. NO. OF PAGES

March 1985 27
15. SECURITY CLASS. (of this report)
Unclassified

14. MONITORING AGENCY NAME & ADDRESS (if diff. from Controlling Office)

15a. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this report)

i vt uad bec‘mvn‘,ay‘u dv’t(.i—‘
tor puliic release and sals; ite
distribution s unlnited. »

17. DISTRIBUTION STATEMENT (of the abstract entered in Biock 20, if different from report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary end identify by block number)

signal processing
adaptive correlation

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

This is a primer on extracting signals from noise. Two situations are considered:
(1) a reference signal is coming directly from the noise source itself (e.g.,

"own ship" noise generated by the machiner on a ship towing a sonar array);

(2) a signal which has a correlation function in time, which falls off slowly

in time compared to the correlation function of the noise.

A new idea in adaptive correlation, called instanteous correlation, is introduced.

DD .'\:1473

EDITION OF 1 NOV 685 IS OBSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

]




AR 2R N ANE Y DAl AL A MRS S A AN NS A SN S AP A A b S el el IR T RN S S et

SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

19. KEY WORDS (Continued}

20 ABSTRACT (Continued)

DD. 2% 147354

EDITION OF 1 NOV 85 IS OBSOLETE SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




- v Lt fiae i adh AR A L R a =
YA e S S M T Jheth e Heat i St thde S e st e it i tiess dat Atk Sate Jie* Jhatilint Jhatu el d Padin S at fac et lint ol A¥ A YA A I R

This is a primer on extracting signals from noise which has T ..
one potentially new idea and otherwise has as its goal a review -

very brief review - of a subject with hundreds of papers to introduce

it, explore it, develop it, and exploit it. This little primer is
not a substitute for them. (Some are listed at the end of this note,

1.e., the ones we found useful.)

The general problem is that a signal detected at times
kAt , call it D(k), is composed of the signal s(k) one wishes to
observe and unwanted additive noise, n(k), one would like to
remove. To accomplish this we want to feed into D(k) a signal y(k)
with characteristics which isolate s(k) from n(k) according to some

performance criterion. A typical performance criterion is that

P=J (DCK) - y(k) ) (1)
k=1

be a minimum. N is the total number of measurements of D.

Two cases arise naturally, one in which y(k) 1s driven

toward n(k) as P is minimized (this is called case R) and a second in

I
,' R ","".
| IR

which y(k) is driven to s(k) (case B):

™

D

{‘q

(1) Case R. In case R we have a reference signal coming T

L

directly from the noise source itself. An important example of this T
[ |
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would be "own ship” noise generated by machinery on a surface ship or
submarine which propagated from the turbines or whatever through
elastic or waterborne paths to contaminate a signal, s(k), which an
onboard or towed sonar array is trying to hear. In case R we choose
for y(k) a linear combination of our knowledge of the reference noise
r(k-1), r(k-2), . . . r(k-L)

L

y(k) = ] W(a) r(k-a) , (2)

a=]
where r(k) is some linear combination of the noise samples them-
selves. In case R we want to choose the weights W(a) so P is

ninimum, i.e.

N
aP o
wW(a) '2k z I(D(k) - y(k)) r(k - a) = 0; a=l,...L 3)

1f we succeed in choosing the W's to minimize P in case R,
then y has become our noilse estimator chosen to minimize the
correlation between D and y. The part of D correlated with y is the
noise (since we may assume the signal s(k) and the noise n(k) are

uncorrelated), so D(k) - y(k) is our estimate of the signal alone.

(2) Case B. 1In this case we have a signal which has a

correlation function in time
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N
c(e) =1 T s(k+2) s(k) (4)
8 N k=1

which falls off very slowly in time compared to the correlation

function of the noise

N
C() =2 7 nk+ 2 ak) . (5)
n N
k =1
-l/As -2/
If the envelope of Cs or Cn behave as e or e respectively,

case B 1is As > An' Stated in other words, we have broadband (in

frequency) noise.

In case B we want to choose as our reference signal, r, the

detected signal lagged by a time A which satisfies
An K A K As. Then r(k - A) = s8(k - A) + n(k - A) is correlated
with s but uncorrelated with n. If we choose the weights W(a),
a=]1,...M so
M
y(k) = § W(a) r(k - a - 4) (6)
a=1

and minimize P , we are in effect minimizing any correlation between
D and y. Since the part of D still correlated, after lag A, with y
is the signal s, it follows that y itself is our estimate of the

signal.
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Case R and B are indicated in Figure A.

The solution to the optimum filtering problem is that set

of wo(a), a=1,...M satisfying (3):

M
Cpe(a) = . Z 1 W _(b) Cp(b,a) , (7)
where
1 N
Cpe(@ =5 I D) r(k - a), (8)
k=1
and

N
) r(k - a) r(k - b) (9)

1
C (baa) =N
r ¥oka

are the obvious correlation functions. If the processes involved are

stationary in time, then CD is a function only of |a - bl.
Clearly at the optimum

(10)

-1
wo(b) = Cr (b,a) CDr(a) ,

8~ X

a 1

which is the classical Wiener filtering solution. To use this

solution one needs to accurately compute the correlation functions
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Signal Noise Contamination
Measures
D-y
D(k) = S(k) + n(k) k=1,..N + s D(k) - y(k) ﬂ
M
3 W(@) r (k-a) = y(k) ——s
a=1

—————
r(k-1), r(k-2),... w e Feed Back to

Correct Weights

a) Reference Signal from Probe on Noise Source
b) Detected Signal D(k) Delayed by A

R) Case R - Reference Signal is Filtered Noise.
B) Case B - Reference Signal is Time Delay of Detected Signals.

Figure A.
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CDr and Cr for as many lags as filter weights and then to do a M x M
matrix inversion followed by a multiplication. All this is costly in
computing time. Furthermore, if the nature of the signal or the
noise changes during the observation time, the correlation functions

remember too much about the past signal - so (10) is not likely to be

very useful for time varying situations; it doesn't learn enough.

The, by now almost traditional, approach is to correct the

weights at each time step by adding an amount proportional to the

instantaneous slope 3%%;7 in weight space. If we give a time label
to the weights so Wk(a) is the ath weight at time step k, then the
so-calle. IMS adaptive algorithm chooses Wk + l(a) as

Wy (@) =W (a) + u(D(k) - y(k)) r(k - a) . (11)

The parameter p is up to the user. When the sequence of
wk(a) converges, one can expect it to find Wo(a) given by (10).

Much less computation is involved.

We'll give an example of the use of (11) in a few para-
graphs. Let us now comment that the use of the LMS prescription is
numerically tricky. The time (in number of "cycles” of the basic
signal) to learn a new signal and choose weights accordingly is

-1
proportional to u ; this encourages the user to choose
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large. The convergence properties of the sequence, however, rapidly
go bad as u becomes too large. Unfortunately, this may happen at
very small yu . Although some of the references give some bounds on
p for convergence, in practice it is somewhat cut and try and
depends in a sensitive way on the scale of the noise. 1If the noise--

or r{(k)--in (11) is large, u must be correspondingly decreased.

M, colleague A. Peterson in JASON indicated to me that the
hardware versions of the LMS algorithm set py quite large to reduce
the learning time and then monitor the size of the W(a), a = |
to check for instabilities. If tne W(a) get outside an acce}.able

bound, they are reinitialized.

The second method of adaptive cancellation we suggest is the
one original plece of this note. The information in the correlation
functions Cr and CDr in (8) and (9) is contained in their
correlation lengths. This is the number of time steps in which

cDr(z) , for example, falls by 1/e of its value at zero lag. So
-2/L

CDr(l) ~ e (12)

and L is the correlation length.
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Our Instantaneous Correlation (IC) algorithm does the

following: At time step k compute
K o
(k) - 1 : .
CDr (a) = L1, z D(j) r(j - a) , (13) ﬂ
1 j=k - 2L1
and »;J
(k) 1 p |
C:7(b,a) = 5~ ) r(j -a) r(j -b), (14)
r 2L+ 1 |
2 j=k - 2L2 J
1
whe re L1 and L2 are correlation lengths to be adjusted. i !?
4
Next form )
M -1
WG = T ¢ @ My, (15)
b =1 r Dr

which are the fllter weights entering our determination of the

signal.

One must learn by experimentation which Ll and L2 are
appropriate. Since the correlation length of the noise is much less

than that of the signal, we can expect L1~ L2'

The IC method may require a lot of computing, but it clearly

learns very well. As the signal or the noise changes, so will the
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i] the adaptive filter through more cycles of the signal to let the
3
g filter learn better. We had to choose y small and therefore

adaptation times long to insure stability of the algorithm. This is

R
the fundamental snag of the LMS technique. One should be aware of . !?

it, not detered by it.

(2) We could have taken a number of samples of noisy
signals, filtered them, and then averaged the power spectra. This
will quite likely improve matters, and is very straightforward we

simply didn't have time.

Furthermore and finally, time prevented us from exploring
the IC algorithm in any detail. It should be easy to do - we did it

running in a few hours, but hadn't enough experience by this writing

to "learn” from it.
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1

z Next we corrupted the signal with gaussian random noise with
E zero mean and variance unity. The noisy signal is shown in

k Figure 5. Using the IMS algorithm we then corrected the noisy signal
h using 16 weights, an IMS parameter u = 0.0l (chosen by trial and

error to be small enough to be stable), and a lag = A = 3. The

R AUl A
]

——
’

result of the calculation shown in Figure 6 shows the initial
Ii learning and then the corrected signal. In Figure 7 we suppressed
the learning period and exhibit only the corrected signal. This is

to be directly compared to the noisy signal in Figure 5. Our final

time series display, Figure 8, is identical to Figure 7 but with the

lag = A = 5 which does not produce a visible improvement.

Next we show three power spectra. Figure 9 is the power
spectrum of Figure 7. It should be compared with the spectrum in
Figure 2 of the clean signal. A few lines are still visible. 1In the
last two figures (10 and 11) we show the power spectra of the even
more noisy signal (signal variance = 3 times larger) first without
correction, then LMS corrected with u = 0.008, 16 weights, and a

lag of 25.

What conclusions shall we draw from this. Clearly, to the
eye, the LMS algorithm has cleaned up the time series by reducing the

variance of the noise. Nevertheless, the visible improvement in the

power spectra is not much. Several things should be tried: (1) run

-11-
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might not. Using one of the .i.tering algorithms (LMS or IC or
whatever) guarantees that the appropriate correlation is driven as
small as possible, thus providing one with an objective goal which
will serve even when box averaging fails. Perhaps the way to look at
the weighted average is that it knows a little bit more about the
noise than its average. It also knows that it must kill its
correlations with the signal and that it must reduce the variance due

to the noise which creeps, unwanted, into the estimated signal.

A LITTLE EXPERIMENT

To examine the ease with which one can use these ideas we
created a signal from the solution of a set of nonlinear differential
equations and then, by hand, added guassian random noise to it. : q
Using the LMS algorithm we then tried to extract the signal back out

of noise.

The signal is shown in Figure 1. It is periodic but not

sinusoidal. 1ts power spectrum is given in Figure 2. Clearly it has

many harmonics. To see that we can apply Case B to this signal we
evaluated its autocorrelation function (unnormalized) and show it in
Figure 3. On the same horizontal scale we show our noise auto-

correlation function in Figure 4. An expanded view of Figure 4

indicates that An « 2 while from Figure 3 we see As b 103.

Clearly Case B applies.
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and the w(k), and within a correlation time of the changed

c
signal. Further the method is intermediate between the IMS algorithm

and the full Wiener Wo in amount of computation required. It is
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stable, while the LMS approach may not be.

A final remark: 1in case B the signal estimate is

M
y(k) = § W(a) [s(k - A-a)+nk-4-a)]. (16)
a=1
One might have thought to "smooth” the detected signal by
extracting the broadband noise through an averaging procedure over

the "recent” past. Namely, one might take as the the estimate for

the signal
, K
s,(k) = = 1 [s(k-3) +n(k=-3) ] (17)
i=1

This kind of "box"” averaging will eliminate high frequency noise aand
is really a choice of uniform weights W(a) = 1/K in our optimiza-
tion scheme. The procedure outlined chooses W(a) according to a

prescription which filters out noise at different rates at different
frequencies to smooth the detected signal in an optimum way over the
whole spectrum without a priori bias as to the relative magnitude of

the W(a). As given, the prescription (17) might well work - and it
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