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PREFACE

This document was prepared under Project No. 720Y11,
“R~D Study on Target Localization,” Study Chairman, W. L.
Clearwaters (Code 20), and follow on proposal effort by
W. A. Von Winkle, Project No. 710Y30. This work supports
Project No. A12610, “Interarray Processing (lAP) ,” Principal
Investigator, J. B. Hall (Code 3211). The Spoiisoring
Activity is Naval Sea Systems Command (NAVSEA 06H2-51),
Program Manager, R. Cockerill.
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The author of this document is located at the New London

Laboratory, Naval Underwater Systems Center,
New London, Connecticut 06320.
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TD 5689

INTRODUCT iON

THE PURPOSE OF THIS TALK IS TO DISCUSS THE PASSIVE TECHNIQUE

OF ESTIMATING THE RANGE, R, AND BEARING, B, TO AN ACOUSTIC SOURCE
USING M HYDROPHONES IN A COLLINEAR ARRAY OF LENGTH, L. I WILL
DISCUSS THE MAX IMUM LIKELIHOOD ESTIMATE FOR RANGE AND BEARING, THE

VARIANCE OF THE RANGE AND BEAR ING ESTIMATES, AND THE OPTIMUM HYDRO—

PHONE PLACEMENT FOR ESTIMATING BOTH RANGE AND BEARING S AN IMPORTANT

• TERM IN THESE RESULTS WILL BE THE EFFECTIVE ARRAY LENGTH, L SUB E,
WHICH IS EQUAL TO L TIMES SINE B.

- SLIDE ONE PLEASE -
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Uncertainty
(Ellipse-Like) Region

Acoustic Source

Range: R

Bearing: B

• M Receiving Sensors
Length: L

• Le LsIn B

SLIDE 1
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SLIDE 1

THE PARTICULAR GEOMETRY OF INTEREST IS TWO DIMENSIONAL WITH

AN ACOUSTIC POINT SOURCE WHOSE RANGE AND BEAR ING ARE TO BE ESTIMATED

BY A FIXED NUMBER OF RECEIVERS . FOR THE PURPOSES OF THIS WORK, WE

PRESUME THAT THE RECEIVING HYDROPHONES ARE COLLINEAR . HOWEVER,
• 

REGARDLESS OF THE HYDROPHONE POSITIONS, A FIXED NUMBER OF SENSORS

HAVE AN INHERENT UNCERTA i NTY IN ESTIMATING SOURCE LOCATION , THIS

UNCERTA INTY REGION IS NOM INALLY ELLIPT ICAL; SO THAT BY PROPERLY

:
‘ DEFINING HOW RANGE AND BEARING ARE MEASURED, THE ESTIMATION ERRORS

CAN BE DECOUPLED . FOR A COLLINEAR ARRAY OF SENSORS, WE MEASURE THE

BEARING AS THE ANGLE BETWEEN THE LINE ARRAY AND THE MAJOR AXIS OF

THE UNCERTAINTY REGION . AN IMPORTANT CONSIDERAT ION IN DETERMINING

THE SOURCE LOCATION IS THE EFFECTIVE LENGTH OF THE ARRAY , L , AS

SEEN BY THE SOURCE. FOR THE PURPOSES OF OUR ANALYSIS , THE SOURCE

IS ASSUMED TO BE SPATIALLY STATIONARY, THAT IS, NOT MOVING OVER THE

OBSERVATION PERI OD, THE TALK BY PROFESSOR KNAPP THAT FOLLOWS THIS

DI SCUSS ION DEAL S WITH SOME OF THE PROBLEMS PRESENTED BY MOVIN G

SOURCES. IMPLICIT IN THE DISCUSSION THAT FOLLOWS ARE GAUSSIAN

SIGNALS AND NOISES THAT ARE MUTUALLY UNCORRELATED . RELATED WORK

IS TREATED BY MCDONALD AND SCHULTHEISS, HAHN, AND BANGS AND

SCHULTHEISS.

- NEXT SLIDE PLEASE -
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Hydrophone Prefilter Pretilter = - 

N~ (C,))
• #1 output #1

Hydrophone Prefilter Delay
#2 output #2 2

• • Maximize
• • . Square and Output• + Filter A• • ~verage By Adjusting

4 R, B• Hydrophone Pretilter Delay
# M output #M M

S..

M-1 Variable delays

Select
Delays B Adjustable

for Hypothesized__ ‘
~~
‘ Range and Bearing

SLIDE 2
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SLIDE 2

FOR A SPECIFIED ARRAY GEOMETRY, THE MAXIMUM LIKELIHOOD

ESTIMATE OF RANGE AND BEARING IS OBTAINED BY COHERENTLY PROCESSING

THE OUTPUTS OF THE SENSING HYDROPHONES AS SHOWN ON THIS DIAGRAM .

IN PARTICULAR, EACH HYDROPHONE OUTPUT IS PREFILTERED TO ACCENTUATE

HIGH SIGNAL-TO-NOISE RATIO, THEN DELAYED AND SUMMED . THE SUMMED

SIGNAL IS FED TO A FILTER, THEN SQUARED AND AVERAGED FOR THE

flT3SERVATION TIME . THE OUTPUT OF THIS NETWORK IS MAXIMIZED THROUGH

E INDIRECT ADJUSTMENT OF THE DELAY PARAMETERS. THE DELAY PARAM-

- •~S ARE DERIVED ON THE BASIS OF TWO ADJUSTABLE PARAMETERS

HYPOTHESIZED BEARING, BTILDA, AND HYPOTHESIZED RANGE, R TILDA .

THUS, AN OPERATOR NEED ONLY ADJUST HIS BEST ESTIMATE OF BEARiNG

AND RANGE. FROM THESE TWO INPUTS, PROPER DELAYS ARE INSERTED IN

EACH HYDROPHONE RECEIVING LINE. THE PROCESS OF DELAYING AND

SUMM ING IS A GENERALIZED BEAMFORMER WHERE THE DELAYS USED CAUSE

THE BEAMFORMER TO PRESUME THE SOURCE WAVEFRONT IS CURVED AND NOT

PLANAR . THE INDIVIDUAL SENSOR-TO-SENSOR DELAYS INSERTED ARE DI-

RECTLY RELATED TO THE HYPOTHESIZED SOURCE AND SENSOR LOCATIONS.

- NEXT SLIDE PLEASE-
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SLIDE 3

THERE ARE SEVERAL PHYSICAL INTERPRETATIONS FOR THE MAX IMUM

LIKELIHOOD ESTIMATES FOR RANGE AND BEARING . ONE INTERPRETATION

• IS SHOWN HERE. By HYPOTHESIZING A SOURCE POSITION CHARACTERIZED

BY A FINITE RANGE, R TILDA, AND BEARING, B TILDA, A SPHERICAL OR
CURVED WAVEFRONT IS PRESUMED . THIS CURVATURE AND THE ACTUAL

HYDROPHONE POSITIONS GIVE RISE TO DELAYS THAT ARE INSERTED IN THE

GENERALIZED BEAMFORMER TO MATCH THE PROCESSOR TO THE WAVEFRONTS

CURVATURE.

- NEXT SLIDE PLEASE -
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4,

-• Cram ~r Rao Lower Bound (Mm. Var .)
A 2 C2
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T U~ ~ v(w) w 2 dw

• Where
T is observation time

Is a function of the sensors and their
positions (Different  for ~~

= R, e= B)

V is a function of the output SNR

C is the speed of sound in the medium
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SLIDE L~

BANGS AND SCHULTHEISS HAVE SHOWN THAT THE CRAMER RAO LOWER

• BOUND FOR ESTIMATING A PARAMETER ~ IS CHARACTERIZED BY THE SIMPLE

• FUNCTION SHOWN HERE (WHEN SIGNAL-TO-NOISE RATIO AT EACH SENSOR IS

THE SAME). THE PARAMETER ~ CAN DENOTE RANGE OR BEARING , IN PAR—

TICULAR , THE VARIANCE OF THE ESTIMATED PARAMETER IS CHARACTERIZED

BY TWO P1 TIMES C SQUARED WHERE C IS THE SPEED OF SOUND IN WATER)

OVER THE PRODUCT OF THREE TERMS . THE THREE DENOM I NATOR TERMS

INVOLVE 1, U, AND V TO BE DISCUSSED ON THIS AND SUBSEQUENT SLIDES:
I IS THE OBSERVATION TIME.

U SUB L. IS A FUNCTION OF THE SENSORS AND THEIR POSITIONS.

FOR VARIANCE OF THE RANGE ESTIMATES WE USE U SUB R AND FOR
VARIANCE OF THE BARING ESTIMATES WE USE U SUB B,

~L IS A FUNCTION OF THE SIGNAL-TO-NOISE RATIO AND THE NUMBER

OF SENSORS. NOTE THAT IT IS THE INTEGRAL OF V OF OMEGA OVER
THE FREQUENCY BAND ZERO TO CAP OMEGA THAT IS IMPORTANT IN

THE VARIANCE EXPRESSION. ALSO, HIGH FREQUENCIES ARE MORE

IMPORTANT THAN LOW FREQUENCIES , DUE TO THE OMEGA SQUARED

TERM IN THE INTEGRAL. THE CRAMER RA0 BOUND PRESENTED HERE

IS FOR LOCAL VAR IATION AND IMPLICITLY ASSUMES HIGH OUTPUT

SIGNAL—TO-NOISE RATIO.

INCREASES IN THE PRODUCT OF T, U, AND •V RESULT IN DECREASES IN

THE VARIANCE OF THE RANGE OR BEARING ESTIMATES. FOR THE ARRAY

CONFIGURATIONS, 1, U, AND V ARE INDEPENDENT) SO INCREASING L. U
OR V WILL RESULT IN DECREASED VARIANCE. FOR EXAMPLE, DOUBLING I

WILL REDUCE THE STANDARD DEVIATION OF EITHER THE BEARING ESTIMATE

OR RANGE ESTIMATE BY ABOUT ONE POINT FOUR. MINIMIZE THE VARIANCE

BY SELECTING SENSOR LOCATIONS TO MAXIMI ZE U.

- NEXT SLIDE PLEASE -
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For low output SNR

V(w) ‘~M2 S2 (w)
N2(w)

For high output SNR

V(w) ’~ MS(w)

NEW)

SLIDE 5
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SLIDE 5

THE DENOMINATOR TERM, V OF OMEGA, IS A COMPLICATED FUNCTION

OF SIGNAL —TO — NOISE RATIO ( SNR) AND THE NUMBER OF SENSORS, 1.

• 
. 

THE OUTPUT SIGNAL—TO—NOISE RATIO IS DEFINED BY THE PRODUCT OF

THE INPUT SIGNAL-TO—NOISE RATIO, S OF OMEGA OVER N OF OMEGA,
MULTIPL IED BY THE NUMBER OF SENSORS, M. THE FUNCTION, V OF
OMEGA, BEHAVES DIFFERENTLY AT LOW AND HIGH OUTPUT SNR, FOR LOW

OUTPUT SNR, THIS FUNCTION BEHAVES AS THE SQUARE OF THE OUTPUT
SNR. ASSUMING WE ARE IN A PASSIVE SITUATION AND CANNOT CON~ 

‘
~OL

• THE INPUT SIGNAL-TO— NOISE RATIO, WE SEE OUR ONLY METHOD FOR

IMPROVEMENT IN THE V FUNCTION IS TO INCREASE M, WHEN WE ARE AT

LOW OUTPUT SNR, I N C R E A S I N G  M HELPS DRAMAT ICALLY . HOWEVER, AS

M IS INCREASED , THE OUTPUT SIGNAL—TO—NOISE RATIO GETS LARGER AND

THE V FUNCTION IMPROVES LESS DRAMAT ICALLY) INDEED, INCREASING

M IS LIKE INCREASING THE INTEGRATION TIME .

- NEXT SLIDE PLEASE -
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• Beari ng Estim ation

i 2

K B
Array Type K B
Equispa ced Line 6
M/2, 0, M/2 2 

~~Bound
M/3, M/3, M/3 3
M/4 , M/2, M/4 4

SLIDE 6
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SLIDE 6

THE TERM U THAT WE DESIRE TO MAXIMIZE IS DIFFERENT FOR

RANGE AND BEARING ESTIMATION. FOR BEARING ESTIMATION WITH FOUR

PROPOSED LINE ARRAYS, U SUB B IS GIVEN BY THE SQUARE OF THE
EFFECTIVE ARRAY LENGTH DIVIDED BY A CONSTANT. THE EFFECTIVE

ARRAY LENGTH IS EQUAL TO THE PHYSICAL ARRAY LENGTH TIMES THE SINE

OF THE BEARING TO THE SOURCE, THUS, IT IS THE APPARENT LENGTH OF

THE ARRAY AS SEEN BY THE SOURCE. IN BEARING ESTIMATION, WE DE—

SIRE TO MAKE L SUB E LARGE AND THE CONSTANT K SUB B SMALL IN

ORDER TO REDUCE VARIANCE. NOTE THAT DOUBLING THE ARRAY LENGTH

REDUCES THE VARIANCE BY ~~UR. THUS, ARRAY LENGTH IS A MORE IM-

PORTANT FACTOR IN B E A R I N G  ESTIMATION THAN EITHER INTEGRATION TIME
OR THE NUMBER OF HYDROPHONES WHEN ONE IS ALREADY AT HIGH OUTPUT

• SIGNAL—TO—NOISE RATIO.

THE FOUR DIFFERENT ARRAY TYPES STUD I ED ARE AN EQUISPACED

L I N E  ARRAY AND THREE ARRAYS WITH M ELEMENTS GROUPED AT THE TWO
ENDS AND THE MIDDL .E OF THE ARRAY . MCDONALD AND SCHULTHEISS HAVE

SHOWN THAT BY PLACING HALF OF THE M ELEMENTS AT EACH END OF A
LINE ARRAY IN AN M OVER TWO, ZERO, M OVER TWO G R O U P I N G ,  A BOUND
ON BEARING VARIANCE IS OBTAINED . THREE GROUPS OF A THIRD EACH

RESULT IN A K SUB B OF THREE AND GROUPINGS OF QUARTER, HALF,
QUARTER RESULT IN A K SUB B OF FOUR.

THE PRACTICAL IMPLJCATIONS OF MCDONALD AND SCHULTHEISS ’S

RESULT ARE BOTH TO PROVIDE A BOUND ON HOW WELL BEARING COULD BE

ESTIMATED UNDER IDEAL CONDITIONS AND TO SUGGEST HOW TO PLACE A

LIMITED NUMBER OF HYDROPHONES OVER A LARGE APERTURE. NOTABLY

HI’LF OF THE HYDROPHONES SHOULD BE POSITIONED AT EACH END OF THE

ARRAY, PLACED AT HALF—WA ’~E LENGTH SPACING FOR THE D E S I G N
FREQUENCY .

-NEXT SLIDE PLEASE-
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Range Estimation

‘ 4u — - _ _ _ _ _R — 

KR R4

Array Type KR
Equispaced Line 360

M/2, 0, M/2 CO
M/3, M/3 , M/3 144

M/4 , M/2 , M/4 128 ~~ Bound

SLIDE 7

14
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SLIDE 7

THE TERM U FOR RANGING DEPENDS ON THE FOURTH POWER OF THE
RANGE RELATIVE TO THE EFFECTIVE BASELINE. THE VARIANCE OF THE

RANGE ESTIMATE IS REDUCED BY MAKING THE EFFECTIVE ARRAY LENGTH L
• 

SUB E LARGE. THIS CAN BE DONE BY MAKING THE ARRAY LENGTH L
LARGE OR BY PHYSICALLY STEERING THE ARRAY BROADSIDE TO THE SOURCE.

THE VARIANCE CAN ALSO BE REDUCED BY DECREASING THE RANGE TO THE

• SOURCE. MOST NOTABLE IN THE U SUB R TERM IS THAT THE VARI ANCE OF

THE RANGE EST I MATE INCREASES AS THE FOURTH POWER OF THE RATIO OF

RANGE TO THE EFFECTIVE ARRAY LENGTH . THIS FOURTH POWER DEPENDENCE

• OF THE VARIANCE ON ARRAY LENGTH SUGGESTS THE NEED TO MAKE L SUB E
LARGE IN ORDER TO ESTIMATE RANGE.

THE CONSTANT K SUB R DEPENDS ON THE ARRAY TYPE. FOR AN

EQUISPACED LINE ARRAY, K SUB R IS 360. A BOUND IS PROVIDED BY

AN ARRAY CONFIGURED WiTH A QUARTER OF THE HYDROPHONES AT EACH

END AND HALF IN THE MIDDLE. THUS, WE SEE THAT THE ARRAY CON—

F I G U R A T I O N  DESIRED FOR B E A R I N G  ESTIMATION AND THE ONE FOR RANGE

ESTIMATION DIFFER . THE BEARING ARRAY SHOULD HAVE ITS ELEMENTS

TOWARD THE ARRAY ENDS, WHiLE THE RANGING ARRAY SHOULD HAVE HALF

OF ITS ELEMENTS IN THE CENTRAL PORTION .

AS PO INTED OUT IN THE CONFERENCE PROCEEDINGS, AN ARRAY WITH

A TH IRD OF ITS ELEMENTS_AT EACH END AND THE MIDDLE WILL MINIMIZE

THE UNCERTAINTY REGION . THUS, IN SOME SENSE AN ARRA Y COMPRISED OF

THREE EQUAL GROUPS OF ELEMENTS WILL OUTPERFORM ALL OTHER ARRAYS

FOR PASSIVELY LOCATING AN ACOUSTIC SOURCE.

• - NEXT SLIDE PLEASE -
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• Relat ive Range Errors

°~~~~~~ /¾~ [f;] o~~~)

Array Type

Equispace d Line 7.75
M/2, 0, M/2 CD
M/3 , M/3 , M/3 6.9

M/4 , M/2 , M/4 5.7

• SLIDE 8
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SLIDE 8

• THE RELATIVE RANGE ERROR GIVEN BY THE STANDARD DEVIATION OF

THE RANGE EST IMATE DIVIDED BY THE TRUE RANGE IS GIVEN BY A CONSTANT

TIMES THE STANDARD DEVIATION OF THE BEARING ESTIMAT E (MEASURED

IN RAD IANS) TIMES A TERM THAT DEPENDS LINEARLY ON THE RANGE TO

THE SOURCE RELATIVE TO THE EFFECTIVE ARRAY LENGTH . IT IS IMPORTANT

TO NOTE THAT THE RELATIVE ERRO R INCREASES LINEARLY WITH ACTUAL

RANGE TO THE SOURCE . STANDARD DEVIAT I ONS OF RANGE ESTIMATES

INCREASE AS THE SQUARE OF THE RANGE TO THE SOURCE. HENCE WE SEE

THAT IT IS EXTREMELY DIFFICULT TO ESTIMATE RANGE OF A DISTANT

SOURCE EVEN UNDER IDEAL CONDITIONS.

ONE OF THE ADVANTAGES OF EXPRESSING RELATIVE RANGE ERRORS

IN THIS FORM IS THAT THE STANDARD DEVIATION OF BEARING ESTIMATES

IS A TERM FAMILIAR TO SONAR ENGINEERS AND SIGNAL PROCESSORS .

MOREO VER, THERE IS CONCERN THAT THE OCEAN MEDIUM MAY INHERENTLY

LIMIT THE PRACTICAL ABILITY TO ESTIMATE BEARING EVEN THOUGH THEORY

PREDICTS WITH ENOUGH SIGNAL—TO-NOISE RATIO OR INTEGRATION TIME,

THE BEARING CAN BE MEASURED ARBITRARILY WELL . THE EXPRESSION

GIVEN HERE CLEARLY POINTS OUT THE NEED TO MAKE THE ARRAY LENGTH

LARGE WHEN THE SOURCE RANGE CANNOT BE REDUCED . OF INTEREST IS

THAT T H I S  CONCLUSION IS EXTREMELY I N S E N S I T I V E  TO THE TYPE OF

ARRAY, PROVIDED THE ARRAY HAS SOME RANGING CAPABILITY . THIS

CAN BE SEEN FROM THE S I M I L A R I T Y  OF THE CON STANTS G I V E N ,

- NEXT SLiDE PLEASE -
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ESTIMATING BEST ARRAY CONFIGURATION

BEARING • • •.• .  .•••. .
M/2 M/2

• RANGE
M/4 M/2 M/4

POSITION ... •
M/3 M/3 M/3

SLIDE 9

I i
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SLIDE 9

To SUMMARIZE ,  WE DESIRE TO KNOW HOW TO PLACE A LIMITED

NUMBER OF HYDROPHONES OVER A SPECIFIED BASELINE. THE HYDRO—

PHONES SHOULD BE PLACED IN GROUPS, WITH THE HYDROPHONES IN EACH

GROUP PLACED AT HALF WAVE LENGTH SPACING FOR THE DESIGN FREQUENCY.

FOR BEAR I NG ESTIMATION, HALF OF THE M HYDROPHONES SHOULD BE
PLACED AT EACH END OF THE ARRAY. FOR RANGE ESTIMATION , A QUARTER

OF THE HYDROPHONES SHOULD BE PLACED AT EACH END OF THE ARRAY AND

HALF PLACED IN THE MIDDLE . FOR SIMULTANEOUSLY ESTIMATING RANGE

AND BEARING, THE HYDROPHONES ARE PLACED IN THREE GROUPS EACH

• WITH M OVER THREE HYDROPHONES .

SLIDE OFF PLEASE . ARE THERE ANY QUESTIOMS?

19/20
REVERSE BLAN K
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METHODS FOR PASSIVELY LOCATING AN ACOUSTIC SOURCE

Dr. G. Clifford Carter

Naval Underwater Systems Center , New London , CT 06320

ABSTRACT problem we address here is how to estimate range .
The maxini m likelihoo d (ML ) processor is pre- R. and bear ing , B, to a source when ‘1 sensors

sented for passive ly estimating range and bearing separated by a maximum of 1(meters ) have observed

to an acoustic source. The source si gnal is ob- I seconds of received data . We will examine the

served for a finite time duration at severa l sen- maximum li kelihoo d (ML) technique for pos ition

sors in the presence of uncorrelated noise When estimat ion .

the speed of sound in an isovelo c i ty medium and MATHEMATICAL MODEL
the sensor posit ions are known the ML estimator
for position constra ins the source to sensor de- For our purposes we assume tha t each ri~ eivin g

lays to be focused into a point corresponding to sensor at the t-th instant in time corresponds to

a hypothes ized source location. The variances of a signa l plus noise. Namel y, the i-th (of M) ten-

the range error and bearinq error are presented sor outputs is characterized by

for the optimum processor. It is shown tha t for r1(t) sj(t) ‘ ni(t). I = 1 , M ( 1)
bearing and range estimation different sensor
configurations are desirab le. However , if the O~t<T.

area of uncertainty is to he minim ized , then the The si gna l and noise are unco rrelated and the
• sensors should be divided into equal groups with noises are mutually uncorr elated .

one third of the sensors in each group. For a spatially stationary source the signal
• can be viewed as a (range and frequency dependent

attenuated and ) delayed ‘,u~rce si gnal • M ’ e  qen-
• INTRODUCTION erally . source motion will impart a time coopres-

An (underwater) acoustic point tourcQ rad4~ t- 
sbon (or expansion) to the received si gnal wave

ing eneryy to four (or more) receiving sensors 
form . source motion is discussed by Vna~~~. CartP r

is shown in Fi gure (1). The position of the and others , in this conference , but is beyond the
• source (in two space) can he characterized by ~

rn_ scope of th it paper . However , we know the prob-

la r coordinates (range and bearing ) for a given l eiii of estimating the position of a stat i o ui ~ir~
frame of reference. source is co n s i de rabl y easier than tha t of a mov-

ing source. Thus , the re s u lts in this p a i c ’ r s rve
as a hound on perfonnante (varian ce ), sti l l  we Iwill see that it is extreme l y d i f fi cult in the
best case to e s t i m a t e  s ou rce  ra nge ,  We m o w  fur-

~~~~~

7 v a r i es  (s i g n i f i c a n t l y) ac ro s s  the se nsor  t , c e i i ne
• OIJRCE ther (fnr a moving source)  i f  t h~ time c oni pre~~c u)n

t hat f a i l u r e  to c u m p e n c a t e  f o r  ~~i r c e  mo’ io n  wi l l I— ( s i g n i f i c a n t l y) degrade prriormance . Ex tractin g
estiniates of time compression may aid in 001 ion
a nal ysis and indeed may be necessary but cr rtOin -
ly perform ance would be better aq ain st .i s *tion-
ary sourc e (or moving c o n e  with known rno t~~n).

While in gcn€ ral , att enu at ion i~ a f :r t~ on of

uation as a consta nt and later ir~pose the frequ~-
• frequency and range , we can initio lt y trea t atten-

N 4 cy (and range) dependence. In particular . ~e ca n
0 RECEIVERS model the i-tb si gnal as

si (t) ci1s (t + f l .1 ), • I, N ( 2 )
where s(t) is the signa l at the source.k lengt h I (Witho ut lois of gener al ity, we ca n atsu~IP oj • I

FIGURE (1) p . B , L , N Def ined and 0 0.)
Th~re has been considerab le attention devoted

For example , the ringe . P . and hearin g , 8. rela- 
to estimating the (relative) tim e delay parameter

tive to a specified sensor and line from the sen- vector (0~ - D1, 03 - D , . . ,  - 0 ) See for

sor ca n be used as shown in Hgure (1). The examp le , acOo na l d a nd ~c hu 1th eiss (l4€ ~~), Bangs
and Schuit heiss (1973), Ha nian and lhi ’~ r.on (1973).
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Hahn ( lY t ,, an~ ‘ r i , 2 a ~f ~ rr’ ,~ r (1 ’f3j. simple variation on Hahn (1975) and Carter (1976).
In particular , by focusing all th~ time delay em-

i ‘r • • 1ST 
ments at many (hypothesized) rdng e and hearin g 

- • , 
• • ,,,, pa i rs dod watchin g for the peak o ’put of the ML

‘The re ’dtr ve ~i ~y bet~i”c ” two receiver 
(or time delay vector system , the ML pos ition estimat e

f ’c ji= ’, rncr ) Ou ’ç’~ ’~ i5 r1.1,i ’.i-d to the bear ing of is observed . Another way to look at th is problem
the Sourc e Tn t a ’ icu lar , the c~ ri ng of the iS that we want to maximize a quantity by adjust-

Sour ce r elvti v e ‘ t ’ he I - ‘h and (i - 1)—st ing a number of delay parameters subject to the

censor is Constra int that all the delays oust focus (inter-
I- i sect) in a (nominally) single (hypothesized ) posi-

B • = arc cot I ~~~~~~~~~ (3) tion. Equ~~alent 1y , rather than adjust M-1 delay• i, -• L d j  dials and then h ive to figure out a least squares

where C is the speed of Sound in a nondispersive 
p05i~ bon ,fr~m , them, we can adjust one range and

is ove loc ity  medico a r d  d is the separat ion be- one bearing d ia l , and by a simp le (per haps pro-

t~.een the two scn~ors (or bc~ niforuner centers) . computed) tr ig onometric ma pping, select all (M-1)

The L~ cing o1u t~ ~e to the tie ’i ned reference line 
hypothes ized delays necessary to focus the sensors

is known w~~ n the bcari ’~ to th e sou rce re la t i ve  at one point ‘in two space. The performance of

ti the i - th and (i - i t ot •nsn r is known and such a system has been examined by Bangs and

t i o posi tion of those St’n O?S is known (relative Schulthe iss ~1973). -
to the reference l i i ’ ) .  In ~trti c u la r , the effec- For constant attenuation , when (and onl y when)

t i e  br ” n- i n c j  ang le is wha t you’ would see at two we ut ili zed the (proper frequency dependent) pre-
f i l t e r s  g iven by (see Bangs and Schu ltheis s (l973’~,

sensors corr ected by ‘ow the two sensors are out Hahn ( 1975 ) ,  Carter (1976),  and Knapp a nd Ca r te r
• of al ignment (ri ’ ii t iv ~ to the refc r’ence line). In (1976).

p ra c t i ’ r . errors in bearing are caused by estima— 5(~ ~/N 2(ta
t io n errors cind tv i r r i r - t a init i e s in knowing the h k __~~~, 

k (4.)
sensor locjt ’uo , Jf the sense - positions vary 1 +
with time abc .jt ‘oirI~ I ’v ,,wn po sit iJ n , tiriie averag- .

ir ig w i l l  o r r ,c t  f o r - position variation . If the 
(where S and N denote signal and noise power spec-

sensor posi~ i ot s v~ r v abo ut som e Ur- tOO W IO position , 
tral den s it ic~~), the n t~,e va riance of the pa t ancte r

‘1 si gnific a nt bi tsc~ i n  o ro i r ing  (rirge ) es tim at ion 8 (where - R or 0 = B) is 
1 -1

can e x i s t  that caiino t be averaged out. The esti— ~2 (0)z~W [ETr(PeP~ )Tt iES(ctk )h kw~j (5)
t r i o ’ s  a re a f’ .nction of integrat ion time 

*
and coherence (or si gna l-to- es

c .  wo C •ors . as matrix , and E is an effective degradation factor
toe I iS ‘ihcomoqt .’ r t i t i e s  in the nediurn caus ing wave both to be defined . For bea ring estim ation , the

i n C  betw een I — th , j - th element of the P8 ca tri x is given

f l . . O ’ . /  p1 ic t t c t  pro tc i CmnS ) we can tran sform our
tt1 .~ mn ~c an c’ , v a le n t  ic in w h i ’  to the ra nge 

~i = Sl! ~ ,! (Z i  — 2 ’ )  (6 )  ‘1
‘ r i  b u a r i n g To a source a r e  to be Rea c tor - ed by C

, . ‘oo r mnoI t o  e f f r c m ‘c  bea r i ngs  to a linear arr~y. whe re Zn desig nates the position of the n - th
we c ,~~ ‘ ro  ,‘ n o r  ‘l t tr ’ ’lon on li nearar - sensor . Fo r range e”,tir.it ion , the i - th , j - th

t hen fe c h itiqs m krmo w n cx element of the t m  lx is given by
ic ~ I ’  o r  or O R i r ’  s ’n cor 1 . . 1 r l r ’ . ’t fpa i rs) provide (R \  ‘ 

~~~

. ?~ 
- - 

—

d i n  • ‘ i n , ’ c h~~~,m • m ’ i ’~ Z~~t iOr ’m of t i c  source posi- PIj ‘ 
~~

— (Z~ - 7~~) (7 )
tion , I f l o w e e c ’ ,’ . i’ r• ’ t  • ‘ i ’ liii Nu’ rinqs and 2CR 3
plo t  t h ’  • ‘ t og  1 i i c s  (or a • o  ‘ t o t e s  t o  hyper- The degradat ion factor is ~tP~ nod by
hot uc i v s  ) n o  , in ;i r o i l  I , ~hm’ Ii ries will n~ t * ~ r ‘i ~m t  r~~o I in a s i ng le  po i nt .  - 1r(P 8PB) l r ( P r~pp ) - I l r ( P 8P p )j (8)

Fr h ip d i sc us s ion  the math ema t 
~ i aT model , E • 

I

we c m i  see a ~~r
t
~~rd  ev l y i ng t o  e s t i r o m t e  the posi — * *tion of the source, ~t ti ~ mo r liod foc ts ’s all bear- l r (P BPB)l r(PRPR )

log lines in t o one t’i ’
~~hesi :’c l sotm rcr position .

t A ’ ”  t 1I~~ l m OOD 
Thus, whe n (bi t only when) Tr(PBPR) O we see that

• • F = I and t h i n ’  is no degradation. However , in
h o  ~~~~~~~~~~~~~ l i o p l i ’ nod  (III esti mate for t he gene ral , this will not he the case and F mi st be

t n t ’ delay vec t,ü’ haS been d i i i ‘i’d ‘or station ary coniput ed . hoper (or f o r t u i t ous )cho i ce  of the
Cam uc s ia n  n i’s ci’ ’ . t v  I~ ihn ( 1 ° ’ . ° ) ari d I’ m r I ‘i- (1976). coo rdi r’. ‘it e ‘,yS t i’oo will insure F I and ¶ l’”r, onl
As i t i~~! ca rl ‘ ‘r , ii - ‘ c  i on i ’  del ay cc ’ mi t e s g ive T r (P t,Po ) rlavs a role in the  e x p r e s s i o n  f o r  va n
c i  5 ’  ~o s o ‘c ‘al (H-I) boa ’ I ~q i i  ‘lilt (

~ em ( 1 ) )  o u r  of the es t ima tes
w hw ft do not r , u ’~ cSs ,1r i  t y  ir °, ‘ ‘cr 5 Ii ’ fl~ (’ S t i n t .  An important term in the var iance  E’’~~r’ r ’’, ’, ion i~
It is nnv u - k , t l e  !h,~r a poi ’~ t . ~~ t us  f i f  (~&‘ight— a 2 g
ev~) l~’as t 50 11 1 ri” , fo cl ,onu e to a l l  h i d  , lines j~ ~i ~~~
n it t f’ be st (o , r c t °  v i  1 i. el ‘ 1 .1) e~ 1 m i l e  of . ~

source posi t inn . IT  is not di If icu l t  Ti ’  show tha t
ML u’ . t inui ‘ it r n i ’  . i r ,ot t ’C ,t r i  nq when the sensor 

w pci ’ a S(~~ )/N(~ k )

(cli” ’ ’ t )  p o c i l t  m; n c are k i ,u t , , r  it ,‘ ‘ fo i ~~t’~ t’ by a At f i r s t  q l a n o ’ r’ , it may appear that the var ianc e

*F r ra ta : 
‘‘

We ‘can show for a syrmiietric line array (SLA) ,  with the origin in the center ,
that E~ 1. A l l  th° results that fol low apply to bearin gs and ranges measured to
the center o’ an SLA. A g~~r~ comp lete discussion wi l l be given in a subsequent
paper. . j
_ _ _  - -r n -— - ’ _ _ _ _
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co u ld be reduced by in creas in g h; however , if the range or bearing is to be estinat ed). If we de-
sensor Positions are fixed then the variance, giv- fine that the average error vector to ’ minimized
en by (5), is the min imu m vari ance obtainable and between our posit ion e ’j, 5 iunate and the true source
is a t tained when hk it of the form specified by position then it can be shown that the sensor
( 4 ) .  For low Output SNR (Ma < < 1) (9) goes as positions will be a function of the true range to
the square of the StIR. For hi gh Outpu t SNR (9) the source. (In particular , fo r c lose -in sou rces
goes as the ratio of StIR to M . we will want a (M/2 ,o , M/2) d i v i s i o n  of sensors

When the number of sensors and the StIR fix the and for very distant sources we wil l  want element
ou tput SNR , the performance (variance) is governed groups of M/4, M/2, M/4.) One way cf def onin g a
only by ETTr(P P). I ncreasing the observation best array geometry is to minimize the area of un-

• t ime , 1, dec re~se~ the variance accord i ng to (5). certainty. That is , select  the se nso r pos iti ons
We desire to know how to decrease the variance to m inim ize the quantity Ro (~ )o(R). Such an area

4 through proper element placement. MacDonald and of uncerta inty w ill clearl y not be square ; for
Sc hulthei ss (1969) have stated that for bearing examp le, at large ranges we w ill be more apt to
esti mation half of the elements should be placed make range errors than bear i mi e r r o r s  h i p  ( o P t i —
a t each end of an array of fixed length (provided mum placement was fou n d numer ica l ly  to be M/3 ,
the noise remains uncorrelated). In practice , if M/3 , M/3. For the one third , one third , one t Ird

• we are constr ained to have N elem ents in an array division
of length I,, we s hou ld place M/2 by begi nning at [ * ] -I 3C2 (13)eac h end and spacing every half wave length (for ETr(PBPB) * M 2 L 2

-‘ the desi gn frequency) towards the center.
For an eq uispaced line array (d spacing)  we

find for large M and I = (M- l ) d  and

(10) [ETr(P RP~)] 
1 144c2R4[ETr(PBP~)] 

-
~~ = 6C 2

M2 1 4 (14) *
where the effective array length proiec- Thus , by placing M/3 sensor elements at -1/2 , N/I
lion seen by the source is given by Le LslnB , elements at 0 and M/3 e lements at  L /2 we a h i e v ewhich ag rees with eg(34) of Bangs and Schultheiss

(1973) and agrees with eq(19) of MacDonald and a comprhe bearing and r nge estimat ion s,’ s t c ’ no .
such a comprisç m ifl imiz es the area of O S c r t d j r f y

Schult heiss (1969). As expected , good perfo r- defined by R~ (R)o(B). At t nrn ts to uroi n rr ro i z e ochernuance (low v a r i a n c e ) i s  obtained by steering broad- error measures can resu l t  in ,irrr~ c onf oor,, ’ ionsside to the source and flakin g the array length . F , that depend on source range,and nm j i ,bc r of sensors , N , as la rge as possible
In theory , the var ianc e can be reduced by a factor ACKT [D~ ’~ NTS
of tt ree by proper element pla cenient,, (That is, the The assist ance of Dr. P H. Pluttall is grate-
6 in (10) is replaced by a 2). fully app reciated as were discussions w i th On . A .

The rangin g perfon natu ce, for an equispaced J Van Woerkouri , Dr. P . I, . ,toc~ 1in , Pro 4 , 1. H.
line array can be shown to be governed by Y rr ’ ip p and Pr c m f. P . N. ~ci, ul tt ,ei5s ,

E 
F T r ( P R PR)]  

- I 3~~o C2R4 (11) * REI F R E N C E S :
1

- 

W. J. Ba ngs and P. tI . ~~hu lthe i ss (19’T), c r p, ,

T his result agrees w ith Bangs and Schu ltheiss Time ~rocessin 9 for O~” trn ~i 1 Pa ’ .ir’ . r icr  [stima-

(1973). In expression (11) we see the treruienulOus tion , pp. 577 - ~‘ Sin n al P r i c e s ’

w’op or tarice Of ahsol ute m ’ ing ’  to the source (van - .3. W. R I’,ni ftith s . P .  L ~,t o c t l ii , a ri d ‘ van
ar nie rj o i’s as a l’ ,j nth p uaw er) ,~ In orde r to corrob- Schoo neve ld (Ed), ‘, ‘~~ font , A c a d e m i c  P r c ’ s c ,
‘ira te the dC r i’,x t io n , Ebr( P R PR ) was num er ica l l y o C. Carte r ’ ( 19 / 6 ) ,  T’i’tre De la y  ( s t  r o o t  o r i , Univ.
ccc v 1 ro ,’ ’ci and the e i’o isp ac ed results agreed with of Connect icut Ph D. di tto r t a I i o n . io n s  Cl
the derivat ion as e’pect rd b4 uttal l (1976) has (NUSC TR 5335).
ShOt .’ ,, that i f the array el io r ’ ott were ¶ ‘nrmietr ica l -
ly p laced ~ f io ,t  so i o r ig i n  that the be ’’ I ranqi~~ 

W P . Ha hn (1975), “flp ti rrr .Inm Signa l 1rTcr cc i flg for

per forma nce ((roost yam i,irc e ) could be achieved by Passive Sonar Ran te and Fit a r t fl q E s at io n .

~ioi ’i t riug 0111’ half th e •‘lC oo m ents in the middl e and Jo urnal a Acoustical Soc . of ~ov , .,,l . 58 ,
one quar ter  at ea ch ~nd of I “e sr - ray.  (However , pp 20l - P0/ .
th er e can be non svT ’oe tri c ranging arrays that out- [ ,  J. Hannan and P. . 3 .  T b o ~ i,’so n (19/ 3 ) ,  “ [ s t u v o a t-
perfonir i the sv . ;cn t r  Ic array. ) For an array of ing G rou p  D e l a y ,” rlo.:o,’trihi , Vol  60. pP.
quar lir , hill , ‘~u,t rter group ing it can be shown 241 — 253.
that

* C’ H. Knapp and 6. C. Ca rter (1976), “The Gr .’ner,t l-
1 -~ ~~q~-? p 4 (12) ized Corre lation Hethod for E st ic oa ti on of Time

[[Tr(PRPR)j Dela y,” I U F  Trans on A ( 0 0 0 s t i C S .  o~~ t ’(~~~ i O , dnd
Si~ naL P r o c c ~ Si n q , V o l AbSI ’- ” , pp.  i : ’ p  -

which Orlt Ic r fcu rm s t h e rqu isp ,t c i ’d array by a factor v . H. ‘tarP .roj l d and P. I” . c ch u lt h em ~~ (1 969),
of 2.8 in varianc e , 4’hd is con tectured to be the “Optimu ;h Pits iv e fearing t st ima ti onl ,’ Journa l
best uangin g a rra y geometry for large M. of A cou stiC al S O .  cf Am ., Vol ~f’. (“P. 31 ‘~~~

There is a differ ence bp ti ,’i’en how to place M
el(’rle ntc of a linear array di p ’ndin g on whether A. (I. Noit ta l l (1i;6). ‘p riv ate (n” ,ro jnjcation ,

~Errat a : Th e’~
’
~ifficients , 360 , 128 and 144, in equations (11), (12) 

and ( 14) gi ven
here are believed to be c rrect; they are 16 times larger than reported in the

original manuscript.
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In p r a c t i c e , 1~ we had a l i ’ i t e - i  number of elements,
EPA.AT~ Ai’ o A o P E ’~f r x  they S r ,Oo j l d  be p laced at ha 1

~ ia velength spacing
- - 

(for a g iven des ign f re~ ue rcy ) ‘ri three groups ,
METHO DS FOR 0 T h F L~ ~‘,,AT NG AN 1COU5~~.~ u 12’JRCE with M/3 at each end of the ba s e 1 m e  and M/3 in

the center, It is usefu l to r 0 e  for three groups
Dr . u. , l b if ’ oc” r Ca r t i , ” of M/3 tha t theoret ical l y

1. Compan ir’~j eq . . 4) ,‘t ~J ( 9)  ‘oc ya ’o  an incon s is t -  
* ~ 

R
e ncy .  Equa s ron  ( 0 ’  ~hon ’j~~oi Cr- R C e 

0

c , 0 
~~~~ ) where c’(~ ) is measured i~m radians. Increases in

M, T or StI R decrease c (B) and thus onl y indirectl y
P S’~

”i
~,) ‘ dec rease the relattve range error. Increases in

~I 
~~~ 

‘~~~‘ Le effect both o(B) and the relative ran ge error,
‘ “ k  It is also instructive to look at the n a tr o of the

major and minor axes of the uncertainty e~ i i’,.se,

whe”e b~ is th.’ o-a gni ’ t o l e  sq ua red tr ,rnsfer func t ion .  We note

2. If in o”j . 5 cc de fr ’i e -‘ 2
-,*1 = 4 t ~~

= ~( B)  e

OS it Us~ a O l y  ~ or , c , thr o yqu”, tion ( 5 )  •~uss be tI,,:’, ‘N” shape of the uncer ta in ty  ellipse
u t r ph ie d  ha ‘n order be ‘ ‘ to ” ’ t ,  tN’s ch anges cy p en ) n: on ra r,’q e and  e f f e c t f ’ . a L a s e  t o e .

ra toona 5’ r o o r  tn e fs rm o f (5,, wHo— , ‘,

‘non Bangs and 5c ’j l ’s ~~’ ( 5  ~‘:‘A 73). is , Ot uOU ” Se .
t o ’  ( I  sno ’ s t o O  l’s ‘ 0  H 0 ,~~ 00 ir ’s’o ’3t 100 t i r e
.
~~~~ 

( 0 1  al 1 o’., ‘ V t- y,to:in ’itlo n t be “o’p Lsced

~nt ”i0n ’3t yn , ‘i s u o r,omj °d  also be ra ted ~t t t ’i
err . n o :  bo~ ds ‘:r’J ’,’ fc r r ‘iHn out : t S’,~~, n’,;0yeS
the In.:c. i ‘jai ’~atr on o~ A t’s po or ”oor ’st :  - ‘rt rm fl a ’) a n .

a , 00o c,.n ,,i r ” S E ’ ”  e s t r 0 0 0 a n a s  ‘l ie , rrr
y,,A iro e. to ac :e s i l e i r ,:. ”~~,

F o l l o w ’, r’ ,: 1 m S c :~~r o o n  ( a L l ‘.l =‘sa r
eq. ( q ) )  d O”i’OOnt S’i oir,i1d  “ O ’ ’ lee n  ‘os ’ , ‘ t od
that ‘ we co ° i,’OC. ’o t i n  ij s ‘ ‘ , “ntrlc l - r,e a r r a y (S A ) .
‘it’) the ,t ro o ~~n u p she ce”te ” , t h o t  E - A  ,‘)~ ‘ t o y
rO’~~1 i  to e: fn~~ ’o’ i 30 , to bei ” ’ ” o ’ r a r c  ra”g~’:
onea: u” od to t ie  0- r’ t ’s r  ‘ 1 . o r o o  not to

1 or t r ’ A  t c t  A c’”c ‘o:nr c 1 et,’ ’: sc~~5nr :1
in a ’ : i S n A r ’  0 ’ ” ’ as

‘ o r .  ss in ‘r,:a .. o~~ ( t I ) ,  ( 2 )  and
HI) S”ouI3 toe 3~ C , 12~, .a n I I- .I ‘ o u r  ‘‘,i vC ,
tnat  i s ,  ~‘o ’ “ ‘ s c A i c ’O aae ° ~°‘ ‘ t o s  ~ t i nes  ‘,)r5e
“‘oar , ‘o~c5’sii irs ‘he U r o c ,  r’ & o i t ’ y I  r,a roo, .~O n i c t

S. the t.’ 5 ‘ a o ’ un ‘,,c f l” , ‘s’I~ 
( s ) ,  :11 be

as foI l~ w s ,  m r  ‘n o ” ” , ,  ai d in,’ s3~srcef n . e ~ el f 0 s p  o f  r , ,- ’ ’ ’ , i  nt ,  i-i’ ,‘ ‘ ,
~irti~ uhs ‘‘ ‘el SN? , ‘ , 

—
‘ o , B , a d R. Tr oe

abso ’ 5 =  p051 ’  , t trl a r : so ’’ a ‘ H’, n5  “‘l’ps ’s do
Cta rl Oio as .i i~ , ‘ on ‘oF _ “~“ coci rd l o t t e c a ’ ’ “s

o: ’ , 4 r r  c ‘P C’ S ‘‘o~ c:r nlrn,,te
to ’ b ’ ’ ’ . the ‘oi’ . ’:ot a nti ‘ p c - r o t  as  r i n g  o ”

‘~~nir , “ o ’ ,.‘ ‘ te= ’o ” ‘s e t  “ ‘‘l n o t ”  sy’i ’e’’ ‘ b e ”  the
va r’  O’o’ i e o~ 5~ e ‘- a r , e  iril ~‘ ? r s i  .1 ‘ ‘ ‘ ‘113 ret 03
oc o r a n o ~ . 5  i f ‘ ‘ ‘ “~~ c’~ ‘tie cen’H ’iate’ ay a te ’o ,

6. T’r o’ “ii n i , ir ai ; l e t  f ,‘ . 5’”) o ’o ~~,’ is not
n~~ ’cs,r j 1 ’, ,b t t , , .’ri e ~huc “ i ’rnrs (1) and
( . 0 ’  serve 1 .  a O ’ , ’’” O rOIl oer c”o,io:r:e,
r r,) ‘L r~ Ner . ian not O O 1 ’ ,i ) ‘ s r  (t nt’ i
;rrt i er r s r , deb , ,, , C1 ’ oc ’ ng  .i ” o h r t j i . . o ’ t r o t :  .o tC:, ,

24



.-.—‘--‘--, .-— --.
-‘-“~~~~~~~~~ ----- -- .__ ___,,,_,o~

”_ -
~~

--
~~~~~

-
~~~~~~~~

-‘ ‘

TI) 5689

INITIAL DISTRIBUTION LI ST

Addressee No. of Copies

NAVSEASYSCOM (06112-51 , R. Cockerill , 06112 , D. Bolka) 7
a, 

‘ ENSCO (Dr. John Davies) I
NOSC 5

~~~~~~~
‘ ARPA (ARC) (Moffettfield) 2

SACLANT ASW Research Center 1

~~ ;~ Engineering Societies Library , United Engineering Center 1

‘.4 .1

-
~~~~~~ ‘I

1. 

~~~~~~~~ -~~~~~~~~ -‘ - -- - ‘-~~~~~ - -~~ ‘~~~~~~~-‘~~~


