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A
\~~~, 1— ——— pErT~Een~g miuiiiajuts were made in May 1963 (refer ence 1)

and again for an eighteen -month period beginning in October 1963(reference 2) of the spatial correlation function using the top twelveelement s of a 40-s]jment vertical arr ay. The bydrophone outputs ~ere
I ~

, iasaed through filter s in the 200- to 1400- , 1400_ ~to 600. , 600- to 800-
, ‘  ~~ and 800- to 1000 cpa banda . Experimental values of spatial correlation[>.. were compared with theoretical values of spatial correlation based onthe issumption di rectional noise sources are uniformly and independently

distributed on the surface , with each noise source radiating energyas a dipole (reference 3) . Agreement of the experimental result s with
~~j’ the theo retical results is better for higher frequency banda and highersea states. The result s indicate that the noise is predominantly fromthe horisontal direction in the 200- to 400 cps band,yhile from the

~ vertical direction in the other measured banda with the sources on them~rface of the ocean radiating energy similar to a dipole source.

~~The purpos e of this report is to describ e array gain computationsb aed on measurements of ambient noise in the low-frequency range. Thefirst aet of these measurements is spatial correlation of ambient noise . -
(references 1 and 2). (

~~~~iecond aet of measurementa is the direction-ali ty of the noise field,lreterence 4).
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V ARRAY GAIN BASED ON SPATIAL CORRELATION MEAS 
-

Experimental Measurements

Experimental measurements of the correlation of ambient noise
were insde in May of 1963 (reference 1) to determine it the directional
surface noise model vu realistic. The resulting correlation values
ihowed good agreement with the theoretical values In the higher fre-
quency bands in the absenCe of extraneous noiae sources and , in general,
Indicated that better agreement was obtsined at higher sea states.

In the 200-400 cps band, (the lowest frequency band available),
it appeared that noise from the horizontal direction might be predominat-
trig and , therefore , the model of surface-generated noise was insuffi cient
for the low frequencies.

Beginning in October and continuing for an eighteen-month
period (reference 2), measurements of spatial correlation of ambient
noise were made in Bermuda to determine if the May measurements were• repeatable and also if the agreement with the theoretical model was
sea-state -dependent . During this period measurements were taken inter-

• m.tttently at various hours , no data being recorded when extraneous
noise sources were known to exist in the area.

The upper 12 hydrophones of a 40-element geometrically spaced
vertical array were used as receivers. The outputi of these receivers
were connected to a spectrum analyser and passed through matched
Butter’worth filters and then clipped. After being infinitely clipped,
the filtered outputs were cross-correlated for each s*lected pai r of

: receivers . The outputs were integrated and the correlation values
were printed on paper tape. The clipped correlation values wer, then
converted to uriclipped values by the equation (reference i)

Pc — 
~~ 

31 /u ,
• where ~ c 15 the clipped correlation and the unclipped correlation.

The unclipped correlation values were then plotted versus the separation
between the reeetvere divided by the geometric wavelength (Figures 1-4).
(A more detailed description is given in references 1 and 2.)

COMPARISON OF ~ CPERIMERTAL AND THEORETICAL VALUE FOR 200-14a0 cpa
- • Theoretical values of the spatial corr el*tion function in figures

l-~ê are based on setting jV ‘l~/d1 — 0  in equation (4) of reference 5,
.
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where 

— 

2 1 X( b -y b)  
~ 

2rbx 21r44 j ’ (1)

d — Distance between receivers - rit ~
A, 5’~f~~’ Geometric wavelength x -
In Figures 1-4 the experimental values of the spatial correlation

for different wind speeds are compared with the theoretical valu. in
the 200-400 cpa band based on equation (1). Th. number of s~~~les are

-
• lso noted.

By defining the array gain U

• G (2)

where

3? is the mean square output of the signal alone in one elem nt;

M~. is the mean square output of the noise alone in one el~~nt;

ii the mean square output of the signal alone from the array; and

Is the mean square output of the noise alone from the az y.

Becker and Cron in reference 5 have shown the array gun can be
written as

G — . .
E ZO ( ~~

O
~j 1p~jg.l j et

for the eight-element arr ay, where p •. Is the spatial correlation between
• the e l saent s ian d jand  11

- 

(4)

For uniform shading oc 5, ~ for all I and

~~~~~~~~~ (5)
~~•S

In P1 gures 5-8 the theoretical array gain is shown for the case
of an 8-elamen t vertical array ‘with equally spaced elements. These
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curve s pertain only to vertically directional noise sources on the ocean
surface with assumed dipole radiation. V

• I The experimental points for array gain at different element spacings
were computed from the experimental values of the spatial correlation
coefficient available from Figures 1-4 out to d/~,.i.7 ; interpo lations
wer, made wherever necessary. For values ofp  from 

~~~~ 
I.? to 7,

the theoretical curve was used with insignificant loss of accuracy In
the results, since f approaches sero rapidly.

It should be recalled that , In reference 5, the ~~ ‘S corresponding
• to the optimum shading were obtained. The gain based on the optiu

shading ii indistinguishably close to the gain based on uniform shadi ng
and, for this reason, all of the computations in this report were based
on uniform shading.

ARMY GAIN BASED ON DIRECTION&L NOISE

• ~~~erimental Measurement

• Axelrod, Schoomer , and Von Winkle (reference 4) employed a 40-
V element array in the Bermuda area to obtain the mean square of the noise

as a function of frequency snd direction . Th. essential features of
the measuring equipment ‘will be briefly described. The single •1~~~nts
of the arr ay were coupled to an analog beam former. At each frequency

• - 28 beams were formed by varyi ng the number of elements in the arr ay. ’
The outputa of these beams were coupled to a bank of 1/3..octave band-pass
filters . The center frequency of these filter s varied from 112 to 1411e cpa .
The outputs of the single elements of the arr ay were also coupled
to the same filter bank for compari son. The band-filtered beam and single
element output s were rect ifi ed, integr ated , averaged and converted to

• a logarithmic scale. The signals were then stored on punched cards.

Simultaneously with recordi ng the data on punched cards, an snalog
trace and noise spectr um were produced so that those s.t s of measure-
ment s containi ng appreci ab le noise from ships or whales in the vicinity
of the array and from shots snd active sonars could be detected. The
results of this study ar. presented in Figure 6 (a)-(g) of reference 4
U a polar plot of noise power density with respect to frequency. In• reference 4 it is pou ted out that, on the basis of these figure s, more
noise arrives from the horisontal direction than from overhead at low
frequencies , while the opposite is true at higher frequencies. Since
only the horisont s]. direction is of interest for this analysis only the
data from the 112 eps were considered. The result s for the 112 cpa

1~~~ 
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frequency are shown In Figure 9.

ARMY GAIN COMPUTATIONS

V From the definition of array gain (equation 2) one can writ, the
gsin for the 8.elemsnt array (with the prop er ti delays) as

G — (5’)

Reference 4 gives the single-frequency output of a rectilinear
• arrsy in anoiss field u

N 2ir j  ,~i (i) ‘Sin e 
~ 

( s e .) ~ , (6)

where p4(s) is the noise Intensity , g ( e~ ,) is the power response of the
arr ay to a plane wave with I~, th. steering direction of the array ,
chosen as T/2 for this analysis.

a
Similarly, the single-frequency output of an element in a noi se

tt.ld is

V 

- • 
— 2T j  N (8) ,sin 0 ci 0- .

Since the data of reference 1. app ly only to t~. ~~per plane(o~ 9o 9o’), equations 6 and 7, when substituted into equation 5, yields
V 

_ _ _ _ _ _ _ _ _

(8)

‘with

F(., 
~

) _ 9 (Q~
The intensity patterna for an 8-.lem.nt array for’ various spacings

= are shown in 1igure 10. The intensity pattern F(s..a) was computed tram
an existing computer prog ram at L~L according to the equation

— ~~ oc~ + 2 ~~ cos [2uc~,,[cosa-cos~iJJ 
(9)

I., j~~,#where d
~~

The gain was computed by numerical methods using the values of
N(ø) and F(e, 1~~) in one.d.gree incr ements. The gain is then 5
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~~~ N (9)
~ sn  9~ ~A

� F•(eI,T/2 ) N (&) s inO~A 9I.
(10)

The results are s~~~~’ised in Table I.

8pseing In Ik~its Gsin $n db Gsin in db
of Wavelength, 

~ 
(Beautort 4) (Beauibrt 7)

i/B 0.7 1.2
1/2 3.0 4.3
1 ~.6 6.2

Table I - Array Gain as a Function of Spacing in ~Mtts of Wavelengths
• and Beaufort Number

C0NCU~ I01E

a Calculations of arr ay gain for low frequency based on spatial
correl ation measurements and directional noise measurements hay, been
mad..

The re sults der*ved from spatial correlation measurements are
• • - • shown in Figure s 5.8. Th, influence of sea conditions on the gain

can be seen by a comparison of these Figures . With an increas e in
wind speed, th. experimental results tend tusmrd the theoretical values.
These are expected to be sea-stat e dependent since they are bas d on• the asm~~ tion that the noise is gener ated at the surf ace. For all of
the element spacings of the array and all of the sea conditions con-
sidered, th. gain varied trosn a low o f 5 d b to a high of ].2,5 db. For

VI comparison , a value of 9 db is obtained from the rule of tb~~~ that
G~~~lO /.g.. N , wh e re N is tbe numb er of arr ay .l.aents. The com.

- 
- puted results are in reasonable agreement wi th thi s estimate which is

V only applicable to isotropic noise for element spacings equal to or
greate r than A,,2 ,

As a matter of general information , it has been found that ,
for any given geometric configuration of elements , optlaum sbsding
proindes only a negligibly small incresse in arr ay gain over the method
of uniform shading.

.
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- The results for array gain based on directional noise (Table I)
- wer e below those based on spatial correlation by several decibels . But

the s~~~ trend with increasing wind speed was observed . It should be
V pointed out that the data of Ax.lrod, Schooner, and Von Wi nkle, forming

the b*sis of this calculation, were only available for the upper half.• plane , the noi se fi?ld caused by the bottom having been ignored. The
present results are also valid it the noise field in the bottom is

- a mirror image of the field which was used in the calculations. However,
for a more accurate determination of arra y gain by this procedure,
knowledg. of the actual lover half-plane noise distribution is required.

• 

- B. Cron, Research Maccu tS 
-

N. Flscb, Thyslcist
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POLAR PLOT OF NOISE , N(e), AT
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