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meagsurements were made in May 1963 (reference 1)

and again for an eighteen-month period beginning in October 1963
(reference 2) of the spatial correlation function using the top twelve
elements of a LO-element vertical array. The hydrophone outputs were
;, mssed through filters in the 200- to 400-, 40O~ to 600-, 600~ to 800-
and 800~ to 1000 cps bands. Experimental values of spatial correlation:
were compared with theoretical values of spatial correlation based on
the assumption directional noise sources are uniformly and independently
distributed on the surface, with each noise source rediating energy
a8 8 dipole (reference 3), Agreement of the experimental results with
the theoretical results is better for higher frequency bands and higher
sea states. The results indicate that the noise is predominantly from
the horizontal direction in the 200- to 400 cps band,while from the
vertical direction in the other measured bands with the sources on the

n\z_'ft.ce of the ocean radiating energy similar to a dipole source.
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‘\The purpose of this report is to describe array gain computations
based on measurements of ambient noise in the low-frequency range. The

! first set of these measurements is spatial correlation of ambient noise.-

(references 1 and 2). CAme second set of measurements is the direction-
ality of the noise field, éreforence 4).

- s w
;axgﬁgisu ;-z:\x'_'mfrmaﬁfr*i‘“\ 79\ 08 6? g ! ]? %J 7%

Approved for public release]

AN 17 1966
Distribution Unlimited




- | REPORT NUMBER

UNCL# ,SIFIED

SECUNTY CLASSIFIC/ATION OF THIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

2. GOVT ACC!SSIO’ NO,

913-281-65

3. RECIPIENT'S CATALOG NUMBER

4. TITLE (end Subtitle)

ARRAY GAIN FOR HORIZONTALLY DIRECTIONAL NOiSE

5. TYPE OF REPORT & PERIOD COVERED
Tech Memo

6. PERFORMING ORG. REPORT NUMBER

I7- AUTHOR(e)

Cron, B., Fisch, N. and Shaffer, R.

3. CONTRACT OF GRANT NUMBER(s)

9. PERFORMING ORGANIZATION NAME AND ADORESS
Naval Underwater Systems Center
New London, CT

11. CONTROLLING OFFICE NAME AND ADDRESS
Office of Naval Research, Code 220
800 North Quincy St.

Arlington, VA 22217

12.. REPORT DATE

16 DEC 65

13. NUMBER OF PAGES

‘ . MONITORING AGENCY NAME & ADDRESS(if ditferent from Controlling Office)

[ 15a. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

15. SECURITY CLASS. (of this report)

UNCLASSIFIED

I6. DISTRIBUTION STATEMENT (of thia Report)

Approved for public release; distribution unlimited.

172.

DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

KEY WORDS (Continue on reverae eide if necescary and tdentify by block number)

. ABSTRACT (Continue on reverse side if ity by dlock der)

FORM

JAN 73 EDITION OF 1 NOV 68 |S OBSOLETE

$/N 0102-LF-014-6601

bD , 1473

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Dou:n-‘

- -

S Rl




R R T A T R R S R R

Ehopmt 0 o L e

USL Tech Memo No. CON, a.
913-281-65 i )

ARRAY GAIN BASED ON SPATTAL CORREIATION MEAS

Experimental Measurements

Experimental measurements of the correlation of ambient noise
were made in May of 1963 (reference 1) to determine if the directionsl
surface noise model was realistic. The resulting correlation values
showed good agreement with the theoretical values in the higher fre-
quency bands in the absenCe of extraneous noise sources and, in general,
indicated that better agreement was obtained 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 predominate~
ing and, therefore, the model of surface-generated noise was insufficient
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-
mittently at various hours, no data being recorded when extraneous
noise sources were known to exist in the arees.

The upper 12 hydrophones of a LO-element geometrically spaced
vertical array were used as receivers. The outputs of these receivers
were connected to a spectrum analyzer and passed through matched
Butterworth filters and then clipped. After being infinitely clipped,
the filtered outputs were cross-correlated for each selected pair of
receivers. The outputs were integrated and the correlation values
were printed on paper tape. The clipped correlation values were then
converted to unclipped values by the equation (reference 1)

2 ..~

fc = T Sin /’u ’
where Q. is the clipped correlation and p, the unclipped correlation.
The unclipped correlation values were then plotted versus the separation

between the regeivers divided by the geometric wavelength (Figures 1-4),
(A more detailed description is given in references 1 and 2.)

COMPARISON OF EXPERIMENTAL AND THEORETICAL VALUES FOR 200-4Q0 cps

Theoretical values of the spatial correlation function in figures
1-l4 are based on setting Y. T /d/c.o in equation (4) of reference 5,

“8 08 07 386
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(4,0,6) = 2(1-cos2mbx) 2(I- cos "‘) i
Pl ZI'x(b %) 2Tbx 2wx/, (1) %
b= f:fz {

d = Distance between receivers

C/'rﬁ: = Geometric wavelength s / Ag -

In ngurn 1-4 the experimental values of the mticl correlation

for different wind speeds are compared with the theoretical value in
the 200-400 cps band based on equation (1). The number of samples are

also noted.
By defining the array gnn as
G - 73':& %, (2)
vwhere

S¢' is the mean square output of the signal alone in one element;

/.V? is the mean square output of the noise alone in one element;

3‘} is the mean square output of the signal alone from the array; and

/V_,f is the mean square output of the noise alone from the armay.
Becker and Cron in reference 5 have shown the array gain can be

written as :
G L T 3 4 ]
> % % pi = §
for the eight-element array, where Pi is the spatial correlation between 1
the elements i and j and i 2
2 a=1. () f
For uniform shading “"'/8 for all i and :
- V/E S o
G /% %l' Py - (5)

In Pigures 5-8 the theoretical array gain is shown for the case
of an 8-element vertical array with equally spaced elementg. These
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curves pertain only to vertically directional noise sources on the ocean
surface with assumed dipole radiation. ;

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-k out to 9/),=/7 ; interpolations
were made wherever necessary. For values of p from ¢/, «[7 to T,
the theoretical curve was used with insignificant loss of’ accuracy in
the results, since P spproaches gero rapidly.

It should be recalled that, in reference 5, the «;'s corresponding
to the optimum shading were obtained. The gain based on the optimum
shading is indistinguishably close to the gain based on uniform sheding
and, for this reason, all of the computations in this report were based
on uniform shading.

ARRAY GAIN BASED ON DIRECTIONAL NOISE

Eerinentd Measurement

Axelrod, Schoomer, and Von Winkle (reference 4) employed a LO-
element array in the Bermuda area to obtain the mean square of the .noise
a8 a function of frequency and direction. The essential features of
the measuring equipment will be briefly described. The single elements
of the array were coupled to an analog beam former. At each frequency
28 beams were formed by varying the number of elements in the array.'

The outputs of these beams were coupled to a bank of 1/3~octave bande
filters. The center frequency of these filters varied from 112 to 141k cps.
The outputs of the single elements of the array were also coupled

to the same filter bank for comparison. The band-filtered beam and single
element outputs were rectified, integrated, averaged and converted to

& logarithmic scale. The signals were then stored on punched cards.

Simultaneously with recording the data on punched cards, an analog
trace and noise spectrum were produced so that those sets of measure-
ments containing appreciable noise from ships or whales in the vicinity
of the array and from shots and active sonars could be detected. The
results of this study are presented in Figure 6 (a)-(g) of reference &
@8 & polar plot of noise power density with respect to frequency. In
reference & it is poimted out that,on the basis of these figures, more
noise arrives from the horigsontal direction than from overhead at low
frequencies, while the opposite is true at higher frequencies. Since
only the horigontal direction is of interest for this analysis, only the
data from the 112 cps wereconsidered. The results for the 112 cps

e
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frequency are shown in Pigure 9.
ARRAY GAIN COMPUTATIONS

From the definition of array gain (equation 2) one can write the
gain for the 8-element array (with the proper time deleys) as

G - V’E/ﬂ,‘ (5')

Reference I gives the single-frequency output of a rectilinear
array in @ noise field as

e v
Ni = 2t [N(8)sin6 g(e.6.) o, (6)

where N(8) is the noil:t intensity, 9(0,6,) is the power response of the

array to a plane wave with 6,, the steering direotion of the array,

chosen a8 ¥/, for this analysis.

Similarly, the single-frequency output of an element in a noise
field is L5, ¢ :
N:- ZW/N(G)sonO de . )
(]

Since the data of reference 4 apply only to the upper plane
(0¢ 0¢ 90°), equations 6 and 7, when subatvituted into equstion 5, yield:

!
= JRF(0.7) N(o) sin 6 de (8)

& [’i N(b) sin 6 dé

F(."Z)‘ 9(03 ’/‘2)/8.' .

The intensity patterns for an 8-element arrey for various spacings
are shown in Figure 10. The intensity pattern F(0,4) vas computed from
an existing computer program at USL according to the equation

F(‘t’o) = é“t +2 ”Z-' ZN K &; cos {ZI‘X;j[CoSO.-COSO.]} (9)

Y] i8i Juin
Xij - du/A

The gain was computed by numerical methods using the values of
N(8) and F(@, T ) in one-degree increments. The gain is then

5

where

i i e i s
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y0

; N(6) sin 6; a6;

G =
.f: F(e:,T,)N(6:) sin a6

(20)

The results are sumariged in Table I.

Specing in Unite Gain in ab Gain in @

of Wavelength, 4/» (Beaufort 4) (Beaufort 7)
1/8 0.7 1.2
1/2 3-0 bta
1 5.6 6.2

Table I - Array Gain as & Function of Spaeing in Units of Wavelengths
and Beaufort Number

CONCLUSIONS

Calculations of array gain for low frequency based on spatial
correlation measurements and directional noise msasurements have deen
made.

The results derived from spatial correlation measurements are
shown in Figures 5.8, Tlie influence of sea conditions on the gain
can be seen by & comparison of these Figures. With an increase in
wind speed, the experimental results tend twward the theoretical values.
These are expected to be sea-state dependent since they are based on
the assumption that the noise is generated at the surface. For all of
the element spacings of the array and all of the sea conditions cone
sidered, the gain varied from a low of 5 db to a high of 12.5 @b, For
comparison, & value of 9 db is obtained from the rule of thumb that
6 x /0 /og, N , where N is the number of array elements., The come
puted results are in reasonable egreement with this estimate which is
only appliceble to isotropic noise for element spacings equal to or
greater than A,/z :

As & matter of general information, it has been found that,
for any given geometric configuretion of elements, optimum sheding

produé¢es only & negligibly small increase in array gain over the method
of uniform shading.
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The results for array gain based on directional noise (Table I) ;
were below those based on spatial correlation by several decibels. But i
the same trend with increasing wind speed was cbserved. It should be
pointed out that the data of Axelrod, Schoomer, and Von Winkle, forming
the basis of this calculation, were only available for the upper half-
plane, the noise n,m caused by the bottom having been ignored. The
present results are also valid if the noise field in the bottom is
& mirror image of the field which was used in the calculations. However,
for a more accurate determination of array gain by this procedure,
knowledge of the actual lower half-plane noise distribution is required.

6Cr-o~n/

/ZW

N. Mach, Physicist
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POLAR PLOT OF NOISE, N(), AT
SEVERAL BEAUFORT NUMBERS

&
L FREQUENCY: 112 CPS

, 90°
SPECTRUM LEVEL IN DB # (ub)zl STERADIAN /7 CYCLE




Intensity Pattems for 8 Vertical Elements and Single
Prequency with Broadside Steering

FIG. 10




