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A STATISTICAL ANALYSIS OF THE PERFORMANCE
OF A TOWED ARRAY SYSTEM
\ [Unclassified Title]
I. \ INTRODUCTION |
V) .In November 1974, a set of experiments were conducted in the
Mediterranean using a three section towed array. Data were both
analyzed on~line and recorded for later analysis. The results of the
on-line analysis are reported in reference [1], a;}ng with a detailed
description of the operating areas, the arrays and the associated
on-line processing and recording hardware. (This report presents
the results of a detalled off-line analysis for the SEAGUARD Project
of a portion of the data recorded during a radial source tow in the
Ionian Basin.
(U) The objectives of the analysis are to measure the performance of
the three arrays and to determine the relationship between the system
performance and the three basic system parameters: array length, analy-
gls bandwidth, and averaging time. These objectives provide a firm

basis for SEAGUARD design and experiment. The approach is as follows:

The system performance 18 charecterized in terms of the mean values

-of the signal gain, the noise gain and the array gain. The gains

are computed for three aperture liengths, quarter, half and full

on each array to determine their dependerice on array length. Histo-
grams for these quantities show their general character. Stancard
deviations provide a simple measure of the fluctuations about the

Note: Manuscript submitted November 10, 1876.
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heans. The means and standard deviations of the constituents of the

system gains are also computed as a function of aperture. Fhese

~.
~—.
~
~-

quantities are of interest in their own right. Furthermoré, the N,
standard deviations, together with the cross-correlation coefficients,
determine the standard deviations of the system gains.

(U) The constituents of the sytem gains themselves are computed

using a fixed analysis bandwidth (0.4Hz) and a fixed averaging time
(12 min.). To determine the dependence of the results on these para-
meters, the temporal behavior of the instantaneous (unaveraged!constitu-
ents is characterized in terms of fluctuations spectra and covariance
functions. The correlation times determine the extent to which the
12-minute averaging time reduces the fluctuations. The fluctuations
bandwidths are used to infer the intrinsic frequency spread in the
signal field and thus determine the extent to which the signal-to-noise
ratio can be enhanced by narrowband processing. Histograms of the in-
stantaneous constituents are used to evaluate the hypothesis that the
signal field and/or the noise field is Gaussian and stantionary.

(U) The relevance of the analysis to the SEAGUARD Project is that it
provides an experimental basis for both the design of the SEAGUARD/OMAT
array system and for future experiments to be conducted under the SEAGUARD
program. To the extent that the towed system results are degraded by the
array dynamics, considerable improvement can be expected from the OMAT
system. The majority of the results are, however, highly promising and
consequently allow even greater Project expectations, as well as provid-

ing quantitative basis of support.

2 | CONFIDENTIAL
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: 1.1 Experiment Description (U)

(C) The general source-receiver configuration is shown in Figure 1.1
The source tow ship, (R. V. AMERICAN DELTA II), towed a Vibrosis source
at a depth of 91 m along the track shown beginning near the Straits of
Messina at a nominal speed of 5.5 knots. The array tow ship, (R. V.
PACIFIC APOLLO), towed the array system along tracks arproximately

perpendicular to the source tow tracks at a nominal speed of 3 knots.

LONG RANGE

SO, SOURCE TOW TRACK

TONTA™ Q\‘__ MELTUM RANGE

St.a

SHORT RANGE
ARRAY TOW TRACK
18 n.m.

/\/m

(U) Figure 1.1 Source-Receiver Configuration

3 CONFIDENTIAL
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(C) .~ 1 ansmission frequency of the Vibrosis source was switched
between 20 Hz, 40 Hz and 210 Hz in 15 minute intervals at source levels
of 190, 190 and 180 dB//uPa, respectively. Simultaneously, the three
arrsys were switched. The resulting array/frequency switching schedule
i8 1llustrated in Figure 1.2. It 1s noted that over any given 15-minute
interval only one array is active and only one frequency is transmitted.
Furthermore, the onset times for a particular array/frequency combina-

tion are separated by 45 minutes.

Le

~wme 45 min.

15 min.-_;J
LR o = -

ARRAY/FREQ.' LF/20 Hz I MF/40 Hz l F/210 Hz

N i TIME
* D SN

(C) Figure 1.2 Array/Frequency Switching Schedule

(U) Three segments of data from the tow were analyzed: a long range
segment (LR), a medium range segment (MR), and a short ranges segment (SR).
The ranges, range rates and the total durations for these data segments
(shown as thick lines in Figure 1.1) are summarized in Table ..l, During
the data acquisition periods, 1t was necessary to reverse the array tow
track direction and to allow a period of 1-2 hours for the arrays to
stabilize., Data acquired during these periods was not analyzed. 1In
additien, other short periods were excluded because of an occasional

source feilure, on-board calibrations and adjustments etc. The durations

4 CONFIDENTIAL
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. of the resulting data bases are summarized in the right hard column
of Table 1.
Bange Range Duration Processed
(n.u.) Rate (kts.) (hrs,) Data (hrs.)
: LONG RANGE (LR) 327-238 5.4 16.6 11.0
|
MED., RANGE (MR) 138-102 5.5 6.5 4.8
SHORT RANGE (5R) B0-51 2,6 =.4.5 8.0 7.0

(U) Table 1.1 Data Set Descriptions

:.;WW?‘%‘_» Eigs :‘:‘:él_‘ “““‘.r“ -:‘Ah.l" v“-«: & - £

(C) The configuration of the three, equally-spaced, hydrophune element
- arrays is 1llustrated in Figure 1,3a. The HF and the LF arrays are physi-

cally distinct whereas the MF array is embedded in the front 1/3rd cof the

Y Py

LF¥ array. The acoustic parameters for the three array/frequency com-
binstions are summarized in Table 1,2, Note that both the MF and HF
arrays have nearly the same acoustical length and both were operated

at approximately 2/3 of the A/2 frequency, whereas the LF/20 Hz array

is helf agein as long and was operated at the A/2 frequency value.

{C}) The apercture configuration is 1llustrated in Figuration 1.3b. The
three apercures within each arrey were obtained from the first 16, 32 and
62 hydrophones respectively as measured from the array tow point. It is
emphasized, that the designations, quarter, half and full refer to the

number of hydrophones and not the acoustical length of the aperture,

5 CONFIDENTIAL
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MF ARRAY
pe—2667 FT,-—

a P

- _— 8000 FT, — . e 475 FT.
f LF ARRAY T wr ARRA?‘

(C) Figure 1.2a Array Configuration

QTR. APER.
’* {16 PHONES)
—&- +

HALF APER,
(32PHONES)

TOW POINT

< — _ FULL APER,
{62 PHONES)

(C) Figure 1.3b Aperture Configuration

5 LENGTH | PHONE SEP. | BEAMWIDTH
) )
! LF ARRAY ~ 20Kz 20 | 5 23°
} 7 MF ARRAY - 40H; 2113 33 3490
HF ARRAY — 210Hz 20,0 3 41°
(C) Table 1.2 Array Acoustic Parameters
;’
i 6 CONFIDENTIAL
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1.2 Definitions and Terminology (U)
(U) The results presented in this report are derived from two basic )
sets of time series. The beamformer output time series, represeunting

both beam signal power and beam noise power, are defined alowng tracks

in the domain of the frequency-azimuth power spectrum as computed at

the beamformer output. The hydrophone intensity times series, also repre-
senting both signal and noise power, are computed as power averages across
4ll hydrophones in each of the three apertures at the same frequencies

as the beam time series. In the interest of brievity, the hydrophone
intensity time series will be referred to here as the omni time series,
even though there is a small directivity index assoclated with each element
of the array. The letters "B" and "0" will be used to denote a beam

and an omni time series or statistic respectively, and the subscripts '"S"
and "N" refer to signal and noise. Allnoise statistics are referenced

to a 1 Hz band.

(C) Both the beam and the omni time series are computed in frequency

cells .4 Hz wide with time samples occurring every 20.2 seconds. The E
resulting time series are averaged over 36 values, corresponding to a B
time interval of 12.1 minutes, to produce a single value for each of the

three apertures on the particular array/frequency combination that is %
active during the appropriate 15-minute switching interval. The unaver-
agedAtime series are referred to as instantaneous time series.

The time serles of values at the output of the averager

AR Bt g B TR
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for a given array occur at 45-minute intervals as determined by the
array/frequency switching schedule. When the values of the averaged

time series are expressed in a linear power scale (Chapter 4), the
subscripts "1i" and "a" will be used to distinguish between instantaneous
and averaged time series statistics respectively.

(U) The beanformer is implemented using a two-dimensional FFT algorithm
which generates the frequency-azimuth power spectrum at 64 beams equally
spaced in the sine of the azimuth variable. Hanning shading is employed
in both the time-to-frequency transform and the space-to-wavenumber
transform with a slight modification in the latter to include #11 hydro-
phones in the aperture. An example of a typical instantaneous frequency-
azimuth spectrum for the full aperture on the LF/20 Hz array is 1llus-
trated in Figure 1.4, The azimuth variable, O, is defined so that +90°
represents the forward endfire directicn, 0° represents broadside and
~90° represents aft endfire. In this spectrum, the aignal power 1igs

split between the frequency lines at 19.9 and 20.3 Hz and is concentrated
in the beam at approximately +5° forward of broadside. The rough surface
texture typical of an unaveraged spectrum is evident.

(C) The frequency-azimuth tracks used to define the instantaneous

beam signal are obtained using a pesk detection procedure on running
two-minute averages of the instantaneous spectra to identify the
frequency-azimuth resolution cells. The two-minute averaged spectra,
uged to obtain the value of the frequency-azimuth track for the spectrum

in Figure 1.4, is shown in Figure 1.5. The averaging time was chosen to

At
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-:"7 (C) Fxgure 1.4 Frequency-Azimuth Power Distribution, LF Array/20 Hz,
i Full Aperture Unaveraged Medium Range
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SIGNAL
130y
E |
3 120¢
x
e nof
@
23.
¥ 100 3
g
3 90 -
ul b 8.4
Y S e FREQUENCY
-390 -60 -30 0 30 60 90 (Hz) )
AZIMUTH (DEG.BROADSIDE)
(C) Figure 1.5 Frequency-Azimuth Power Distribution, LF Array/20 Hz,
Full Aperture 2 Minute Average Medium Range ,
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be sufficiently long to remove variations in the track that would re-
sult had a peak detection algorithm been empluoyed on the instantanecus
gpectrum. {(Compare the surface texture of the spectra in Figures 1.4

and 1.5). At the same time, the averaging time was considered short enough
to allow the track to follow relatively short-term variations in the
frequency-azimuth track. Each of the three apertures for each array is
tracked separately since differences in the tracks for the diiferent
apertures was observed. This phenomenon was discussed in reference [1]
and attributed to array flexure. The present results support that view
with 1° to a maximum of 8° differences in track bearing observed.

(C) For eac“ beam signal time series, two beam noise time series are
defined, each at the azimuth determined by the beam signal track. One is
defined in a single resclution cell at a frequency 1.6 Hz (4 frequency
1ines) below the transmitted signal frequency. This time series will be
referred to as the instantaneous beam noise since it is only used in the
analysis of the instantaneous signal and noise properties in Chapter 4.
The second is obtained as the average of the instantaneous beam noise and
a time series defined in the resolution cell located 1.6 Hz above the
transmitied signal freq&Z;Eye, The resulting beam noise is used in the
computatione of the system gains. Omni noise time series for each of the

beam noises are defined in a siwilar manner. An illustration of the

instantaneous beam signals sud beam noise for all apertures and all arrays

" ‘appears in Figure A,1 in the appendix. Flots of typical frequency-

azimuth spectrs for different apertures on the three arrays are found in

Figures A.2 through A.6.

il CONFIDENTIAL
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II. THE SYSTEM GAIN STATISTICS (U) v
(U) In this chapter, and the following two chapters, the results of

the analysis are described. 1In Chapter 5, these results are summarized

and interpreted. The conclusions and the implications for the SEAGUARD/

OMAT Yroject are presented in Chapter 6.

(U) The statistics for the signal gain, GS’ noise gain, GN’ and array

gain, CA’ have been computed from the averaged beam and omni time series,
according to the relatfonships

(2.1a) G6_=8_-0

s S S
(2.1b) GN = BN - ON
(2.1c) GA = GS - GN .

 where each element in the time series of the constituents is expressed

in a decibel scale. -
2,1 Signal Gain Statistics (U)

(C) The signal gain histograms for the full aperture on each of the three

arrays are illustrated in Figure 2.1. The mean and standard deviation

for each histogram is indicated at thg gide of each plot,1 The ideal

2

signal gadn  that results from planewave incidence on an undeformed array

1Throughout this report, the symbol "( T )" denotes the sample mean,

o, the standard deviation and, v, the coefficient of variation,
defined g8 the ratio of the atandard deviation to the mean. -

l‘2The ideal signal gain, noise gain and array gain are equal to (N+1)2/4,
(3/8) (N+1) and (2/3) (N+l) respectively, where N is the number of hydro- -
phones in the subaperture,

LT
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(C) Figure 2.1 Signal Gain Hiztogram{s (Full Aperture)
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is 30dB. The degradation in the signal gain is the ideal value minus
the observed mean value. It is seen that the greatest degradation
occurs for the LF array with progressively smaller degradations for the
MF and HF arrays. On the other hand, the spread in the histograms, as
measured by the standard deviations, decreases in the order, LF array,
HF array, MF array. Thus, an increase in the signal gain degradation,

" may be, but is not necessarily accompanied by an increase in the spread
of tue histogram.

(C) The mean signal gains as a function of aperture length are illus-
trated in Figure 2.2, The ideal signal gain is represented by the dis-~
continuous line segments, 1Its slope 1s 6dB/octave, where an octave
represents a deubling of the length of the aperture., The continuous
line seguments connect the measured values. A comparison of these curves
shows that the increase in the signal gain between the quarter and the
half apertures is similar for all three arrays. Thus, the dipsparity in
the signal gain for the three arrays occurswhen the aperture length is
increased from half to full by the addition of the second half of the
array. This phenomenon is believed to be heavily influenced by array de-
formations and will be discussed in Chapter 5.

(C) The signal gain standard deY}ations are plotted as a function of
aperture in Figure 2.3a, For each array, the standard deviations in-
crease linearly as the aperture is doubled, with the rate of increase
for the LF array approximately double that for the MF and HF

arrays. Furthermore, as is the case for the full aperture, the standard

deviztione for the half and quarter apertureas, decrease in the order
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LF array, HF array, MF array.

(C) The relationship between the standard deviation and the mean is
illustrated in terms of the coefficients of variation in Figure 2.3b,
These plots show that, like the standard deviations, the coefficients of
variatior increase linearly as the aperture length is doubled. Moreover,
since the slopes are positive, the standard deviations are increasing with
aperture at a greater rate than the means. Furthermore, the values of the
coefficients of varietion indicate that the standard deviation, as a
percentsge of the mean, is relatively small; less than 6.7% for the LF
array and less than 42 for both the MF and HF arrays.

2.2 Noise Gain Statistics (U)

{C) The noise gain histograms for the full apertures are illustrated in
Figure 2.4 with the means and standard deviations indicated at the side
of each plot. The ideal noise gain3 of 13.7dB is less than the mean
noise gain fo? both the MF and the HF arrays and approximately equal to
the noigse gain for the LF array. The spread in the histograms for both
the LF and MF arrays, as measured by the standard deviations, 1s al~

most twice that of the HF array histogram. As a result, all three

arrays show a large percentage of noilse gain occurrences in excess of the
ideal value.

{C) The mean nojise gains as a function of aperture are illustrated in
Figure 2.5. The discontinucus line segments, which increase at a rate

of 3 dB per octave, connect the ideal noise gains and the continuous

3The ideal neoise gain ie computed assuming a completely uncorrelated noise
field.

17 CONFYDENTIAL




CONFIDENTIAL

4 w-m
T -
‘ ' GN- 13.3 JdB
NUMBER OF 1 ey 25 4B
OCCURRENCES
4.
+—
62 82 102 122 122 16.2 182 d8
G
LF ARRAY/26He ¥
2y N-n
. GN- 14,4 dB
s, ooN" 2.1 48
NUMBER OF
OCCURRENCES
4
-
v \J Ll
6.2 82 102 122 142 162 182 d8
G
MF ARRAY/40H; N
d wn
8.l 615548
NUMBER OF 1l Y 1-2 4B
OCCURRENCES
L
-
1 1
. [ 4 T s ¥ L) ¥
« 82 82 10.2 122 142 182 182 d8
' G“

HF ARRAY/210H:

18

{C) Figure 2.4 Noise Gain Histograms (Full Aperture)

CONFIDENTIAL




CONTFIDENTIAL

s G o b e

QILNSYIN o——9

wvig eo— —e

IHQIL/AVHYY dH
1nd u.—“t

FE e LR s T e Rl e R L

aanyaedy ‘sa uren asloN wealy §'g M3 (D)

THOY/ AV YUY IN IHFYAVHEY 41
‘HLO ER1E] ERLL ‘Wil nn4 1IVH ‘HAD
H  a— 1
" . \*,
po P \ ol
A
VA 8
2
\ /
\ " o
\\
=1
/ A
-
‘“,
il
Lann —— %
: Im
R :

e ey TR

CONFIDENTIAL

19

o B




CONFIDENTIAL

line segments connect the measured values. The plots show that the
noise gains for all apertures on both the MF and HF arrays are larger
than the ideal and increase at the rate of 3 dB/octave, indicating a

concentration of noise power in the beam look directicn. In contrast,

the noise gain values for the LF array all lie below the ideal value,

indicating a concentration of noise power in a direction other than

the beam look direction., Furthermore, the iucrease in the slope between
the half &nd the full apertures, provides further evidence of array dis-
tortion resulting from the addition of the last half of the array,

since array distortion increases the effective noise beamwidth and,
hence, the beam noise power.

(C) The noise gain standard deviations and the coefficients of varia-
tion are plotted in Figure 2,6. In Figure 2.6a, it is seen that for

all apertures, the standard deviations decrease in the order, LF

arrey, MF array, H¥ array. Furthermore, with the exception of the

full aperture on the LF array, the standard deviations show little
dependence on aperture. The plots in Figure 2.6b show that the standard
deviation, as a percentage of the mean, 1s significaently higher than for
the signal gain.

2.3 Array Gain Statistics (U)

(C} The array gain histograms for the full apertures are shown in
Figure 2.7. The ideal array gain of 16.2 dB is the difference be-

tween the ideal signal gain and the ideal ncise gain, 1In all cases,

there are no occurrences of the array gain in excess of the ideal

20 CONFIDENTIAL
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values, indicating that high signal gains did not occur simultaneously
with low noise gains. It is noted, however, from the signal gain and
the noise gain histograms, (Figures 2.1 and 2.4), that these histograms
An themgelves, do not preclude occurrences of large values of array gain.
For example, for the LF array, 152 of the noise gain values are less
than ~-3.5 dB below the ideal, and 12% of the signal gain values are

greater than -3 dB below the ideal.

. {C) The mean array gains are plotted in Figure 2.8 with the ideal array

gain indicated by the discontinuous line segments and the measured values
indicated by the continuous line segments. It is noted that, except for

the full aperture on the HF array, the array gains for both the MF and

" HF arrays are less than those for the LF array. This does not imply that

the performance of these arrays 18 inferior to that of the LF array.
The low values of the array gain on the MF and HF arrays are due to the
high nvise gains, which gre determined by the angular distribution of
the noise power in the beam look direction. Thus, to compare the per-
formance of the different arrays soley on the basis of array gain, it
i8 necessary to examine the change that results as the gperture length

i8 increased. 1In Figure 2.8, it 1s seen that all three arrays show an

increase in array gain as the aperture length is doubled from quarter

to half and the MF and HF arrays continue to show an increase at the
full aperture. For the LF array, however, the array gain at the full
aperture is significantly less than that at the half aperture, being

roughly equal to the value at the quarter aperture, Thus, as is
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expected from the results of Sections 2.2 and 2.3, there is a signifi-
cant degradation in the array gain for the LF array due to the degra-
dationa in both the signal gain and the noise gain,

(C) The standard deviations and the coefficients of variation are

plotted in Figure 2.9. A comparison of the noise gain and the array gain

-standard deviations, (Figures 2.6a and 2.9a) shows that the two sets

of values are nearly ldentical. The difference in the noise gain and
the array gain coefficients of variations, (Figures 2,6b and 2.9b), 1s

due to the larger values of the array gain means.
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III. STATISTICS OF SYSTEM GAIN CONSTITUENTS (U)

(U} The means 4nd standard deviations of the beam signal and noise
are of interest since detecticn decisions are based on these quantities
The standard deviations for the omnli and the cross-correlation co-'
efficientshetween the omni and the beam are also of interest since
these quantities are used to determine the standard deviations of

the system gaing. In particular, from the definition cf the variance

and equation 2.la it follows that,

. 2 a 2
(3.1)  Ggs ™ a5 * Toa’ = 204,4,%, %

where /ga.q’.‘ 18 the cross=~correlation coefficient between

the beam signal and the omni signal. In this chapter, the means and
standard deviations of the constituents are summarized and the
relationship of equation 3.1 i3 investigated. The means and standard
deviations of the signal-to-nolse ratios are plotted in Figures A7& A.8
in the Appendix.

3.1 Beam Signal and Omni Signal (U)

(C) Plots of the gtandsrd devisgtions vs, the means for the owni
signal are illustrated in Figure 3.1, The symbols, +, A and o are
used to denote the full aperture, the half aperture and the quarter
aperture respectively on &ll plots in this chapter. When the puints
are not easily distinguished, no aperture designation is used and
and the value is represented by a point. The lack of dependence on

aperture of both the means and the standard deviations for each array

at each range is apparent, indicating that the 16 hydrophones for

e 27 CONFIDENTIAL
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the quarter aperture are sufficilent to generate an aperture-independent
omni signal statistic, The lower values of the mean omni signal for
the HF/210 Hz array at the medium range and long range data sets can be
attributed to the 10 dB difference in the source level at the 210 Hz
frequency (180 dB//wPa vs. 190 dB//uPa). The source logs also indicate
the 10 dB difference at the short range, although the received omni
signal levels do not reflect this difference.

(¢) The corresponding plot for the beam signal is shown in Figure 3.2.
In these plots the abscissa represents ghe mean of the relative beam

signal defined as

3.2) -Bsn - é.-s 'C'.:;

whe = GSI is the ideal signal gain. Thus, for an ideal planewave
incident on a straight array, BSR should be independent of aperture and
equal to the corresponding omni signal value: Using the relative means,
the degradation in beam signal for oune aperture relative to another

is read as‘the difference between the corresponding mean values., An
inspection of the differeuces in the mean values in Figure 3.2, does

not indicate a range dependence in the beam signal degradation., Further-
more, the standard deviations for each array are very nearly equal at
each range showing no clear dependence or aperture.

(C) The relationship between the standard deviation of the array signal

gain and the fluctuations in the beam and omni signals is investigated

in the plots of Figure 3.3. Figure 3,3a shows the cross~correlation
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coefficients between the beam signal and the omni signal averaged over
range and plotted as a function of aperture. The standard deviations
of the beam signal and the omni signal (also averaged over range) are
plotted in FPigure 3.3b, In Figure 3.3a, it is seen that for the small
apertures the correlation coefficient is very nearly one so that the
signal gain standard deviation 1s approximately given by, (see Equation

3,1 with PoS.BS ™ 1.)
]

a3 oy = [Gay- og,

Thusg, for thg smaller apertures, the value ;f %s is primarily de-
termined by the difference in the standard deviations. At the larger
apertures, the decrease in the correlation.coefficient becomes the domin-
ating factor which 1s most significant on the LF/20Hz array.
3.2 Beam Noise and Omni Noise (U)
(C) Plots of the standard deviations vs. the means for the omni noise
are 1llustrated in Figure 3.4. As was the case for the omni-signal
statistics, the means and standard deviations show almost no dependence
on aperture for each array at each range. HOWevér a comparison of the
clusters of points for the LF/20 Hz and the MF/40 Hz arrays show that
‘the standard deviations increasc when thz mean values increase. ‘This
relationship does not appear to hold for the HF/210 Hz array. A dependence
on the array/frequency combination is also evident in the standard
deviations, with much smaller values occurring for the HF/210 Hz array.

(C) The plots of the beam noise standard deviations vs. the beam noise
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means, defined as the differ-nce between the measured value and the
theoretical value, are shown n ¥igure 3.5, Again, the standard
deviations are approximately constant as a function of aperture with
no clear dependence evident.

{U) The means and standard deviations of both the beam nolse and the
omni noise have also been computed for the total data set. These results

are summarized in Table3.1 and discussed in section 5.1.

LF/20Hz M;;40Hz HF/210Hz 7
Oy (dB) 88.67 91.6; 79.36
0y dB) 7 2.83 1.82 | 71
B, (dB) 87.52 | 92,55 o | 80.06
0 gy (dB) 2,28 2.54 ) 1.19

TABLE 3.1 Mcans and Standard Deviations of Noise Gain Constituents
Averaged Over Aperture, o '
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Iv. STATISTICAL PROPERTIES OF THE INSTANANEOUS CONSTITUENTS (U)

(n

The fluctuations in the constituents of the system gains and hence

ir the gains themselves, dcpend on both the fluctuations in the instan-

taneous constituents and on the particular choice of the averager.
In particular, since the system averager can be viewed as a linear
time~invariant filter, the spectrum of the fluctuations at the output
of any averager can be determined as the multiplication of the instan-~

taneous fluctuations spectrum and the amplitude squared cof the transfer

function for the averager. (Similiariy, the auto-covariance function

can be determined directly by a convolution relationship or indirectly

as the inverse Fourier transform of the output fluctuation spectrum.)

Thus, once the spectrum or the covariance function of the instantaneocus

time series 1is known, the selecticn of the averager can be made to
achieve the desired system function,

Qi)

In thie report, however, we restrict our attention to the 1l2-minute

unweighted averager used in the computation of the system gain con-

stituents. The fluctuations of the instantaneous constituents are

described in terms of coefficients of variation, Vys (section 4.2).
These, together with the correlation times (section 4.4) determine the
coefficlents of variatiqn at the averager output, U, (se;tion 4.6)
according to the relationship |

(4.1) T (ualu 1)2 -V(T/T)

where T is the averaging time and T 1s the equivalent rectangular

correlation time as determined from the covariance function,
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(U) A second application of the fluctuation spectrum occurs when the
signal field at the hydrophone inputs is homogeneous and Gaussian.
Under these conditions, the bandwidth of the fluctuation spectrum of
the instantaneous beam signal is approximately‘equal tc the bandwidth
of the frequency-wavenumber spectrum describing the signal field, 4
This bandwidth in turn determines the extent to which narrowband
processing can be used to reduce the signal-to-noise ratio; a reason-
able criteria is to match the system analysis bandwidth to the band-
width of the frequency-wavenumber spectrum.

(U) To complete the analysis, we investigate the hypothesis that the
acoustic field for both signal and noise is time-stationary and Gaussian.
A direct experimental verification of the Gaussian assumption requires
testing the hypothesis that the quadrature components of the hydrophone
outputs are zerc mean, equal variance Gaussian random processes. An
indirect method used in this report (section 4.2) is to compare the

instantanecus beam output histograms against the exponential distri-

bution since this 1s the expected distribution for time-stationary

‘Gaussian fields.

In this chapter, the quantitative results are presented, The

iomplications and interpretation of these results are discussed in Ch.V.

ASee Saction 5.4.
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4.1 Histograms of the Instantaneous Beam and Omni Time Series (U)

(U) The histograms for the instantaneous beam signal and the beam

noise computed on the long range data set are shown in Figures 4.1 )
and 4.2 respectively. Both sets of histograms exhibit the general
characteriatica of the exponential probability dens.:y with the possible
exception ¢of the LF array beam signal which has an apparent deficiency

in probability mass at the low values, Nevertheless, all time series

passed & ﬂ[z goodness-of-fit test agalnst the exponential distribution

at the 90% level.? The time series for the instantaneous beam signal and

beam noise for the half and quarter apertures were not tested against

the exponential distribution although a comparison of these histograms

(see Figures A.9 and A,10 in the Appendix) stromgly supports the hypo-

thesia, (In fact, the noticable lack of probability mass for small

beam signal values at the full aperture on the LF array 1is even less

apparent at the quarter and half apertures.) Since the exponential

density ies the expected density for the unaveraged beamformer output

when the acoustic field 18 Gaussian and wide sense stationary in tinme,

these resuits support the hypothesis that both the aignal and the noilse

fielde at the hydrophone inpute are Gaussian and stationary over the f

time durstion of the long range data set,

SThe time-geries were first decimated to obtain independent samples.

T
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(U) The histograms for the signal and omni noise are illustrated in
Figures 4.3 and 4.4 respectively. The noise histograms clearly do uot

exhibit the exponential charact< *, since there is no probability mass

at the low values. This result is not inconsistent with the Gaussian

field assumption, however, since the omni noise is derived as the
average of the hydrophonc intensities at the noise freguencies across
the aperture. In fact, one would expect the prubability densities for
the omni noise to be approximately?‘z with an equivalent number of
degrees-of -freedom determined by the statistical dependence of the
‘individual hydrophone intensities.® Extrapolating this reasoning to
the omni-signal histograms in Figure 4.3, suggests that they too mu;
be viewed as approximatelyjéa except with a smaller equivalent number of
degrees-of~freedom since one would expect the hydrophone intensitics for
signal to be more dependent than the hydrophone intensities for noise.
. {U) The histograms for the omni signals and omni noise at all apertures
for the long range data set are collected for comparison and illustrated
in Figures A,1l and A.12 in the Appendix. An examination of the form
of these histograms indicates almost no dependence on aperture.
4,2 Coefficlents of Variation for the Instantancous Beam and Omni
Signals (U)
(U) The coefficlents of variation for the instantaneous beam signals
and the omni signals, averaged over the three data-sets, are plotted in
Figure 4.5. The measured values for the beam signal are connected by
continuous line segments, while broken line segments connect the measurea

values for the omni signal. This convention will be followed throughout

“B1t the individual hydrophone integsities were statistically independent,
the omni noise would be exactly X" T o
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this chapter. Three phenomena are shown in this figure. First, the
coefficients of variation are approximately constant with respect to
aperture for a given array/frequency combination. Second, the coef-
ficients of varifation for the beam signals are higher than those for the
omni signals, reflecting the difference in the coherent averaging used
in the beamforming and the incoherent averaging used in the formation

of the pmni gstatigstics. Third, there is a notable difference between

the values for the HF/210 Hz array and those for the MF/40 Hz array and

R PSTES  m Ht REUS AV ST | TR T sy L

the LF/20 Hz array, indicating less fluctuations in the finstantaneous
aignals at the lower frequencies.

4.3 The Instantaneous Beam Signal Fluctuations Spectra and
- Covariance Functions (U)

(U) In this section, the general character of the beam signal fluctua~
tions spectra aud covariance functiongis described. The summary of the
fluctuation bandwidths and correlation times is contained in the follow-

ing section.

(U) The spectrum of 2 time series of instantaneous power has a
specular component at zero frequency equal to the square of th%'mean
power and a continuous portion representing the distribution in
frequency of the fluctuations about the mean. In this report, the
fluctuations spectrum is defined as the continuous portion of the
total spectrum. It then follows, that the covariance function of the

time series 1s the inverse Fourier transform of the fluctuations
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spectrum, whereas the correlation function is the inverse transform of
the total. spectrum,

(U) The beam signal fluctuation spectrum for the full aperture, MF/40 Hz
artayz is shown in Figure 4.a. The frequency axis for the fluctuations
spectrum is expressed in cycles per hour (cph) on a linear scale with

the maximum value equal to the folding frequency of 89.3 cph. The
continuous curve, which describes the fluctuations spectrum itself,
represents the fluctuations in 4.5 cph analysis bandwidths. For
reference purposes, the specular component due to the mean in the

time series is represented by the point at the zero frequency value.

- The value of the mean, expressed in decibel units, is indicated on the

piot. As scen in Figure 4.6a, the fiuctuations spectrum falls off
rapidly with most of the power concentrated in the first 10 cph. The
bandwidth of this spectrum, as computed using an equivalent rectangular
definition,s i8 5.0 cph.

(C) The cuvariance function for the MF afray as 11lustrated in Figure
4.6b. The time axis is expressed in minutes and the ordinate values
have been normalized by the value of the covariance function at zero

delay. ;Lyidlpp;eg, that the covariance function falls off gradually,

7-'I‘he fluctuations gpectra are estimated as averagegsocf spectra computed

on 13.4 minute tine intervals. The covariance functions are obtained

_as inverse transforms. All spectra and covariance functions illustrated

in this section were computed on the long range dats set.

'8The equivalent rectangulser bandwidth, BW, for a fluctuations apectrum,

S(f), is defined as AW (T o(1){at/i5w;s). The equivalent re :tangular

—raml = —_— By M e o Ve LT - - se f
corvelation tinmg A8 Lnen g4ven vy '« = {abwi
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reaching zero after approximately 9 minutes. The correlation time,

also combuted using an equivalent rectangular definition, is 6.0

minutes.

7

/
(C) The tluctuations spectrum and the covariance functiﬁn for the full

aperture on the HF/210 Hz array are shown in Figure 4.2{ In Figure 4.7a,
it 18 seen that a greater percentage of the power in tﬁe fluctuatious
gspectrum 18 contained near the zero frequency value and that there are
two small broad specular components located at 16 cph and 38 cph. Never-
theless, even though the shape of this spectrum differs somewhat from
that of the MF/40 Hz spectrum, the fluctuation bandwidth of 5,1 cph 1s
only slightly larger. The covariance function for the HF/210 Hz array,
1llustrated in Figure 4.7b, shows more variation in the tails as a

result of the greater specular content in the fluctuations spectrum.

The correlation time of 5.8 minutes, however, is only slightly smaller

‘than for the MF/40 Hz covariance function.

(C) The fluctuations spectrum and the covariance function for the full
aperture, LF/20 Hz array are iliustrated in Figure 4.8. These pluts show
that an even greater percentage of the power in this spectrum is

Tesident near the zero frequency value, resulting in a smsller bandwidth
of 4,4 cph, The larger values of the low frequency components of the
apectrum appear as the plateau in the covariance function causing an

increase in the correlation time to 6.8 minutes,

AR 48 CONFIDENTIAL

[T

A ebia bt =

‘W R b e R Al

o35 Lt ol ok



CONFIDENTIAL

it e gl (O B

+ 115.6 dB (Mean Intensgity dB//uPa)

3]

[«

saf

v

+|

B

L3

——_s v e ee———— T ra——  ama t trm w mme g .

) ' S FREQUENCY CPH - - 89.3 o

F (a) :

. - , . \ . -
A — -~ —— - - - . —— e naare

TIVE  MIN. .. 10.75
. (b)
(C) Figure 4.7(n) Instantaneous Beam Signal Fluctuation Bpecmxm and (b) Normalized

Ca'-:r‘-;n‘" ""‘1“&:‘. !3: 5?42.0 }‘" v'j l!ﬂ‘“l nyvn

T R N S

St s WL

l‘v"‘ SR ‘ 49 CONFIDENTIAL

A vl e bl a S a B Mooy

BTLAR T R R VT




R AT RS

CONFIDENTIAL

- T + 120.1 4B (Mean Intensity dB//uPa)

s e

FREQUENCY CPH - 89.3
{2}
l -

;— . | — U, T L It ’ . —
TIME  WIN, 10.75
(b)

(C‘) Figure 4.8(a) Insiantaneous Beam Signal Fluctuation Spectrum and (b) Normalized
‘ : Cov&rimee ancﬂon for LF/20 Hz Amy (Full Aperturo)

CONFIDENTIAL

s

Bamg S EagY ok BT i)

13-%

i bt 10




24 WERPCHITHRRERE  Gammted o Sttt P T

CONFIDENTIAL

(C) The fluctuations spectra and covariance functions for all apertures
on the long range data set are illustrated in Figures A.13 and A.14 in
the Appendix, The similaricty in the form of both the spectra and the
covariance functions for the different apertures on each array is
evident in these figures. The fluctuations power in the tails of the
spectra 1s slightly larger for the shorter apertures due to the lower
signal-to-noise ratio. In the low frequency region, however, which
contains the significant signal power, there is essentially no
difference for the MF/40Hz and HF/210Hz arrays and only a small

reduction in the spread of the spectrum at the full aperture on

_ the LF/20Hz array. These characteristics are also present in the

spectre and covariance funclions computed om the short range and

medium range data sets.

4.4 The CorrelationTimes for the Instantaneous Signal Gain Con-
stituents.

(C) The correlation times for the beam and omni signals have been
averaged over the three data sets and are plotted in Figure 4.9. As
expected from the form of the covariance functions, the beam signal
correlation times (indicated by the continucus line segments) show

nu dependence on aperture for the MF/20Hz and HF/210Hz arrays and

only a small increase with aperture for the LF/20Hz array. Further-
more, the beam signal correlation times do not show a dramatic decrease
as the transmission frequency increases,as might be expected from

physical consideraticns. A possible explanation for this lack of
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dependence is that the temporal behavior of the reccived signal power
may be strongly influenced by the dynamics of the array deformation
process and these dynamics may differ on the three arrays.

(C) The correlation times for the omni signals are indicated by the
discontinuous line segments in Figure 4,9, These correlation times
show a small increase with aperture on both the LF/20Hz and the
MF/40Hz arrays but are independent of aperture as the HF/210Hz arrays.
Furthermore, the omni signal correlation times are slightlv longer
than the beam signal correlation times. Thus, the effect of the
incoherent summation as compared to the coherent summation used in
beamformingis tobrth reduce the total amount of fluctuations relative

to the mean (see Figure 4.5) and to rcducc the rate at which these
fluctuations occur.
4,5 The Coefficients of Variation for the Averaged Signal Gain
Constituents. 7

~ The coefficlents of variation for the beam signal and the omni
signal at the output of the 12 Qingte averager are illustrated in
Figure 4.10. A comparisorn of these values with the values of the
coefficlents of variation for the instantaneous signal gain constituents
(Figure 4.5), shows that the effect of the 12 minute averaging time has
been to reduce the standard deviation by a factor of approximately 1r37
This result is consistent with equation 4.1 and the observed correlation

times in Figure 4.9,
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4.6 The Coefficients of Variation apd the Correlation Times for the
Noise Gain Constituents. .
The coefficients of variation for both the instantaneous and

the averaged beam and omni noise are illustrated in Figures 4.11 and

4.13. The correlation times are plotted in Figure 4.12. These
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V. DISCUSSION OF THE RESULTS.

*"}f'?‘n?{ﬂiﬁlri?v‘y

(U) The means and stendard deviations of the three system gains and their

beam and omni constituents are summarized in Section 5.1. The histograms
and the temvoral properties of the instantaneous beam and omni time series
are summarized in Section 5.2. In Section 2,4, the implications of the
beam signal temporgl properties for narrowband procesgsing are discussed.
Finally, in Section 2.5, we characterize the relationship between the
spatial and the temporal properties of the results for the three arrays.

{U) The conclusions and the implications for the SEAGUARD/OMAT project

¢

are presentsd in Chapter VI. .

5.1 The System Gains and Their Constituents
(C) The statistics of the system gains and their constituents have been

) measured using a fixed analysis bandwidth (.4Hz) and a fixed averaging
time (12 min.). The dependence of the statisticec on aperture is inves-—
tigated at the quarter aperture {first 16 hydrophones), the half aperture
(first 32 hydrophones) and the full aperture (first 62 hydrophones). 1In
the following, references to slopes of functions of apertures are expressed
as 'per octave" changes where an octave is interpreted as a doubling of

the number of hydrophones in the aperture.

(C) The Mear. System Gains. The observed mean system gains are referred

to ideal values obtained by assuming Hanning shading on a straight array

with a planewave signal and uncorrelated noise. The quantitative results

are as follows:
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‘1. The full aperture signal gains for the HF, MF and LF arrays
are 3.0dB, 4.3d% and 5.3dB belcw the ideal value of 30dB. The
signal gain curves for the HF and MF arrays show a gradual
increase in degradation with aperture whereas the LF curve
‘'shows a dramatic degradailon between the half and the full
apertures.
2. The noige gain curves for both the HF and MF arrays are linear
" 'with the ideal 3dB/octave slope and lie above the ideal curve
by slightly less than 1dB. The noise gain curve for the LF
array lies everywhere below the ideal curve and has a slope
of 4 dB/occtave between the half and full apertures.
3. The full aperture array gains for the HF, MF and LF arrays are
44B, 5dB and 5dB below the ideal value of 16.2dB., The degrada-
tion occurs primarily between the hal{ and full zpertures with
slopes of 1dB/octave, .5dBfoctave and -2dB/octave for the HF,
MF and LF arrays respectively.
{C) The quantitative results for the mean signal gains show the HF array
. Lo be working reasonably well with progressively larger degradations for
the MF and LF arrays, Without measurements of the array dynamics and the
signal coherence, it is not possible to quantify the contribution of eit’ 'r
to the observed degradation. On the other hend, a qualitative explanation
for the contribution of the array dynamics to the signal gain degradation
can be found in a consideration of the configuration of three arrays, the
on-line measurements of the vertical deformations of the LF array and the
location of the subapertures within each array. As a result of the array

configuration, the LF array acts as an 8000 foot drogue on the HF array

tending to straighten it and minimize the degradation due to array deforma-

-tion. On the cther hand, the lack of the drogue on the LF array contributes

to its instability and hence to the degradation in signal gain., This

instability is evidenced by 4 depth gensor measurements which indicate
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that the array tilts upwuard by approximately 350 feet over the front
three-quarters and then drops by approximately 150 fret over the last
quarter. Furthermore, since the subapertures are defined beginning at
the front of each array, these measurements suggest that all apertures
on all arrays can be viewed as segmnents which are approximately linear
with the exception of the full aperture on the LF array which subtends
‘the highly deformed last half. Thus, it is reasonable that the signal
gain curve for the LF array should indicate a censiderably larger
degradation between the halt and full apertures.

(C) The quantitative results for the noise gain emphasize the dependence
of this iw..surement on the character of the noise field in the beam lecok
direction. The large values of noise gain for the MF and HF arrays are
due to 2 concentration of power in the beam Ilook direction at 40 Hz and
210Hz whereas the smaller values for the LF array indicate that at 20Hz
the noise power is concentrated elsewhere. Furthermore, the increase in

the slope between the half and full apertures is additional evidence of
array deformations on the LF array, since deformations of the type described

above increase the effective noise beamwidth and hence increase the noise

gain,
(C) The quantitative regults for the array gain illustrate the short-
comings of using only full aperture measurements as an indicator of array
performance. Had the analysis been based exclusively on the full aperture
' i values of the array gain, the results would indicate that the performance
Efgf the LF and MF arrays is nearly identical and omly slightly below that

of ghg HF array. In rewlity, the low values of the array gain curves fo:
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the HF and MF arrays are due to the high values of the noise gain curves
aud the array gailn degradation is due almost entirely to signal gain
degradation. On the other hand, the arvay gain curve for the LF array
is actually enhanced, relative to the MF and HF curves, by the lower
valucs of the noise gain and the degradation at the full aperture is due
to both signal gain and noise gain degradatiomn.

(U) The Signal Gain Constituents. The means, standard deviations and the

cross-correlation coefficients for the beam signal and the omni signal

have been computed on three range data sets. The time series for both

the beam signal and the omni signal were obtained by expressing the
averaged output in the decibel scale. The beam signal time series has been
derived using a tracking algorithm based on 2 min. averages at the output
of the beamformer (see section 1.2). The omnl signal time series has

been computed as the average of the hydrophone intensities over all of

the phones in each aperture. The quantitative results are as follows:

1. For each array, the omni signal means are clustered within
1 dB of each other for each range dats set with ro apparent
dependence on aperture. The standard deviations for each
array lie within 1dB of each other for all range data sets.
The averages of the standard deviations over both aperture
and range are 3.4d4B, 2,6dB and 2.3dB for ithe HF, MF and LF
arrays respectively.

© -2, For each array, the beam signal standard deviations are
clustered within 1.5dB of each other for all tange data sets
with no apparent dependence on aperture. The averages of the
standard deviations over both aperture and range are 3,7dB,
tre. -2.9dB &nd 2.6dR for the HF, MF and LF arrays.

5 w113, The cross—-correlation coefficients between the beam signal and
the omnl signal are unity for the quarter aperture on all arrays.
,The curves of the cross~correlation coefficients have slopes
that decrease with aperture ylelding full aperture values of

el o 1,98, .95 and .75 for the HF, MF and LF arrays. o e
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(U) The omni signal results imply that the mean hydrophone intensity can
be estimated with as few as 16 hydrophones distributed over one-quarter
of the array. Furthermore, the fluctuations (standard deviations) de not

depend on range even though the mean hydrophone intensity 1s range

dependent.

(U) The fluctuations in the beam signal are also aperture independent and
show only a slightly larger variation across the three range data sets.
Furthermore, the beam signal standard deviations do not exceed the omni
signal standard deviations by more than 1dB, indicating that a coherent
spatial sum (beamforming) does not significantly increase the f uctuations
over an lancoherent spatial sum,

(U) The cross-correlation coefficients for the quarter apertures impiy
that the beam signal and the omni signal time series are essentially
scaled versions of each other. As the aperture length is increased,
however, the cross—correlation ccefficient decreaces and the two time
series become less similar with the largest disparity occurring on the

LF array. Since a cclhierent sum depends on the phase ai the hydrophone
inputs,whereas an incoherent sum does not, this result could be explained
by the larger deformations experienced by cne LF array. It is emphasized,
however, that the relationship between the Leam signal apd the omni-signal
time series 1s dependent on the particular beam tracking algorithm
employed and other algorithms may yield a different relationship.

{C) IherNoise Gain Congtituents. The means and standard deviations of

the beam noise and the omni noise have been computed on each of the three

data seis and also on the comblucd data set. The beam noise 1s defined
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at the same azimuth as the beam signal. Both the beam and omni noise
have been computed as linear power averages over two frequencies, one
on either side of the signal frequency. The omni noise for each aperture
1s computed as an average over the hydrophone intensitigs within that
aperture. The quantitative results are as follows:

1. On each of the component data sets, the omni noise means
are clustered within 1dB of each other and the standard devi-
ations differ by less than ,5dB with no dependence on aperture
evident. The standard deviations for the HF array are essen-
tially equal on all data sets whereas those for the MF and LF
arrays differ by as much as 2dB.

2. For the combined data set, the averages over aperture of the
omnl noise means are 79.4dB, 91.6dB and 88.6dB for the HF,
MF and LF arrays respectively; the standard deviations are .7dB,
1.8dB and 2.8dB in the same order.

3. On the component data sets, the means of the beam noise, referred
' to a single hydrophone, differ by as much 25 2dB for the different
apertures with no clear relationship on aperture size apparent.

A similar disparity is evidenced by the standard devilations
with a maximum difference of 1.5dB.

4. For the combined data set, the means cf the relative beam nolse
ditffer by less than .75dB for the different apertures and
the standrad deviations differ by less than .5dB., The averages
over aperture of the mean beam noise are 80.1dB, 92.5dB and
87.54B for the HF, MF and LF arrays respectively; averages
of the standard deviations are 1.2dB, 2.6dB and 2.2dB in the
same order.

(U) The omni noise results for the component data sets imply that the mean

:noiae can be estimated with as few as 16 hydrophones as was the case for

the oml signal. The fluctuations in the omni noise sl.ow a dependence on

‘the mean for the MF and LF arrays which was not the case for the omni

signal fluctuations.
(U) The beam nolse statistlcs on the component data sets exhibit con-

ably more variation with aperture than un ihe combined data set,
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emphasizing the necesgsity for using large data bases to estimate beam
noise statistics, This requirement 1s a consequence of the fact that,
unlike the beam signal, the beam noise time series is greatly influenced
by the presence or absence of strong noise swurces in the vicinity of

the beam look direction. Furthermore, the variation with aperture of the
gtatistics on the small component data sets can be attributed to the fact
that the beam patterns themselves are aperture-dependent. Thus, a noise
source can be at 2 null in the beam ﬁattern for one aperture and at the
peak of a sidelobe for another aperture causing significant differences
in the two time serles.

(U) The omni noise results for the combined data get show nearly a 104B
increase in the noise field at 20Hz and 40Hz (the LF and MF array fre-
quencies) as compared to the 210Hz HF array frequency. Furthermore, the
noise field is considerable less stable at the lower frequencies as
evidenced by the larger standard deviations., It 1s important to note,
however, that since the omnl noise is computed from the hydrophone inten-
sities, these statistics include the effect of the noise radiated from the
rray tow ship, and thus must be viewed as potentially bissed estimates
of the far field noilse.

(U) Finally, the values of the beam noise means on the combined data set

show that there is considerably more power in the beam look direction at the

two lower frequencies (20Hz and 40Hz). Furthermore, the values of the

standard deviations suggest a greater dependence on the presence or absence
of strong nolse sources in the vicinity of the beam look direction, and hence,

a greater dependence on the dynamics of the shipping distribution at the
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lower frequenciles.

{C) System Gain Standard Deviations. 1 . quantitative results are as

follows:

1. The signal gain standard deviations for the HF, MF and LF arrays
(full aperture) are 1.1dB, .9dB and 1.%dB respectively. The
standard deviation curves are approximately linear with positive

slopes and the common value of .4dB at the quarter aperture for
all arrays.

2, The noise gain standard deviations for the HF, MF and LF
arrays (full aperture) are 1.1dB, 2.1dB and 2.4dB respectively.
The standard deviation curves for the HF and MF arrays do not
show a significant dependence on aperture whereas the LF
curve shows a ,6dB drop at the full aperture.
3, The array gain standard deviations for the HF, MF and LF
arrays (full aperture) arve 1.4dB, 2.4dB and 2.4dB respectively.
With the exception of the full aperture on the HF and MF arrays,
these values are essentially equal to the noise gain values.
(U) The signal gain standard deviations are small relative to the mean
signal gain {less than 77) indicating that estimates of the mean with a
small percentage error can be obtained with relatively small data bases.
The results show, however, that the standard deviations increase with
‘aperture at a faster rate than the mean so that the size of the data
base required to achieve a desired quality estimate increases with
aperture,
(U) The shape of the standard deviation curves can be interpreted in

the light of the fluctuations of the signal gain constituents. At the

quarter aperture on all arrays, both the beam signal and the omni signal

are completely correlated so that the signal gain fluctuations are due

4o the difference in the fluctuations between the beaw signal and the

opai ..gnzl., At the larger apertures, however, the beam signal and the
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omni signal become less correlated and the signal gain fluctuations
increase even though the constituent fluctuations do not. Thus, the
larger fluctuations in the signal gain for the LF array can be attributed
to the smaller values of the cross-correlation coefficieant.

(U) Both the noise gain and the array gailn standard deviations are much
larger,relative to the mean,indicating that larger data bases are required
to achieve the same percentage error. This can be attributed to the
larger data bases required to estimate the mean beam noise, as discussed
in the preceeding section. It is noted, however, that in contrast to the
sign-1 gain results, the noise gain and the array gain fluctuations,as

a percentage of the mean,decrease with aperture, indicating that the quality
of the estimate increases with aperture size.

5.2 The Instantaneous Signal Gain Constituents.

" (U} The results described in the preceeding section were obtained from

the time series of the averaged system gain constituents expressed in a
logrithmic (decibel) scale. In the remainder of this chapter, we interpret
the results ohtained from the instantaneous (unaveraged) coustituents
expressed in a linear scale.

(C) The Instantaneous Beam Signal.

“{C) The salient features of the quantative results are discussed in
the following paragraphs. The implications of the temporal results
*rare discussed in sections 5.4 aud 5.5.

1. The beam signal histograms exhibit the form of the exponential
density for all apertures on all arrays. The full aperture

i< histograms pass a 2 goodness-of-fit test against the

. exponential density at the 90% level.

P
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2. The coefficients of variation for the instantaneous beam signal
" are independent of aperture on the HF and MF arrays and
show a slight decreage aL the full aperture on the LF array.
The full aperture wvalues are 1.0, 0.85 and 0.80 for the HF,
MF and LF arrays respectively.

3. The beam signal covariance functions, normalized to unit
variance, are independent of aperture on the HF and MF arrays
and show a slight increase in time spread with increasing aperture
on the LF array. The correlation times for all apertures on
the HF and MF arrays are 5.8 min and 6.9 minutes respectively.
The correlation times for the LF array increase from 6.4 minutes
at the quarter aperture to 7.9 minutes at the full aperture,

4. The coefficients of variation of the averaged beam signal are
essentially independent of aperture and equal to .63, .57
and .55 for the HF, MF and LF arrays respectively.
The exponential character of the histograms supports the hypothesis that

the signal field at the hydrophone inputs is Gaussian and stationary. The

_Gaussian assumption 1is usually justified on physical grounds by viewing

the propagation as & wultipath phencomenon in which the receptions associ-~
ated with each path are statistically independent. With this viewpoint

in mind, it is not surprising that the histograms are aperture-independent
since, 1f the inputs to some hydrophones in the array are Gaussian, then
it is likely that the inputs to all hydrophones in the array are Gaussian.
In this regard, however, it has been noted, (Section 4.1), that the histo-

gram for the full aperture on the LF array bears the least resemblence

to the exponential density. A possible explanation for this disparity is

that the vertical deformations experienced by the LF array place some of
the hydrophones in the last half of the array in a region with a different

sound speed and hence a different acoustical character,

(U) The coefficients of variation for the instantaneous beam signal indicate

that the fluctuations (the standard deviations) are approximately equal
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to the mean and thus increase with aperture as the wean beam signal
increases., Similariy, the coefficlents of variation for the averaged
beam signal imply that its “luctuations also increase with aperture as

the mean increases. This result is consistent with the lack of dependence
on aperture of the fluctuations in thelogarithmic beam signal discussed

in section 5.2b.

{(U) A comparison of the coefficients of variation for the instantaneous
with those of the averaged beam signal shows that the effect of the

12 min, averaging time has been to reduce the fluctuatious by the

factor‘s71' where 2° is the correlation time and T is the averaging time.

- This result is a consequence of the definition of the correlation time

as a measure of the equivaleant rectangular spread of the covariance
function. Thus, the factor{!?f?n can be used to predict the effect of
the averaging time,provided T is significantly larger than T

In this regard, the correlation time can be viewed as the time separating
independent values in the beam signal time series.

(U) To conclude the discussion,we point out that had the correlation
times been apertur¢-dependent, then both the coefficienis of variation at
the averager output and the standard deviations for the logrithmic beam
signal would be aperture-dependent. 'Thus, the lack of dependence on
aperturelof the logarithmic beam signal fluctuations can be explained as

follows. Multipath propagation gives rise to a homogeneous Gaussian

. field at the hydrophone inputs, This implies an exponential density at

the beamformer output at all apertures with a coefficient of varaitiocn
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equal to one. Furthermore, the signal field at the hydrophone inputs
is such that its spatial and temporal properties are seperable (see

section 5.4) with the result that the correlation times and hence the
’ratio‘fﬁ?7i:‘ is aperture-independent. These results together insure

that the coefficilents of variation for the averaged beam signal are

aperture-independent. Finally, thelogarithmic transformation between

linear power and decibel power converts the aperture independence of
the coefficients of wvariation into an aperture independence of the

standard deviations.

(C) The Instantaneous Omni Signal

The quar itative results are as follows:

1, The form of the omni signal histograms is independent of
' aperture on the HF and MF arrays and only slightly
dependent on the LF array. o ‘

2. The coefficlents of variation for the Instantaacous omn’
signal are independent of aperture on the HF aand MF
arrays and show a siight decrease with aperture on the
LF array. The full aperture vaiues are 1.02, .72 and
.62 for the HF, MF and LF arxays respectively,

ud

The correlation times are equal to 6 minutes for all
apertures on the HF array and increase from 7 minutes

at the quarter aperture to 8.5 minutes at the full aperture
¢n both the MF and HF arrays.

4. The coefficients of variation for the averaged omni signal

" “are independent of aperture on the HF and MF arrays and
show a slight decrease at thke full aperture on the LF array.
The full aperture values are .63, .52, and .48 for the HF,
MF, and LF arrays respectively.

(U) The LF array histograms differ from the exponential density as a
resuylt of a deficlency in prchbability manss for the low values of the omni

- signal. This deficiency 1s less apparent on the MF array histograms and
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the form of the HF array histograms is nearly identical co the exponen-
tial density. These results are consistent with the Gaussian signal
field assumption since this assumption implies that the omni signal

can be viewed as a sum of mutually dependent exponential random vaviables.
Hence, the probability demsity should be approximately 'X2 with the
number of degrees of freedom determined by the mutual dependence of the
individual hydrophone intensities. Thus, the desparity between the
observed histograms and the exponential density, that increases in

the order HF array, MF array, LF array, can be interpreted as a

decrease in the mutual dependence of the individuzl hydrophone

intensities in the same order. %
{(Ls The omni signal coefficients of variation express the fluctuations

ip the incoherent spatial average relative to the mean. For the LF and
MF arrays, the coeificients of variation for the omni signal are lower
than those for the beam signal, indicating that the coherent spatial
averaging (beamfcrming) resulted in larger relacive fluctuations than

the incoherent spatial averaging. On tne other hand, for the HF array,

both the omni signal and the beam signal coefficients of variation are

"approximately equal, indicating that 1incoherent spatial averaging has not

significantly decreased the‘relative flucts ‘3. A similar statement ;
applies to the comparison o: the beam sign: . and the omni signal cor- ‘
relation times. Specifically, the correlation times for the incoherent

spatial average are longer than those for the coherent spatial average

on the LF and MF arrays and gpproximately equal on the HF array.

RN
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(U) Finally it is noted that, as was the case for the beam signal, the

omni signal coefficients of variation imply that the fluctuations in the

S R e

omnil signal increase with aperture at nearly the same rate as the means.
In contrast to the beam signal, however, the omni signal fluctuations

do not increase with aperture since the means do not increase with

[P

aperture. Thus, it is the lack of depandence on aperture of the coeffi-
cients of variation, rather than the fluctuations themselves, that results

in aperture-independent fluctuations i{n the logarithmic time series discussed

in section 5.1.

5.3 The Instantaneous Nois=2 Gain Constituents.

(U) The instantaneocus beam noise and omni noise were defined at a single

s e

- frequency, l.6Hz, below the signal frequency, in contrast to the loga-

rithmic noise gain constituents which were defined as the average over

two frequency bins. The intent of the single frequency definition
has been to compare the temporal character of the beam noise with the
beam signal to measure the extent to which averaging reduces the
fluctuations in the noise relative to the signal,

(CY The Instantaneous Beam Noise,

The quantitative results are as follows:

1, The beam noise histograms for the long range date set exnibit
the form of the exponential density for all apertures on all
arrays., The full aperture histograms pass a e goodness-of~
fit test against the exponential demsity at the 907 level.

i 2. The coefficients of variation for the beam noise are equal

' o to unity for all apertures on the HF array, vary between 1.2
and 1.6 on the MF array and vary between 1.8 and 2.8 on

‘the LF array. Ne¢ clear relaticnship to aperture is evident
for the MF and LF arrays,
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3. The beam noise correlation times differ by less than 30
seconds at all apertures for the HF and LF arrays with
average values of 6.7 minutes and 1.4 minutes respective-
ly. The correlation times for the MF array lie between
2.4 minutes and 4.0 minutes with a full aperture value
of 2.9 minutes.

4. The coefficients of variation for the averaged beam noise
differ by less the 0.2 at the different apertures on each
array. The averages over aperture are 0.27, 0.71 and
0.58 for the HF, MF and LF arrays respectively.

(U) The interpretation of the beam noise results is more complicated
than for the beam signal since the beam noise depends not only on the
acoustic propagation properties but on the dynamics of the shipping
distribution in the beam look direction as well. In particular,
although the hydrophone noise inputs may be Gaussian as a consequence
of multipath propagation, the expected value of the noise power as
seen on a particular beam may not be constant due to a time-varying
mean shipping density in the beam look direction. If this is the
case, the beam noise field can be viewed as Gaussian but not weakly
stationary with the result that the probability density of the beam
noise power is no longer exponential. On the other hand, if the mean
shipping density in the beam look direction is time-independent, then
the beam noise field should be both Gaussian and weakly stationary,

resulting in an exponentially probability density for the beam noise

power.

~ (U) The quantitative results for the instantaneous beam noise power

support both points of view., The form of the histograms together

o
with the ?ﬁ'goodness-of-fit tests suggest that thcre are perlods of
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time when the mearn shipping density can be considered constant, giving
rise to the exponential probability density. On the other hand, the
coefficlents of variation for the LF and MF arrays, which were computed
on the combined data set, indicate larger fluctuations than predicted

by the expoirential density. An examination of the time series of beam
noisc power vs. azimuth shows that the larger fluctuations result

trom strong nolse sources which traverse the noise beam. Thus, the
quantitative results suggest that at the lower frequencies, the beam
noisc field can be viewed as Gaussian and weakly-stationary only during
those periods when no strong noise sources are present, In contrast, the
coefficients of variation for the HF array are approximately equal

to unity, the value corresponding to the exponential density, suggesting
that at the 210 Hz frequency, the beam noise 1s effecied less by oc. ssional
strong noise sources.

(U) The beam noise correlation times together with the beam signal
correlation times determine the extent to which averaging can recuce the
fluctuations of the noise relative to the signal. 1In particular, since
averagers with THA®Preduce the fluctuations by m—?‘, the ratio of the
noise fluctuations to the signal fluctuations at the averager ocutput can

be written as

(5.1) ("BNA,/Wgﬁn.) v (TaN: / B3A )V'?u /Ts

where the subscriprts "a'" and "i{" denote averaged and instantaneous quan- .
tities respectively, If, in addition, the instantaneous beam fluctuations

are equal to the mean values, as 1s predicted from the exponential
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density, then equation (5.1) can be rewritten as
5.2) (Sons ! SBsi) = Von/Ts 7 (5/N)o
where (S/N)0 is the signal—fo-nojse ratio at the beamformer output. In

elther case, the averager can reduce the fluctuations by no more than the

factor \"l- /T . For the full aperture on the HF, MF and LF arrays
N S
these factors are .35, .66 and .42 respectively,

(C) The instantaneous Omni Noise.

The quantitative results are:

1. The form of the omni noise histograms is independent of
aperture on cach array.

2. The coefficients of variation for the instantaneous onmi
noise are independent of aperture and equal to 0.6 on both

~ -7 the HF and MF arrays and lie between 2.0 and 2.6 on the LF
array.
. 3. The correlation times are approximately cequal to 0.9 minutes

for all apertures on the HF array, increase with aperture
from 1.8 to 2.5 wminut»s on the MF array and fron 1.2 to 1.6
minutes on the LF array.

4. The coefficients of variation for the averaged omni nolse are
independent of aperture on the HF and MK arrays with fuil
aperture values of .17 and .22 respectively and vary between
.43 and .53 on the LF array.

(U) The omni noise histograms show a greater deficiency in probability
mass at the small values than do the omui signal histcgrams. 1In
accerdauce with the discussion of the omni signal »f:-ograms, this
difference can be interpreted as a larger equiva..- ., degrees~of-freedom

for the omni noice than for the omni signal, implying that the hydrophone

' noise intensitles across the aperture exhibit less statistical dependence

than the hydrophone signal intensities.
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(U) The omni noise coefficients of variation and correlation times do
not show a consistent relationship to their beam nolse counterparts as
do those for the omni signal and the beam gigna’. This is not unreason-

able since the beam noise statistics are determined by only that portion

“of the total noise field in the beam look direction, whereas the beam

signal statfistics are determined by the total signal field.

S.4 Implications of the Beam Signal Temporal Results for System Analysis
Bandwidths.

() The signal-to-noise ratio at the output of a beamformer is determined
by both the array length and the system analysis bandwidth, The system

averaging time determines the extent to which the fluctuations in the

noise are reduced relative to those in the signal. If the array length

is swall relative to the coherence length of the signal field, then the
signal field can be viewed as a time-varying planewave incident on the
array. Thus, for short arrays, the effect of aperture length can be
considered scparately from the effect of the temporal system parameters:
analys!s bandwidth and averaging time. For longer arrays, however, the
effects of array length and the two temporal parameters may be inter-
related. For example, increasing the array length may alter the fre~
quency spread of the signal field at the hydrophone inputs, hereafter
referred to as the array signal bandwidth, and thus change the effect
of the system analysis bandwidth on the sigral-to-noise ratio.
Furthermore, the change in the array signai bandwidth relative to the
system analysis bandwidth, can alter the correlation time of the beam

signal and thus effect the extent to which the signal fluctuations are
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- reduced by averaging. Thus, in general, to predict the effect of the

B

temporal system parameters on performance, it is necessary to determine
the array signal bandwidth for those aparture lengths under consideration. :

In this section, the observed temporal properties are used to provide 3

1o A P AT v
»

estimates of the array signal bandwidth at the different apertures. 1In

the next section, the lack of dependence of the results on aperture is

s g art e
1

discussed in rerms of the hydrophone input spectrum.
(U) To provide the thecretical background for the interpretation of the

observed results, we first relate both the mean beam signal and its fluctua-

L S R

tion spectrum to the signal field at the hydrophone inputs. To this end,

let B(pT: ek ,f) be the beam signal time series in the frequency-azimuth resol-

o r——y

vtion cell specified by (e ,f) where %= (f/c) sin® and '1[‘_1 is the

sampling rate which is assumed to be large enough so that aliasing can

be neglected, Next, let Pl(o(,f) denote the spectrum of the hydrophone
inputs, defined as the two-Jdimensional discrete fourier transform of the
hydrophone correlation function, Let PK(Ct) and PF(f ) denote the array/
processor "wavenumber" and "frequency' windows respectivelv, defiuned as

the magnitude squared of the Fourier Transforms of the spatial and

| temporal weighting coefficients respectively. Thus, PK(d) and PF(f) char-

acterize the aperture length and the analysis bandwidth of the array/processor

TN

. cowbination. In particular, if the array is not deformed, the response of

the system to a planewave input at frequency fo and wavenumber projection
d‘l(fo/c) sin@, is PK(Q(- %)Pp(f-fo).

(U} Witk the notziion at hand; the mesn of the beam signal time series
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can be expressed as {terated convolution integrals .
. 1/2a
G52 BlpTyw,$) = [ Pelf-#) By« ') df' .
=1/ an
with
1/2d
(5.3b) Pop (s, f) = j Pelat-a') P, §) d o
-1/ed

-1
where d is the hydrophone spacing and & 1s the hydrophone sampling rate.
The spectrum P (e, §) describes the signal field at the hydrophone iaputs
as seen by the finite aperture array through the wavenumber windew PK( dd ;.

It is the relationship between the bandwidth of POD(cl,f-), the array

~signal bandwidthyand the bandwidth of PF(f), the analysis bandwidth,

that determines the effect of the analysis bandwidth on the mean beam

signal, and hence, the signal-to-noise ratio. -
(U} WNext, if 1t is assumed that the signal field is Gaussian, then it

can be shown that the beam signal fluctuation spectruynm, SB(Q i, F),

can be expressed as a correlation integral

/AT

. ) ]
i, F)sLivia,fidy

s.4a Splvie,f) = Swiver

“1/2T

.40)  Sp(vief)e Pe(w)Ryp (e, vef)

and "¢ " is the frequency varfesble associated with the beam signal time
series, The spectrum Sb(\) ;ed, f) can be interpreted as the spectrum of
the "complex bean” in the frequency-azimuth resolution cell (of ,f) which,

according to equation (5.4b)’ can be viewed as the spectrum at the output
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. of a filter with power transfer function PF(f> and input spectrum POD(d ).
Equation (5.4a) then accounts for the "magnitude squaring'" operation
which is used to obtain the beam signal power from t. = ~omplex beam signal.

(U) Equation 5.4 provides the basis for estimating the array signal

WS TR A AT HER YOS

bandwidth from the temporal characteristics of the beam signal. For the
analysis bandwidth of 0.4Hz used in the computations, which is large
Tclative to the array signal bandwidthsy the effect of the frequency window

in equation 5.4 can be neglected)so that the fluctuations spectrum is

approximately given by

5.5) Sp(v;e,f)= X
o770 3
Let BF be the equivalent rectangular bandwidth of the fluctuations spectrum

/2T
Poptet, v tv') Bypla, v') dp’

defined by
.60 Bp = @) seiviet,#)dv) 7/ Sple; w.f )

e e Tt Y o

For mathematical convenience define the "effective'" array signal bandwidth
of POD(GL, f) by 2
X
5.7 Bgp= @) §Pplevddv ]/ [ Rob (e 0) dv ] /

Then using equations (5.5), (5.6) and (5.7), it can be concluded that

L R = B

{C) According to the above analysis, the effect of the analysis bandwidth

on the mean beam signal depernds on the array signal bandwidth through the
corrvelation integral in equation (5.3a) and this bandwidth can be equated to
the bandwidth of the fluctuations spectrum. Thus, to interpret the ohserved
results in the context of this analysis, we first restate the observed
temporal. properties, (see Section 5.2), in terms of the fluctuations

'
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spectrum:

The form of the fluctuations specturm is independent of

aperture for the HF and MF arrays and exhibits a sligh*

decrease in spread af the full aperture on the LF array.

The fluctuations bandwidths for all apertures on the HF

‘and MF arrays are 1.4 mHz and 1.2 mHz respectively.

The fluctuations bandwidths for the LF array decrease

from 1.3 mHz at the quarter aperture tol.lmHz at the

full aperture.
(C) There are two important features in the observed results, the numerical
values of the tluctuations bandwidths themselves and the lack of dependence
of the fluctuations specturm on aperture. In this section we discuss the
implications of the values of the bandwidths, deferring the discussion

of the aperture independence to the next section. From the convolution

relationship of equation (5.3) it can be concluded that the mean beam

-

. ~ 3
if B >»B__ .where B, is the systeun

signal increases in proportion to BA A oD A

analysis bandwidth. Thus, for uncorrelated noige, the observed fluctuations
bandwidths suggest that the signal-to-noise ratio could be improved by at
least 20dB over that observed in the actual processing hefore the array
signal bandwidth becomes a limiting factor. It is important to point out,
however, that this inference is predicated on results obtained using a
particular beam signal tracking algorithm and stable sources at near
constant tow speeds and thus, should be viewed as upper bounds in predicting
performance in tactical operating environments.

5.5 An Interpretation of the Apercure Dependence of the Tempoural Results.
(U) The quantative results have indicated that the fluctuatious spectra

for both the HF and MF arrays depend on aperture only through a mtltiplicative

constant, vhile the fluctuations spectra for the LF array show only a smgll
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reduction in sprecd at the full aperture. For the large apalysis band-
width used in the data analysis, equation 5.4 applies, indicating that

the fluctuations spectrum is determined by the frequency spread in the
spectrum POD(cL ,f).. Thus, to interpret the quantitative results, it

is necessary to examine the conditions for which the convolution jntegral
of equation 5.3b yields a spectrum whose frequency behavior Is independent
of the spread ¢f the aperture window PK(c& ). 1In this section we consider
three sets of conditions, each of which results in a fluctuations spectrum,
that is independent of aperture.

(U) The first two cases are obtailned by restricting the length of the
aperture relative to the coherence length of the input spectrum PI(ok,f).
Short Arra” Assume that the length of the aperture is short relavive to
the coherence length associated with PI(ot,f). Then it can be shown that

the mean beam signal is approximately given by,

n

.8 BlpTimd) 3 Pl (S Pe(4- ") Sptf)df)

and the fluctuations spectrum 1is

ggl(vist)
o % [Pt} (§S(veo £ )L (0 o f )d V)

wvhere
5.90) SY(vief) = Pe(v)Splv+f)
and SI (f) i8 the frequency spectrum of an individual hydrophone.

(U) The short array case is intuitively plausible since the short array
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assumption implies that the combined effect of the signal field incicent
on the possibly deformed array can be viewed as a planewave incidert on
a straignt array. Thus, the wean beam sigral increases as the square
‘of the aperture as dictated by PK(GQ )y and the temporal characteristics
of the beam signal are determined by the tewporal characteristics of

a single hydrophone.

‘(U) The next case represents the octher extreme,

‘LQng Array Assume that the length of the aperture is long relative to
the coherence length assoclated with PI(ci .f). Then it can be shown that
the mean beam signal and the fluctuation spectrum are given by egquations
that are identical to (5.8) and (5.9) with S,(f) replaced uy P (sl , )

and P, (=) replaced by R (0), where
K K

ad
R‘(Q) - S PK(“)J*

(5.10) -vad

In the long array case, the mean beam signal increases in propoertion

to the aperture as dicctated by RK(O). Thus from the point of view of

~ beamforming, the signal field appears to be completely uncorrelated across

the aperture, and thus the temporal properties are determined from .he

spectrum describing the aggregate of hydrophones.

(U) The final case is obtained by restricting the form of the inmput

spectyrum PI(at,f).

Separabie Input Spectrum

Assume that the ipput spectrum can be factoregd

into a product of the form

(5.11) Px(o‘,f ) = —PID(“) SI ('i'-)
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Then it can be shown that the mea: beam signal can be written as the pro-

duct
(5.122) BlpTsenf ) v Ry (4) (§Petb-F)Seth)olt’)

where

(s.125) Py (at) = SPK("‘“')PID(J')JJ.‘

and the fluctuation spectrum is given by equation (5.9) with PK(¢0
replaced by POK( ol ).

(U) The separable input spectrum case differs from thz previous cuses
in that it applies for all aperture sizes. Thus, an array with a
geparable input spectrum may also exhibit short array or long array pro-
perties depending on the relationship between the aperture size and the
coherence length. From a physical point of view, the separable input
spectrum assumption implies that the incident signal field need not be
viewed as a planewave but that the temporal properties of the aggregate
of hydrophones must be the same as those for the single hydrophone.

(U) The three special cases have a common property that simplifies the
relationship between system performance and the selection of the three
basic system parameters: array length, analysis bandwidth and averaging
time, Specifically, in each case, both the mean and the fluctuations
spectrum can be written as a product of two functions, one that depends
only on aperture size and one that depends only on the analysis band-
width. Thus, for theae cases, the effect of the analysis bandwidth and the

aperture size on the signal gain can be considered separately, and the
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effect of the averaging time, although dependent on the analysis band-
width, does not depend on the aperture sgize.

(U) To interpret the quantitative results, it is necessary to characterize
the aperture dependence of both the mean beam signal and the fluctuations
spectrum for each array. The aperture dependence of the mear beam
signal can be investigated in terms of the mean signal gain since the
cbserved mean omnl signal is independent of aperture. The fluctuations
spectrum was measured only at the quarter, half, and full apertures so
that a direct comparison of the temporal properties of the beam sisnal
and the single hydroplone is not possible.

(C) Of the three arrays, the HF array is the only array whose properties
approximate those of the shorc array. The signal gain curve indicates that
the mean beam signal increases with aperture at nearly the ideal rate

and the beam signal fluctuations spectra are aperture-independent.
Furthermore, the results of section 5.2 suggest that the incident signal
hydrophone intensities are highly correlated across the full aperture
which is consistent with the short array assumption. Additional evidence
in gupport of the short array assumption is provided by the near equality
of the beam signal and the omni signal fluctuations bandwidths and the
almost perfect correlation between the beam signal and the ommni signal
logarithmic time series,

(C) The MF array results shows a greater departure from the short array

properties since the signal gain curve indicates a larger degradation in

' the mean beam signal with aperture. On the other hand, the observed
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fluctuation spectra show essentially no dependence on aperture, indicating
that at least over the quarter, half and full apertures, the MF array

¥ ) properties are consistent with those of a seperable input spectrum

% array. As compared to the HF array results, however, there is less

¥

¥

similarity between the beam signal and the omni signal temporal properties

i

and the omnl signal histograms are indicative of less correlation in the
hydrophone intensities across the aperture.

] (C) The LF array results show a smell decrease in the fluctuations

t bandwidth as the aperture is increased and thus, strictly speaking,

the LF array cannot be viewed as a separable input spectrum array over

the full range of apertures. On the other hand, the signal gain curve

} indicates that the mean beam signal is approximately that of a short

. array between the quarter and half apertures, and similar to that of a

long array between the half and the full apertures. Thus, the LF array

.

results show that there is not a major inter-dependence between the
spatial properties, as measured by the mean beam signal, and the tem-
poral properties. as measured by rhe fluctuatiops spectrum, as the

A aperture size is varied from a short aperture to a long aperture. Thus,

for the LF array, as well as the MF and HF arrays, the results show that

Lol

the effects of analysis bandwidth and averaging time are essentiaglly

independent of aperture,
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VI. CONCLUSIONS AND IMPLICATIONS FOR SEAGUARD

(C) The objective of this analysis has been to obtain quantitative
statistical results from a large aperture system to provide an experi-
mental basis for the design of the OMAT array/processing system

and future experiments to be conducted uﬁder the SEAGUARD program.

The details of the quantitative results have been summarized and
discussed 1n the preceeding sections of this chapter. The major results
of the analysis are as follows:

The spatial and temporal signal statistics for the HF array
approximate those of an array that is short relative to rhe
coherence length of the signal fileld at the hydrophcone inputs.
The signal gain shows only a modest degradation with increasing
aperture while the temporal statistics are independent of
aperture. The fluctuations bandwidths imply that the array
signal bandwidth is 1.44 mHz, indicating that the temporzl
variations in the signal field and the array dynamics do not
significnatly limit the ability to enhance the signal-to-noise
ratio through narrowband processing. The beam signal histo-~
grams are exponen-ial at all apertures in support of the Gaussian,
time-stationary, signal field hypothesis and the coefficients
of variation show that the fluctuations in the beam signal

are approximately equal to the mean. The 5.8 minute correla-
tion times indicates that the effect of the 12 minute averaging
time used in the analysis is to reduce the cecefficients, of
variation and hence the fluctuations in the beam signal by
approximately 2 * .

The signal results for the MF array are simlliar to those of
the HF array although the signal gain curve shows a slightly
larger degradation with increasing aperture. The temporal
statistics are aperture independent with essentially the same
values for the fluctuations bandwidths and the correlation
times.

The signal results for the LF array show a significant degra-
dation in the signal gain with less than a 3dB increase between
the half and full apertures. Depth sensor measurements

along the array suggest that this degradation may be due

to array deformations that occur in the last half of the
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array. The temporal statistics, however show only a modest
dependence on aperture with fluctuations bandwidth decreasing
from 1.34 mHz at the quarter aperture to 1.07 nHz at the

full aperture. Thus, even though the signal gain curve indi-~
cates a significant reduction in the signal coherence at the
hydrophone inputs, the temporal statistics, and hence the
effect on performance of the rvstem analysis bandwidth and the
averaging time, remain essentialli, independent of aperture.

The noise gain curves for both the HF and MF arrays increase
with aperture at the rate of 3dB/octave and are both nearly
1d8 higher than the theoretical cuive for uncorrelated noise.
As a consequence the array gain curves reflect only the
degradation 1in the signal gain and are lower than the theore-
tical array gain curve.

The noise gain curve for the LF array increases by more than
3dB/octave between the half and full apertures. As a con—
sequence, the array gain curve reflects both the signal gain
degradation and the noise gailn degradation and the combined
effect is a reduction in the array gain at the full aperture
over that at the half aperture.

(C) The implications of the results for the SEAGUARD program are

as follows:

The abilitv of the OMAT system to generate the fluctuation
time series of the three system gains simultaneously on the
different subapertures is crucial to a meaningful measure-
ment of array performance. Tiis was seen to be the case in
this analysis of the three arrays. For example, had only
the full aperture values of the array gain been available,
the results would have indicated that the performance of the
LF and MF arrays was nearly 1dentical and only slightly
inferior to that of the HF array.

The ability of the OMAT system to measure the hydrophone
positions is essential to determining the limitations on
performance imposed by the array deformation process. These
measurements were not avallable for this analysis,

The range of analysis bandwidths available in the OMAT system
processor is adequate to determine the potential for signal-
to-noise ratio improvement through narrowband processing as
evidenced by the ubserved array signal bandwidths. The lack
of dependenc: on apertuvte of these bandwidthis implies that
the same improvement will be realized on each of the sub-
apertures in the OMAT system array.
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The range of averaging times avilable in the OMAT system suffices
to determine the extent to which averaging reduces the fluctua-
tions in the noise relative to those in the signal. The observed
correlation times imply that the OMAT fixed-time averager

(5 minutes} would reduce the fluctuations in the noise with lictle
effect on the fluctuations in the signal. Furthermore, the
aperture-independence of the beam signal correlation time implies

that the same effect will be experienced on each of the sub-.
apertures in the OMAT system array.

The sixteen hydrophones allocated for the measurement of both the
omni signal and the omni noise in the OMAT system processor 1is
adequate to obtain an aperture independent statistic as evidenced

by the comparison of the observed means and standards at the
different aperture lengths in the analysis.

The 24 hour data base should suffice for the measurement of the
system galn statistics.

The observed fluctuations (standard
deviations) in the system gains indicate that the signal gain
can be estimated with a relatively small data base, whereas

a large data base is required for both the noise gain and the
arvay gain.

However, the observed increase in the signal gain
fluctuations suggest that at the OMAT system aperture lengths,
it too may require a large data base.
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(U) Figures referred to in the text are illustrated on the following
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(C} Figure A.1 Instantaneous Beam Signal and Noise Medium Range
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(C) Figure A4 Frequency-Azimuth Power Distribution LF Array/20 Hz,
Quarter Aperture 12 Minute Average Medium Range
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DATE:

REPLY TO
ATTN OF:

SUBJECT:

TO:

REF:

UNITED STATES GOVERNMENT

Memorandum
7100-033

26 February 2004

Burton G. Hurdle (Code 7103)

REVIEW OF REF (A) FOR DECLASSIFICATION
Code 1221.1

(a) “A Statistical Analysis of the Performance of a Towed Array System” (U),
Richard M. Heitmeyer, Stephen C. Wales and David T. Deihl, Acoustics
Division, NRL Memo Report 3290, November 1976 (C)

1. Reference (a) describes the result of a Towed Array System based on an on-line analysis of
data recorded during an experiment in November 1974, in the lonian Basin of the
Mediterranean. A three section towed array was employed. The analysis made of the array
gain for three lengths of the array at three different frequencies (20, 40 and 210 Hz), Alsoa
comparison of ambient noise was made. The differences based on aperture length, in array
gain were very small

2. The technology and equipment of reference (a) have long been superseded. The current
value of these papers is historical

3. Based on the above, it is recommended that reference (a) be declassified and released with no

restrictions

CONCUR:

BURTON G. HURDLE
NRL Code 7103
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E.R. Franchi

Date

Superintendent, Acoustics Division
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