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ABRTRACT
~ ’ The fluctuation of the received sound for frequencies of 350, T0O,
1200, and 2400 cps was studied for transmission over flat 60-fathom sand
and 50-fathom sandstone bottoms. The received sound fluctusted over s
range of 50 db. In general, the amplitude distribution wes neither
Gaussian or Rayleigh. No signifieant correlation was found between the
receiving hydrophones which were separated vertieally by 100 or more feet.
The frequency was spread dus to transmissicn and the relative power P is
related to the half spectra width, | t-t.‘ from 350 cps to 2400 cps by

-3
’.bf° f-f.'
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where b = (7.7 + 0.8) X 107 for the sand bettem snd (13.9 + 2.7) X 10
fer the sandstens bottam. Special msasuremsats indicsted ne significant
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INTRODUCTION

— One of the most striking festures of the long-renge shallov-water
prapegation ef sonic frequengiss is the fluetuatien of the received signals.
Vhen & steady single-fyequeney tons is transmitted, the received signal
level vwill vary over a rangs as mueh &8 50-db., A typieal reecord of re-
ceived sound which has bun}!mm i +:u‘cmcm 10':» TR
reprodused in Figure 1. Pihe fluetuation characteristics]were studied te
vield informstion sbout (1) the smplitude distridution functiens, (2) the
eross-correlations between signals received at different hydrophones, and
(3) the sutosorrelations and power spectra of the signal envelopes. The
shallov-weter results presented here are for an almost ideal flat 60-fathem
sand bottom at renges of 10, 15, 20, and 30 kyd for fregquencies of 350,
700, 18200, and 2,400 c/s; end for & 50-fathom nondepositional miocens send-
stons bottom at rangss of 4, 8, 16, and 25 kyds for frequsncies of 700 snd
1200 offs; and, at renges of 4 and 16 kyds for frequencies of 1200 and

‘pm y . R = : vfb s \

FIELD TRANSMISSION MEASURRNENTS PROCEDURE
 The msesuressats vere mAde ever tve fiat and 1avel bettams in Fedruary
and Jwe 1958. Only four hydrophens depths were wsed because the availabls
sutematic date readsr had cnly feur chammels. Ome reeeiviag hydrephons
vas suepended at & depth of 10 feet, ane &t 100 feet, ene at 500 feet, emd
ens &t 10 %0 50 feot frem the Deottam. The sowrce was epereted at 350, T00,
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1200, and 2400 cps. The source frequencies wre controlled by protected
tuning forks. The frequencies are estimated to have remamined comstant to
ens part in ons millien during any given 5.5 minutes. The maximm range
change during 5.5 minutes is estimated to be less than R00 feet for the
data over the sandstone bottoms and less than 50 feet for the data over
the sand bottams. A constant drift would cause & small frequency change
vhich would be undetected by the methed of analysis. A fluectustion of the
drift could cause & small breadening of the power spectra.
Aboard the receiving ship the received sound was filtered by 30 cps
band-pess filters and recorded both on a T-channel magnetic tape recorder,
and on an Bdin G-channel remxrder. The signals on the Edin inked record
wre logarithmically amplified and rectified before recerding. A cepy of
one of these records is shown om Fig.1l. The magnetic-tape recordings
wore linsar and unrectified. Immediately after each long 5.5-minute sigmal,
every reeceiving channel was calibrated. Bathythermegrephs (BT's) were obe
tained at both ends and st intermsdiste points of the transmission paths
to ohtain more Accurate temperature and salinity vs depth dita. These
data were ceambined to ecompute the sound-speed profiles shewn in Pig. R.
This figure should really de 3-dimsnsional graph. The cocordinates for the
sound-speed profiles are shown at the extrems left. The prefiles are
spased horisomtally acecording to their geographic location. The ramge in
nautieal miles is shown along the bdottem. The IT's were not always evealy
spaced; the marks aleng the tap of the graph indicate where 4900 ft/sec
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lined up vhen the profiles were spaced according to the astual distanees.
Soms profiles are dashed to aveid eenfusion vhere the prefiles overlap.
This typieal set of shallow-water sound-speed profiles illustrates the
difficulties of idealizing the ccean. Pigwe 2 exhibits & samevhat systema-
tic change with range. The best method of deeiding what single profile
could represent the transmission path is not apparent. In fact, it seems
liksly that a k-dimsnsional picture would be necessary for precise campu-
taticns because of sound-speed profile changes with time at & given loca-
tion.

The sound-speed profiles for the 50-fathom sandstone area were only
slightly negative. Rough seas and time did not permit the obtaining of
sufficient dats to maks & figure similar to Figure 2.

GIKERAL THEOKY
Seund Pressure Distridutien Functioms
The water dapth for these measuremsnts was (fer the)300 ft'eandstons
vottam, and 360 £t for the sand bottom. Even &t the lowest frequency used,
350 eps, there wre many modes present emd it seensd logical to expest the
elassical Payleigh (newwalined)
t(x)-ig-o' (1)
night agply sines n, the mmber of randem varishbles, could de expected to
be greater tham 10. IBTe X 1s the reseived rect-ESEn-SQUATS pressure empli-
tuds and & is & paremster. The general shape of these distridution eurves




in Pig. 3. A truncated (x 2 o) Geussisn (normal) curve with the same area,
mean, and standard deviation is shown by the dashed curve for comparison.

It will be shown later that the results yield distribution curves that
appear Gaussian rather then Rayleigh, but are in gensral neither. A logical
wvay to present the data in tabular form is in terms of the coefficient of
variation, V; skewness, 33; and kurtosis, l.h-3. The population coefficient

of varistion is defined as
o
V= - 100 , (2)

where 6 and = are the standard deviation and the mean of the population.

The skewness, 3 1.3, & measure of the lack of symmetry, is defined as

8, = my/n, Y/ (3)
uh.ronznndnamth- second and third moments about the mean. The

kurt.uil,l 8,, & measure of peakedness, is defined as

o = m/ny" )
m-biltutmthwntmthm.

The mean, m, of course is the first moment of the distribution function
P(x) abeut the origin or

. :/_:° a(m7/j:°r(x)u. (5)
th

The k' mement of any function P(x) about the mean is simply

5% (xa)® 2x f ® ) (6)
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Using the Rayleigh distribution Eq. (1) in Eqs. (5) and (6) yields

e "/rl/a a i - 0.08623aY/2, (Ts)
.,.(1-%)..o.mso., (™)
o = m 2 o 0630502, (Te)
\ 100 = 52.27% (7e)

a3-2"f7’1/2§"7»"-3[ = 0.63111 , (Te)
(“-"”';
L &:%?—rp- = 3.24509 . (1)

Rote that V, n3|ndl.u, are independent of the value, a, and are constants

characteristic of all Rayleigh distributions. In fact, all Reyleigh curves

can be normalised to & single curve by plotting al/ 2I(x) e .-1/2)‘.
Correspondingly fer the Gaussian distribution, 13 =0 and 8 - 3.

These are not very different from the Rayleigh distribution. The coefficient

of variation for s Gaussism distribution does not have & given valus. A

more striking difference between these two distributioms vouldbocn-s‘a‘”" ‘)/

q,lﬁ’/', vhich is sero for the normal distribution but large for the
Rayleigh; however, ta-mm-u,f/m Justify this elaboratiom.
The following easily dsrivable equations were used for the computations:

2

e’ iel x, , (%) M3

vhere N is the tetal mmber of readings.
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N _2
5-%1&;:\1’!1 oo (8v)
12—'3 X
-3 = N 1=} sziz (8e)
1-1
N l N
R AP R
‘h"i—x 1 ?1—1 1 %—- el Xy < 3m (84)

The results were then used to coapute V, ‘3’ nnd-k-s.

Cross-Correlation
The normeliszed cross-correlation coefficients, r o) Were used to de-~
termine the spatial coherence of the sound field vhere
N N
SR TR Z’: s 2
r - J=1 J=l J=1 (9)
® T, X 2 g e (X a} 7§
\; l;_./ i .00 N 2
L] =2 ' =1 x“) J [ i 7 <J-1 %) )

.dxu udx.dmtbmummituduorth.loundmindmtb

twvo hydrophenes frem which data are being cross-correlated.

Power Spectre

Another charasteristic of the fluctustion is how repidly the signal
changes. Obviously it might be possible to obtain the seme smplitude dis-
tribution for signals vhich changed at fur different retes. The fluctuation
is chiefly csused by the frequency bresdsning of the signal during the
transmission. The sound arriving at long renge fer these many-modes cases
may be considered to beo the sum of & mmiber of components of slightly

s ity




different frequeneies. The fluctuation of the signal envelopes can result
from both the amplitude and the frequency distributiomns. The signal envelope
pover spectra will represent the frequency spreading if the amplitudes for
each fregqusney are almost the sams.

Power spectra were obtoiud‘ )3 by choosing the interval between read-
ings to examine a desired spectral width, and to obtain resolution, and

number of degrees of freedom. Let x,, be the pressure amplitude of the ,jth

J’
value used. To minimize the effects of starting and stopping the data,
change to a variable y about the mean where
X, - m.
o e
The unnormalized autocorrelation l\n(p) which measures the time variebili-

ty in one location is given by

. W
R, =55 Ellp Yi¥ sap (10)

vhere p is the number of lags (an integer) from O to q. The power spectrum
U(h) is computed from

-1
u(h) -% [ln(o) + 1%’)1 R, (1 + cos %>oo- ?} (11)
r

vhere h represents equally spaced integral frequencies between O and q. y
The smoothing or "hanning” function®’> (1 + cosxp/q) is necessary to reduce

the effect of side lcbes in the amalysis. w
The following relationship was used to seleet the reading interval. ,’-
»
9
e T . T I " “.__‘
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There m% equally spaced frequencies at intervals of

1
LEegy (12)

vhere T is the time in seconds hetween the selected data points. The total
spectrum vidth is f = q/.f. The degrees of m.a-,"-’ for initial program
design, are
kegN-2. (13)
T 3

After the spectra are obtained, the number of degrees of freedcm, k' is
calpuuda’3 from

k' = (Z un))?® . (24)
Zu*(n)

Blackman and Tukey utilize the Chi-squares behavior to discuss the precisiom.

RESULTS

Analysis

The magnetic tapes vere read om an automatic data reader at the Naval
Ordnance Laborstory at Corens, Cslifernia. This reader was capsble of
reading varying dc voltages at a total maximm speed of 400 readings per
second when all of its fouwr chamnels were utilised. The Burroughs 205 at
NEL wvas used to compute the frequemcy distribution, cross-correlations, amd
pover spectra inscluded ia this report.
Distridbution Curves

The fregusmcy distribution curves or histogrems were plotted and showed
eonsiderable variability. Some were Gaussian. A fev appeared t0 be more
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more Rayleigh distributed, as shown in Fig. 4. The statistical measures of
curve shape V, a_, and 53-3 are presented in Tables I and II vhich utilisze
four million data points. The coefficient of variation V, sometimes appears
to be msar to the Rayleigh distribution value of 52.27 percent but is
marhedly different from this value for many of the distributioms. It is
alrys large and this indicates large fluctuations in amplitude for signals
regeived at & point. The kurtosis factor, expressed as departure from a
normal distributien by %-3, could be expected to be zero for the Gaussian
distribution and +0.245 for a Rayleigh distribution. This factor has a
negative value for & surprisingly large number of curves.
Cross-Correlation

Sea 'time didmet permit & detailed study of the dependence of cress-
correlation on either vertical or horizontal hydrophons separation. The

regular hydrophone depths of 10, 100, 200, and 5 feet were used. The cross-

ocorrelations aye given in Tables V and VI. Generally the correlations are
small for the hydrophons separstions used.

Any small crosscorrelatiom coefficient can be comsidered to be mathema-
tieally significant beecause about xo" independent determinations are involved.
A correlatien of 0.03 ic significant at the 0.01 lewel. mm-m-u{
30,000 data points are used per data set. Hewever, although the readings
were at every 0.0 seeends, the 30-eps filter bandwidth smeoths the data and
yields an independant valus about every 0.03 second. This results in about
10,000 independent valuss 1in the 5 minute ssmple. The small correlations do
have & physical meaning by showing the definite lack of significant corvela-
tion between sound &t points with & vertical separation ef 100 feet. The
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high correlation shown in Table VI for 2400 cps sound at a range of 16 kyds
is attributed to the probability thlt_ the narrow sound beam was not centered
on the receiving hydrophomes. Corresponding data for Tables II and IV were
discarded.

Fower Spectra

The power spectrum width of the signal envelope could only be gusssed
at first. Readings at every 0.1 second were used to get & speeing of At «
0.05 eps and & spectrum width of f = 5 cps with N = 3000. Equatien (13)
gives k = 59. These first results indicate that most of the energy occurs
at frequencies less than 1 cps, and the resulting X from Equation (14) was
only about 7. For this reason another psss was made with readings st every
0.5 seeond to get Af-0.0le)slmlfn-lepl. This value of ¥ gave only
600 readings in the S-minute sample and yielded k = 11 degrees of freedom;
however, k' was about 20. Por 11 degrees of fraedom, the chi-square analysis
indicates that the spectral values lie in & 6.3-db band sbout the estimated
valus 50 percent of the time. Correspendingly for 20 degrees of freedom, 90
percent of the ebserved values lie in & 4, 6-db dand.

The power spectra of the envelopes are interpreted as & broadening of
the frequency by same process occeurring during the tremsmissien. It will be
shown later that the spectra are symmstrieal about the trensmitted frequeney
and the enveleps spectra are presented on the figures as half-width of the
spectra. Sems typical correlograms 6nd resulting power syectra are presented
in Pigs. 5 t0 12. A valus of ¢ = 100 was used for all caleculsatiens. The
mumummo.xmmunr_-smm




shown by the heavy lines. The results corresponding to readings every 0.5
muuumr_-lmmmummum-. For Pigs. 5
and 6 the sutoscrrelation coefficient never reached sero. Yor Figs. T and 8
the autoeorrelation coefficient for the 0.5 second interval dsta crosses
sero thyee times. VFigs. 9 and 10 were chosen to show the results for & weak
signal that is just comfortably out of the noise. The sutocorrelation
escillates but does not cross sero. The autocorrelation of Fig. 11 has ten
crossings of the zero for the 0.5-second interval data and even two




(our Fogel 2)

crossings for the O.l-second interval data. Consequently both lpoctr%lhuv

& poak for this TOO cps sound near 0.1 ops. PFigure 13 shows another spectrsi
for 1200 cps sound vhich also exhibits a significant peak near 0.1 eps. In
gensral the spectra did not indicate significant peaks and appeared similar
to Figure 14 vhich is a typical example.

All of the spectra were plotted on logarithmic paper. These spectra
Plots generally could be roughly fitted with a straight line for difference
frequencies greater than 0.1 cps. Most of the curves fell off with the
inverse cube of the difference frequency similar to Pigures 6 and 13. Some
curves could be better xwigmm represented by an inverse square dependence
such as Figures 8 and 10 and a few by an inverse fourth power dependence.
It vas found that the spreading varied almost linearly with the frequency
transmitted. For relstive powers, P, less than 530"} the relationship for
these long tomes half-spectra width can be approximated by

r-br°|t-t°|‘3 (15)
MtoiantmmWyInmudrututnMyet
interest in eps.

memmmnit‘nmmuu(ls)umm-mmua
b. There wvas no significant dependence of k on either renge or hydrophome
dopth. The wvalues of b exhibited considersdle variadility whieh eould
cbseure & smaller dependence. The valuss of b were in gemsrel higher for
the sandstens bottom than for the sand bottem. The valus of b for the
sendstons bottem 1o b = (13.9 + 2.7) X 10, The valwe for the sand bottem

ur-(v.v;o..)xu“. ﬁmunmub-(u.lgl.l)xm".
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Bquation (15) 1s not a perfect representation of all the Aats and to
! describe the conditions individually the slightly smoothed power spectrs
data are summarised in Tebles III and IV where the 10-db, £0-dd, and 30-@
down points are tebulated for the analysis with \f = 0.05 cps. Por some
cases, the 30-dd down point could not be determined becsuse of noise. For
these cases the noise level in db is tebulated in place of the spesctra
width at the 30-db down point.
BEAT FREQUENCY SPECTRA

Some data were obtained for the purpose of cheeking the symmetry of the
power spectra. An analysis of the received rignal envelope of course ylelds
spectra which are symetrical about zero. It is possible that the spectra
might not be symmetriceal sbout fo' Scome special measurements were made over

both bottoms to obtain the frequency distribution in a different manner. The
received signal was mixed after receptiom with a slightly displaced frequency
td and recorded. The analysis of the best-frequency envelopes gives the
-ﬁctn centered on fa-to of the received signals. Any sssymmetry will be
M by these beat-frequency spectrs. The amalysis was performed on the
envelops of the beat-frequency signal with the equations of the preceding
sectiom.

The results for two successive S-minute TOO cps tomes ave showm in Pig.
15. boma.mgimﬂnnnluotmm-ﬂnudtblw
envelope. The dashed and dotted curves give the result of analysis ef
the received signal mixed with a T01.15 cps signal and are displaced 1.15
eps for plotting. The dotted curve is the mirror image of the




Ty~

spectra belov 700 eps. It stops, of course, at & frequeacy correspending
to sero in the regular analysis. A cospariscn of the dashed end dotted

best-froguney mmalysis curves indicstes uo significest assjmetry. The
results of the signal enveleps amalysis of & preeeeding signal agrees fairly
well dom 20 . The depertures for frequeneics greater than 1 eps is dus
uﬁMMMt‘mml.lsmmte.

ACKROWLEDGMENTS
The suther wishes to thank Mr. R. J. Bolem, A. Davis, G. 5. Yee, and
M. D. Ward of WEL who were in charge of the receiving equipment, Mr. P. G.
mmmmmmmaumanm, Mr. E. Preedman
of the Naval Ordnance Laborstery at Corons, Califarnia. The data analysis
vas performed by C. B. Porter and 8. V. Perter of MEL.




[
A
v
REFENENCES
b
’ 1. P. G. Hoel, Introdustion to Methemstical Statisties (John Wiley & Sems,

Ine., London, 19M4T).
2. R. B. Blackman and J. W. Tukey Bell System Teh. J. 3], 185-280 (19%8).
3. R. B. Bisckuan snd J. W. Tukey Bell System Tech. J. 3], 485-569 (1958).




Pigure 2
Figure 3

Figure 4
Pigure 5

Figure 6

Pigure T

Figure 8

Pigure $

Pigure 10

Pigure 11

ILLUSTRATIONS

Reproduction of typical inked recordings obtained with a logarith-

mic splifier after rectification of the signal. These records

were obtained for monitoring purpcees at the seme time the magnetic

tape was being recorded.

Sound-speed vs depth profiles for the 60-fathom sand bottom area.

Rayleigh curve compered with a Jaussian curve. Both have unit
area, the same mean, and the saxe standard deviatiom.

Plot showing & good fit to a Rayleigh distribution.
Autocorrelstion function which does not reach sero for 1200 cps
sound.

Melative power vs half-spectrum width camputed from the auto-
corelation function shown on Pig. 5.

Autocorrelation function which :resses sero for 500 msec reading
intervals for 1200 cps sound.

Melative power vs half-spectrum width from the sutocorrelation
function shown on Fig. T. ‘

Autocorrelation functien which oscillates but lies sbove sero.
This is for 350 eps sound at 30 kyds and the signal is sometimes
noise limited.

Relative power v half-spectrum Wath fram sutosorrelstion funstion

shown on Fig. 9. The width is limited by the noise.
Autocorrelation funetion which cecillate sbout zero for TOO cps
sound.




ILLUBTRATIONS (Continued)

Figure 12 Relative power vs half-spectrum width from auto-cerrelation
function shown on Pigure 1). A significant push near 0.1 eps
is apparent. The received signal was well above the noise.

Figure 13 Relative power v half-spesctrum width vhich falls off approxi-
mately inversely as the fourth power of the half-spectrum width
over a range of 50 db.

Pigure 14 Relative power vs half-spectrum width vhich falls off inversely
as the cube of the half-spectrum width over a range of 50 db.

Pigure 15 Relative power vs half-spectrum width for the beat-frequency
analyeis.
Mly.mntbmwﬂdhomuudbynw
between the dashed and dotted curves. The regular envelope
analysis on a precediag signal is shown by the solid line fer
conperisen.
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