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CHAPTER 1

s ON

In order to predict the performance characteristics of an active
sonar in a particular ocean environment one needs a certain amount of
knowledge concerning the nature of the background interference. Since
reverberation is a prime source of interference and since it is also a
random process, the theoretical description must be in terms of co-
variances, joint probability densities and other such probabilistic
quantities. The following sections develop one possible description

of the reverberation in these statistical terms.

Before beginning the detailed description of reverberation it is
advisable to consider briefly the assumptions which are used in this
description. The first is that the reverberation noise can be ade-
quately specified for engineering purposes by knowledge of the covariance
function only. The implication of this assumption is that a knowledge
of the covariance and corresponding power density spectrum is sufficient
for both engineering purposes and investigations of the statistical
nature of the reverberation noise amplitude. The second assumption is
that the properties of the various scattering media present in the ocean
are adequately described by the various experimental results reported in
the literature. Finally, it is assumed that the Fraunhofer diffraction

model used to characterize array patterns and the ray tracing method

for calculation of the geometrical propagation loss are both valid
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approximations for the purposes of the reverberation description. The
next step is to outline the method by which the covariance of the rever-

beration process is obtained.

11. THE COVARIANCE FUNCTION
1. Preliminary Remarks

The primary emphasis in the following sections will be placed on

finding the covariance function resulting from scattering from a deep

scattering layer. The results thus obtained for volume scattering can

then be easily extended to the case of surface and bottom scattering.

The method used to obtain the covariance function may be outlined

i R T S R
ol

as follows:

a. The transmitted signal is first written in terms of

its time and spatial dependence utilizing the Fraunhofer
o Ciffraction model for the array and the geometrical

spreading loss expression from Chapter II.

P
—

b. The interaction of the outbound pressure wave with the

\ individual scatterers is evaluated utilizing the simplest

e o
.y
S

scattering model which will give results consistent with

(j the measured results.

c¢. The returning waves from all scatterers are then summed

—

at the receiving array, after correction for its direc-

i f{ tional characteristics. The result is an equivalent

noise voltage containing certain random parameters.

—
W
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d. The next step involves writing the covariance function
for the reverberation noise voltage, taking the required
statistical averages, and then simplifying the resulting

integrals.

e. The final step is to obtain the Fourier transform of the
covariance function which represents the instantaneous

power density spectrum of the reverberation noise.

During the course of the derivation outlined above certain mathe~
matical difficulties do arise. In order to obtain a useful model these

difficulties must be circumvented by judicious approximations. The most

significant approximation is implicit in the above outline and invnlves

the fact that the reverberation noise is in reality a non-stationary
random process. A non-stationary random process is one for which the
covariance function {s time dependent. In general, such processes are
analytically difficult to treat; however, there is one approximation
which, if justified, greatly reduces the mathematical complexity of the
problem. In particular, if it can be shown that the random waveform in

question, say r(t), can be factored into two parts as
r(t) = g(t) n(t) (1)
in which g(t) is a slowly varying totally deterministic function and

n(t) contains all of the remaining random parameters then the covariance

of r(t) may be obtained as follows. The true covariance is written as
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R (t,7) = r(t) r(t + 7) (2)

in which the horizontal bar indicates a statistical average over all
random parameters in r(t). Using the fact that r(t) is factorizable

the covariance may be written as

R, (¢,7) = §(E) n(0) g(t + 1) at +7) . ()

Since g(t) contains no random parameters it may be brought outside of

the expected value operation and Rn“(t.T) becomes

Rrr(t.*) = g(t) g(t + 7) n(t) n(c + 1) ., (4)

Now, if g(t) is a slowly changing function of time with regard to the

covariance function of n(t) alone, i.e.,

g(t) - gt +7) << a@)? - 7O n(t + 1) (5)

then for a given instant of time, to' the true covariance function is

closely approximated by

: 2
R (¢ .7) = ts(to)J n(t)) nlt_+7) (6)

For the case of active sonar reverberation the approximation of
equation (6) is reasonable provided that the transmitted signal pulse
resolution length is small compared to the propagation range correspond=-
ing to the time ty: The above considerations are shown in the form of

a block diagram of the calculations in Figure I-1.
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2. Propagation loss

The following model which is derived in Chapter II is used to cal-

culate the geometrical spreading loss along a ray path. The loss is

0 PR e e = B BB

given by
: g r 2 cos @
‘. 1 L(Oo) - (7)
£ x| sin ®
: aoo z 1
%‘ where lo is the initial intensity
; r: is a unit distance from the source, usually 1 yd
: i
é t- 00 is the initial ray angle h
3 01 is the final ray angle
: % X is the horizontal distance
!
In addition, with reference to Figure I-2 the following results

for incremental volume and incremental area are noted,

o x i~
2 LV = x 300 : sin Ol AOAOoAb (8)
4 » {

H ox
% A = x ooo MMO 9)
4 _
i =1
1 "

L3
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3. The Scattering Model

The ocean scattering model used in this derivation is made up
of three principal scattering regions as shown in Figure I-3. The dis-
tribution of scatterers on the surface and bottom and within the deep

scattering layer is assumed to be uniform with the following densities:
average number of scatterers per unit bottom area
average number of scatterers per unit surface area

average number of scatterers per unit volume within
the deep scattering layer.

The basic model for the individual scatterers in each region

is described by the following assumptions:

a. An individual scatterer is characterized by a complex

ztjk
magnitude and phase information for the scattered

scattering amplitude, » which contains both the
wave. The subscripts refer to the physical location
of the scatterer.

The expected value of the complex scattering amplitude

is zero:

E [sz -0 (10)

The returning waveforms from two scatterers located
at different points in the ocean are uncorrelated.

Thus
e (2

. Jeo
tjk “lmn” "
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d. Due to the motion of scatterers on both the ocean
surface and within the scattering layer there will
be a Doppler shift associated with each scatterer.
This Doppler shift will be a random variable and
its effect on the returned waveform will be mulei-
plication by a factor of the form

RELFTERIOT

These properties are {llustrated in Figure I-4,

As for the gross effects of the scatterers such as mean
scattered intensity and dependence on angle of incidence, it will be
assumed that these characteristics are suitably accounted for by the
following models:

a. For surface scattering the Chapman and Hnrrts(l)

surface scattering model is used. This model

predicts that the average scattering level is

0
10 log A, = 3.3 B log 5o - 62.2 log B + 2.6

wvhere

1/3}-0.58

158 (v ¢
w

grazing angle in degrees
wind speed in knts
= frequency in cps
A complete description of this model may be found

in reference 1.

(1) Chapman, R. P. and Harris, J. H., "Surface Backscattering Strength
Measured with Explosive Sound Sources." Defense Research Board,
Naval Research Establishment, Canada, NRE Report 62/3. (UNCLASSIFIED)

1-10 Arthur D Aittle I
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The bottom scattering model is given by

10 log A, = = 28 + 10 log sin (grazing angle)

B
+ 10 log sin (scattering angle)

The volume scattering model assumes no dependence
on incident angle and is characterized by a single
constant. For the purposes of calculating pre-
dicted reverberation a mean square scattering

strength of 10.7 per cubic yard was assumed.




4. The Covariance Function

The transmitted signal will have both a temporal and spatial

dependency., In particular, if the velocity excitation applied to each

transducer is
e jang
V(t) =Re [ v(t) e ] (14)

where Re. | indicates the real part of the quantity in brackets, then

the corresponding pressure excitation as seen at some point in the far

I 9 4 e == = 8

o TR A A R ROR S AT NS IR T (RO SR

field of the transducer may be written as
~ ape o x
| p(t, 8, 0,58)= s B B lal
g " R
: x Z exp §(B_ - 5% (L r)] (15)
{ n \ n
¥ n=1
i
. The parameters in equation (25) are
¥
; 0‘. bj. % " observation corrdinates
:
3 : p = density of seawater
i ; | ¢ - Propagation velocity
’ i o * propagation path length
&n = arbitrary phasing of the nth transducer
L o= wavelength
L. unit direction vector
;: = location vector of the nth transducer
a = a constant related to the particular
transducer type
N = number of elements in the transducer

1-13
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Equation (15) represents the result of doing a straightforward Fraun-
hofer diffraction calculation on the particular array in question.

The physical situation is shown in Figure I-5. Equation (15) may be
immediately simplified by noticing that the Fraunhofer diffraction
pattern is independent of the excitation waveform so long as the wave-
form is the same for each element with the exception of phase. In this
case, equation (15) may be written as

s ~
”

= #
L) =V (e - ;ﬁ ) Q (0, 01 xLlg] (16)

p (t, 8. [ i 9

J

N
S e
zexpj[ﬁn-)‘U'rn)]
n=]
and the equation has been generalized to include propagation in a non-
homogeneous medfum by the addition of the loss term LEO,]. One further

generalization allows the consideration of rotating directional trans-

mission in which case equation (16) becomes

s s
- v - -k Q { - ‘ bod -t
‘0 ojn ’k) v (t c ) QT Loi .0 (t c )v aj]

;(K.O

#®
e

x Liojl (17

where 3 is the rate of angular rotation of the beam.

Equation (17) may now be considered as the excitation applied

0., s

i K in which case the returning

to a scattering body located at @

waveform is given by
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2s 2s
? «2 v(-—S)a = - b
P, 0,0, ,8) 2, v(e-—2)qle -0 (-=2) 0]

§ -j2m [fd(uu) +£ O, ojn t

P90 Y e == aw B

1 x Lo ] e (18)
g The last term in equation (18) contains two terms representing two dis-
% tinct types of Doppler shift. The first type, fd(ljk). is the Doppler
§ shift due to the scatterer motion and is a random variable. The second,
% I: fs(O‘. DJ). represents the Doppler due to the motion of the source. In
; i general, fs(Ot. Oj) is of the form

. f v,

5 g fs (Oi. Oj) - 2 fc —| cos 9i cos 0] (19)
é where fc is the carrier frequency and v is the ship velocity.
3

Considering equation (18) as a pressure excitation applied to

s e

the receiving array, the output noise voltage as seen at the receiver

input may be written as

2s 2s
5 R S v (e ek e, i
n (t) Z:zj:zkz‘jkv(: : )Q,l,[o1 a (e “ ).ojl

T

=1

- -jornlf (13k) + £ (0, 0 )]t (20)
x Q (e, oji L[OJ] e d A

[ o—

whére 5& EO‘, OJ] represents the receiving array characteristics and

the result has been summed over all possible scattering bodies.

Having obtained an expression for the noise voltage the co-
variance function of n(t) is obtained as follows. Equation (20) is

entered into the defining equation for the covariance function to give

1-16
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R, (&, t+7) -3 <F(t) st +">
2s 2s
-\ ~ -~ ‘__k ~ ke -_k
!<§ Z“kv (t < )O’r[°1 Qo (t o ), Oj]

-jzﬂ[fd(ijk) +f.(8, °3)] t

(Oj] e

AT X
(Fre-=nyq [oi g S (8 S on

~ % » - .
xQ [e.0 )L [omj e

jZ"[fd(‘.u,n) + f'(o‘.ﬂi)} (t + 72> (21)

where the aynbolc< )tndlcue an expected value operation.

The problem now is to accomplish a suitable simplification of

equation (21). The first step in this simplification is to note that

ot sy m‘
! ’ [ QU

by the assumption of zero correlation between different scatterers the

cross product terms in equation (21) must be zero. Thus, since

~ ~ %
<<\z‘jk. zi_n:> =0 (11)
then

2 28 2s
R (t.t+*)-ﬁ<zizjzl; IZ“k v(t-—ck)v’(t+7-7k

r

2s
~ f . O b J -~ *
s QT ‘ol "o (¢ c ), oj] QT [01

j2nf (i3k) *
. 2 d
x D (o, oj] L (oJ] e

e 6y 0 »

X
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e
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The next step is to simplify the expression further by evaluating the
required expected values. Now the only random parameters in equation
(22) are the scattering amplitude and the scatterer doppler. Starting
first with the scatterer doppler, the expected value of this quantity
is written as

jam fd & S TR 1

E le

J27€ (13k) T
- 2n e p(2nf ) df (23)

-

where p(ZHfd) is the probability density function for the Doppler shift
of the scatterers. It is assumed to be the same for all scatterers with-
in a particular scattering layer or on a particular scattering surface.
The evaluation of equation (23) is particularly easy since its form
corresponds directly to the form of the characteristic function of a

probability density function. Thus

janf  (i3k) 7
E [e ] - M(7) (24)

where M(7) is the characteristic function of p[fd(ljk)]. From various
(4)

experimental measurements the form of p[fd(ljk)] has been found to be

Gaussian to a reasonable approximation and hence

Bk 2

M(t) me 9 (25)

2
where %y is the variance of p[fd(ljk)]. The range of o:

and ten cycles per second for carrier frequencies from 3.5 to 5 kc and

is between one

there is evidence that for surface reverberation o: is a function of the

angle of incidence of the excitation wave.

1-18




The second expected value operation to be performed is that
pertinent to finding the mean square scattering strength. The required

integral is written as

S o 2 e
|213k| Izljkl Py (Zyy) 92 (26)

-

where pz(z ) represents the probability density function for the com-

ijk
plex scattering amplitude. Since the scatterers are assumed to be

T e e i e o it L

localized to certain regions of the ocean the integral may be evaluated

with the aid of Bayes' rule. Thus

7 B B B e ew s B8
#

R

Pz(zg’k) . Pz(z‘Jk'A scatterer) P[Scatterer]
§
| + pz(iiJkINo scatterer) P[No scatterer) 27
l; If no scatterers are present, the scattering amplitude is zero with

probability one and therefore the second term in equation (27) con-
tributes nothing to the expected value integral. In the regions in

‘A which scatterers exixt the probability of finding a scatterer is

P Scatterer. = KAV (28)

- —y
S

Using these results the mean square scattering strength is

2 o
| -mvj IzUkl pz(z“k) Az,

-

'zljk
- x]vAV (29)

where lv is the mean square scattering strength per unit volume.
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Inserting the results of equations (24) and (29) into equa-

tion (22) and using the expression

3

of

o

4&v = R

sin Oo ] Mo As (8)

for the volume element gives

2s
R (t-t+T)-'—'H(*)ZEZv(t--—-);'*(:vr-T")
k

2s 2s
x 6‘: i, =0 (e - -;!‘- ), on 'cir"[ei ~Q(c+T- -;L). on

12 eﬂ“f‘(ﬁi.oj)"

x DR ;91. Ojs L tbi
3R
“o sin Oo R Mo As (30)

Carrying the summations over into integrals gives

n
K
R(t.t+')-—n-!H(* I dOI

nn

do IV (t+--)v (t+1--2—'-
(3 (4] 5

x Qe - (-2, 013" (-0, (c+7-2 0

2 J27E_(8,0)

xDRJ ol Lol e

g%o sin 01 ds (31)

Further simplification is obtained by noting that

Lol R

2
. sin 01 = r  cos ’o (32)

3R
0

o

Hence, equation (31) may be written as

1-20
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lm(t.z-n)-%n(*) 48 dp IV(;-?)V'(:+¢-€!)

o s

"31[’°“°“'?)"]5}'[“"0““'?"’]

x Dy (e, 0] L (o) r: cos ‘o jzﬂf.(0.0)1 ds (33)

For the general case of time limited signals the integrals of
equation (3)) may be relatively easily evaluated. The factors which
make this determination possible are first the spatial limitations on
the distribution of scatterers, and second the spatial limitation on the
ensonified regions at any given time due to the time limited nature of i
the signal. Both of these properties will be used to evaluate the

integrals over 0 and s. L

The physical situation with regard to the scattering layer is
shown in Fig. I-6. At any given instant of time, say to’ the ensonified
volume is limited by the upper and lower boundaries of the scattering
layer and by the pulse resolution length. Since the individual scatterers
are uncorrelated the integration over s must be zero for all s outside
the ensonified region. As a consequence of this fact the integration
over P at the time, t, is limited to an integration over 4P as

defined by the boundaries of the ensonified volume.

To utilize the above results the integration on s is written

Arthur D Nittle.Inc.
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N
where
~ 2s B <2213 [e-0 .28
o RS o 0lov (to ¢ ) QT L0 o (to ¢ ), o)

Next a change of variable is made such that the integral becomes

R ~ » «~ % . 1
-2-53,:0-3.0.0_3 tt°+’-0.0.DJdO

«
~n

lgs (7,9,0) (35)

where lgs('.0.0) is the correlation function of the transmitted signal

including any effects due to rotating directional transmission.

For the case of fixed beam transmission the form of the
complex directivity function for the transmitter 61 (8,0 is not de-
pendent on time. In addition, the excitation signal : (t) depends
only on time. Thus, the quantity u‘.('.o.o) can be written in a fac-

torized form as

. - [
.88(" 8, 0 Ow(") D, 0.0 (36)
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Using this result in equation (33) and assuming for the time being

that rotating directional transmission {s not used gives

e
lnn(t' t +7) = AVN(’) ovv( ) r,~ cos Oo

2n
[Lfﬁldo l. DR(O.O) D (8,0) exp (jZ"f'(0.0)’)dO
8
where we have replaced the Klv by an experimentally measured quantity “v

which we will call the scattering strength,

The most important terms in equation (37) from the standpoint
of sonar design are the quantities M(7), ovv(’) and the theta integra-
tion. As noted above the function M(7) is simply the Fourier transform
or characteristic function of the probability density function describ-
ing the random motion of the scatterers. In addition to the scatterer
motion the function M(7) can also be made to account for random motions
of the transmitter and receiver. The overall effect of M(7) is to intro-

duce Doppler broadening to the reverberation return.

The correlation function of the transmitted signal, Ovv(*).
contains all of the information pertaining to the total energy and spec-
tral content of the transmitted signal. For the purposes of this dis-

cussion the dimensions of ovv(f) will be watts per square centimeter.

The final term in equation (37) involves an integration over

the azimuthal angle, 8, of the receiver and transmitter directivity
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functions and the exponential function containing the ships own Doppler
expression. In general, this integral must be solved numerically be~-
cause of the complicated form of the directivity function. The only
exception to this is the case of omnidirectional transmission for which
the directivity functions are unity for all @ and #, in which case the
integral reduces to a Bessel function multiplying the functions M(7)

and ovv (7). The significance of this integral lies in the fact that
the ships own Doppler relation taken in conjunction with the directivity

functions contributes to the Doppler spread of the reverberation.

The above considerations lead to the conclusion that the
dimensions of the covariance function must be watts per square centi-
meters when the time shift 7 is identically zero. Thus the total rever-
beration power being returned at a time, ty is just the evaluation of
equation (37) with 7 set to zero. The final step in the analysis is to
obtain the spectral content of the reverberation by taking the Fourier

transform of equation (37).

111 TION SP

The Fourier transform of R“n(to.’) is defined as

T O f A (7)o" g (38)

-

where .nn (to.f) is interpreted as representing the distribution of the
reverberation power as a function of frequency, f, at the time to'

Inserting equation (37) for the covariance function gives
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2 C
Om‘(to.i) = NVO cos P 2 IL[O] dp ] DT(O.’) D.(0.0) de
[

o

o

5 ~g2nlf - £ (8,0) )7
M(7) Ovv(7) e . dr (39)

-

The final integral over 7 is simply the Fourier transform of the product

of two time functions which is simply the convolution of their respective

Fourier transforms. Hence,

n
2 ral
’nn(topf) - AV r COs QO J‘ L;OJ d’ I DT(O.O) DR(O") de
9 o

/ F (@) ¢ (f -f (0,0) -0) do (40)
M vv -

-

where FH(J) is the Fourier transform of M(T) and ¢ is a dummy variable

of integration.

So far the discussion has been limited to scattering from a

deep scattering layer; however, it should be pointed out that scatter-

ing from the ocean surface and the ocean bottom may be characterized

by precisely the same techniques as were used to characterize the vol-
ume scattering problem. The answers are in fact identical in form and
differ only in terms of the scattering coefficient and the scatterer

dispersion functions. 1In addition, it is noted that the Fourier trans-

form of the transmitted signal autocorrelation function may be written

as
4 (f] = % va[tl (1)
1-26
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where Io is the peak transmitted intensity and 1P the pulse length.
Thus, the product lo 'P contains the information as to the transmitted
energy and alf) gives the appropriate spectral distribution. In the
following section a complete summary of the reverberation equations is

given, including the substitution indicated by equation (41).

M
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1) Io
2) TP
3) Av
4) AB
5) As
6) ¢
7 t,
8) ol
9) fs(0.0)
10) oo
11) B
12) ule)
13) f

14) nrlo.o} and D

15) M(7)

16) r"(c)

e, M

18) A [f)

.,

.

Peak transmitted intensity in watts per
square centimeter

Pulse length in seconds

Volume scattering strength per cubic yard
Bottom scattering strength per square yard
Surface scattering strength per square yard
Velocity of propagation

Unit distance of one yard

Angle of incidence of wavefront with scatter-
ing surface or volume

Ship's own Doppler function

Initial angle at the transmitter for the ray
which strikes a scattering boundary at time Qto

Round trip travel time for the reverberation
components

Geometrical-spreading component of intensity
loss (one way)

Frequency in c.p.s.

8,0 ; Transmitting and receiving directivity

functions, respectively

Scatterer dispersion function relating to
random motion of the scatterers

The Fourier transform of M(7)

Autocorrelation function of the transmitted
waveform

Spectral distribution function for the energy
in the transmitted waveform
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b. Reverberation Equations

The covariance function is given by

an(to.Y) = Av ri cos 00 % Hv(') vi ()
2n
e j2rf (8,0)
x | L (o) a0 D,(8,0) D (8,0) e . 4 (42)
(4] o

and the power density spectrum,

14 =4 e sm =8 S 8

&

B iy
. H

. 2 sl | .
A (to.f) = Av ¥ cos Oo Io 2 J LD a9
0

SR BTTR

R —

2n
X f DT(O.O) DR(O.O) de / FH(P)GW(f - f.(0.0) - C) dc (43)

e . A

The only significant differences betweeen the various types of

reverberation, surface volume or bottom, aside from their respective

ERR————————

% scattering models is the effect form of the characteristic function F"(O).

For the purposes of general systems analysis application, the assumption

PR

of a gaussian form for F"(o) is reasonable in view of the existing

experimental data.

D ]
| —

= =
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V. THE EVALUATION OF THE REVERBERATION EQUATIONS

The numerical evaluation of the reverberation equation begins

with an algorithm named TIMBR whose purpose is to characterize a par-

ticular ocean environment in terms of the initial ray angles required /
to propagate a ray to a predetermined point in both space and time.
The details of this algorithm are given in Chapter IV. The basic method

used by the TIMBR algorithm is essentially an exhaustive characterization

PR TN R T TRy

in which rays are traced from a source over a very wide aperture and out

to propagation times equal to or greater than the maximum reverberation

o
. )

time of interest. A reasonably fine grid of initial angles is used to

cover the aperture and the ray parameters such as range and depth are

recorded at regular time intervals as the rays are traced. This results

§ in the creation of a number of TIMBR arrays and corresponding to a par-
ticular time and containing all of the ray parameters for that time for
all of the rays in the aperture. Thus timer provides the ray parameters
such as range and depth both as tabulated functions of initial angle and
as tabulated functions of time. Having obtained the TIMBR description

{ of the particular ocean environment it is then possible to interpolate

in the TIMBR tables by the method described in Chapter IV to obtain the

e T

}\ integration ranges over the variable @ to be used in evaluating equation (43).
In addition, the initial angles to be used in the evaluation of the propa-

la gation loss are also made available.

Given that the initial ray angles and depression angle @ inte-
gration range have been determined, the next step is the evaluation of

the innermost signal convolution integral which is accomplished by means
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of the fast Fourier transform as described in Chapter V. The next
integral is in azimuth over the transducer and receiver arrays and is
by far the most time-consuming since the array directivity must be
calculated by the Fraunhofer diffraction method once for each step of
the integral. Finally, the integration over depression angle P is

performed to give the reverberation spectrum at a given time.

The remaining chapters give complete details of the methods

of performing each of the calculations listed above.
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CHAPTER I1

GEOMETRICAL SPREADING LOSS - GENERAL

The spreading loss along a ray path may be obtained by con-
sidering the variation in energy density in a ray bundle centered on
the ray path. There are two ways by which this may be accomplished.
First, consider the situation shown in Fig. 1I-1 for which the power

leaving the source through area Ao is given by

(1)

where 1o is the initial intensity at a distance, L from the source.

- ——

At some distant point, xl. zx. the intensity is Il over an area Al such

that

which leads to the spreading loss

1

et G e
lo Al

From Fig. II-1 note that Ao is given by

&' ™ 'FT 2 cos § D 08
o o g e

z, is

where Oo is the initial depression angle. The area A at x 1

1 i?
given by

Al = hw = xlAD Ax ntnﬂl
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Thus the ratio of Ao to A, in Equation 3 is

1
A r ¢ cosp LPp L8
_g - O O O (6)
Al Xy 40 Ax nlnﬂl

which in the limit as Aoo = 0 becomes

r 2 cosf
Lo ' (7)
x]%%: : uinol

Equation 7 is perfectly general in that no assumptions have
been made concerning the velocity profile. However, if the velocity
profile is linear, then the rays are known to be arcs of circles and
the partial derivative |dx/60°|z can be evaluated as follows. For the

straight line velocity profile with gradient g, the horizontal distance x

is given by 0
s, 0' 1
x-s cosbds--f . c—o'!edﬁ--l'ﬂnﬁ
A ) Bp &P
1 o
o
« 4 (sinP, - sinp ) (8)
gp 1 o
auad cosP
whete p = = e and is constant for a ray in a constant

velocity gradient, as a consequence of Snell's law.
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Differentiating Equation 8 gives

Ix

9

o

The term 3:/3:0 is obtained from

but

from which

v
34
v

s

o

c
3 [*]
i [E—;;;;— (sing, - ainoo)]
o o
9
<, 3¢
sdeq. SR [(cos¢ s cos@o) 8 cos$ + (ulnol - slnoo)g sinool
g cos ; o
-1 c(z) coss
¢ = Cos
c
o
- .,.h.-.jj:fil,-, . c(z) c(z) s
7 ¢ ¢ sing
\(z) cos ¢ - i
g =
C
Q
c(z) _ coss
c cos$
o o
&’ cos¢d sind
L e R o (10)
a8 cos¢ sing
o o
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Using this result in Equation 9 gives

ax co
X _ - l-tnoo - sin¢)

o 8 conzo sing
z o

SRt SREab
coloo sing

Using this result in Equation 7 gives for the spreading loss

This expression is valid until the rav reaches a boundary between zones of

different velocity gradient.

The effect of the change in velocity gradient at a zone boundary is

accounted for in the following manner. With reference to Fig. 11-2,

Equation 7 becomes

4 2 cos¢
L = {'—- - L 2

y 9
o xi";f‘—; (xl + (lz-xl) + (x-x])) sing

In general for any point in the (Ml)th velocity profile Zone,

¢
. cosé .
o .n+l

(lln‘n - sing)

11-4
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Differentiating with respect to 4,

3;; (!‘Xn) 2 cos
'o Enel

n 3‘0 aoo

c 3¢
-——TP———- [couo (cou — . cos¢ it--)

+ sinoo (stnon - olno)] (15)

From Snell's law:

K]
-:.-”"- (coso) . p
Yo o

cz) 3 __
¢

cos
’0
o

sing 30 - & uin'o

o
v sin¢
38 .98 . o
3 cos¢ sin¢
o o
Using this result {n Equation 15 gives
2 2
; ¢ cos ¢_ sing cos ¢ sing
— (x=x_) ® o 2 -2 - 2
", n co’l‘ sind siné
*ofnel

4+ siné¢ sin¢ =~ sin¢ sing
n o o

sin¢
)

1

T coss sind sing
o n

(x-x“) ninoo

" coss siné sing
o n
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FIGURE 11-2 PERTAINING TO THE CALCULATION OF REFRACTION LOSS
IN AMULTI-LAYERED MEDIUM
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Thus for the three layer case given in Equation 13,

r 2 coazo
) o

e X (x,=x,) sin¢ (x=x,) sin¢
d i P e o + 3 J |sing|
sin:l ltnoz lanl nlnoz sing

More generally for a ray traversing N zones with a terminal point

in the N#l:h zone

r 2 -2
o 0 ’O
N X - 2 (x-xN) slnoo
1

n n-1
o Z: aln:n slnen_

n=]

PR
L = 1
o

ntnoﬂ sing
Finally, if a ray is specularly reflected from a plane surface, the

reflection must be accounted for just as though a new zone had been

entered. Fig. II-3 {llustrates this case for surface reflection.

The refraction loss in the specular reflection case is calculated

using

just as though the ray were traversing multiple lavers.
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FIGURE 11-3

REFRACTION LOSS IN THE SPECULAR REFLECTION CASE
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CHAPTER I11

DETAILS OF PROPAGATION LOSS CALCULATION

Total propagation loss for the selected rays consists of the
spreading loss defined by equation (18) {n Chapter II, plus attenuation,
surface and botiom losses. Automation of the loss calculations requires
consideration of various special cases, such as the tracing of vertexing
rays. This chapter describes the methods used to deal with these situa~
tions. Details of the computer programs are contained in Volume II of

this report.

1. Ray Tracing
The subroutine RAYTRK {s used in both the TIMER and propa-

gation loss calculations. 1t follows a ray leaving a starting point in
some direction, until a specified amount of time has elapsed. TIMER allows
the determination of the angles at which rays must leave the transmitter
in order to terminate on surface, bottom or volume scatterers at a
particular time. PLOSS repeats the ray trace for each of the selected
initial angles and, in addition, develops all of the quantities necessary
to evaluate equation (18) in Chapter II. The ray tracing is done in

steps along the arc length, with the step size adjustable as critical

points, such as vertices, zone boundaries and end times are approached.

Newton's method is used to adjust the step size and direction in order to

force the ray trace to converge on a specific point. The precision of

convergence is a programmer controlled input.




The convergence scheme is tailored to the reverberation
problem in the following manner. The objective is to terminate the
ray at some specific time and, in particular, two of the three
possible cases involve surface or bottom terminations. For these
cases the program simply converges on the required number of surface
or bottom bounces with no other test on propagation time. This
approach is made possible because of the use of the TIMER algorithm
which generates the appropriate initial conditions and gives the number
of surface and bottom bounces required to achieve a surface or bottom
termination at a predetermined time. The third type of convergence
involves termination within a scattering layer at some specified time.
This form of convergence uses Newton's method to obtain a final ray

position.

In order to evaluate the propagation loss expression of
equation (18) in Chapter II, it is necessary to know the complete history
of the ray as it traverses each velocity profile zone. This history is
generated by the ray tracing subroutine RAYTRK. The ray trace equations

are obtained as follows.

The curvature of the ray is

88 .. 1, de(z)
ds e c(z) dz

where ¢ is the ray angle, s is the arc length, z the depth and c(z) the

velocity as a function of depth within the zone. For the case of constant

gradients, dc(z)/dz = B for the kth zone. Also since the gradient is
constant in 2z, Snell's law holds and




=

pr—r sy

cos$ a08,

c(z) i <,

where . is the velocity at the source and ’o is the initial angle.
Thus the curvature may be written as

| e 3
ds 8 Po R,

where Rk is the radius of curvature in the kth zone. Hereafter, the

subscript k indicating the kth zone will be omitted, and it will be under-
stood that all equations hold within one zone.

The horizontal distance travelled by the ray is given by *

¥y
xz % { cos¢ ds

"1

Using equation (3) to effect a change of variable, we obtain

f‘z

1 1 *
xz - xl---sp ; cos¢ dé - b (81n¢2 ~ sing

“1

)

= R (nlne2 - sinol)

The vertical distance is given by

(¥4 19,
.-

sing ds = - | © sin¢ d¢

4|

- i (cosé

s 5= conol) = - R (cono2 - cosel)

In this and similar integrations, the integration is split into two

sorts whenever a ray vertexes.




Since the depth variable is used by the program as an independent variable,
equation (6) provides a means of obtaining the final angle as follows:

z,~2
S o (|

where p is either + 1 and is used to assign the appropriate sign to the

i e ey e e B

final angle ¥y The method of choosing ¢ will be discussed when we consider
the detailed application of the above equations.

o

The arc length s is given by

2 E _rz dz _(‘2 dz
2 1 ) sing ) J I-cosZe

i 1

»

Using Snell's Law and equation (3), note that

0;
i
b
7

coszé - c(z)zpo2

rS———

1
dz = ;;E d(c(z)po)

Inserting these results in equation (8) gives

le d(C(z)po)
Vv l-c(z)zpo2

5

= - R [-in'l c(zz)po - stn-l c(zl)pol *p




The detailed application of these equations requires consideration of
four possible cases as illustrated below. For the two cases involving ver-
texing rays, the calculations are done from the initial point to the vertex
point with complete evaluation of all integrals. The ray is then traced
from the vertex point to the next boundary. This procedure is required
since the vertex point is a singular point and any attempt to simply

integrate through this point will give erroneous results.

Case la Gradient < o Initial angle < o

Radius of curvature: R = -

BpP
v K> "

Horizontal distance: |sln¢x| > Isln@zl

Final angle: since R » o and

1 < 0o then

22-8
R I |

: -1 -1
Arc length: sin (clpo) < sin (czpo)

.. P = «1 {n order that

p

Had the vertex depth fallen in the above zone, it would have replaced

'2 as the upper boundary.




Gradient < o Initial
Radius of curvature: R

Horizontal distance:

sinol < slnoz

Final angle: since R >

Arc length:

NOTE: Vertexing i{s not possible in this case.




3 Case Ila Gradient > o Initial angle > o
: ] Radius of curvature: R = -  Fag o
,: : 0
. 4 Horizontal distance:
: sinol > ainoz ce Xy =Xy >0

Final angle: since R < o and

s FA A

i 2 1

i '2 - '1 > o, then =~ R >0
s. and ¢ = +]
{)

- -1 .
: < s - 4+
Arc length sin P sin P, 0 1

such that s, - s, > o

,
_—

NOTE: If the vertex depth were contained in this zone, it would have been
used as the lower boundary.




Case 1Ib Gradient > © Initial angle < o
Radius of curvature: R = - ? T o
8P
i E o
3 Horizontal distance:

lsinoll < |uin02| Soxy - %X >0

[t Final angle: since R < o and 12 - zl < 0,
4 By = z1
then - g <o and p = -1

-1 -1 .
Arc length: sin €4Py sin cP, e P = -1

such that '2 - 81 >0

PR

NOTE: Vertexing is not possible for this case.
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The program differentiates between each of these four cases based
on the gradient and initial angle at the starting point. The appro-
priate boundary is then established (vertex point or zone boundary) and
the ray is traced to this boundary. All ray parameters are evaluated
and a test for convergence is made. If the ray has not yet converged,
the ray trace loop is repeated for the next zone.

When the ray has converged on the surface, bottom, or time specified,
all of the parameters necessary for evaluation of equation (18) in

Chapter 11 are saved for entry into subroutine PLOSS.

2. Propagation Loss

The propagation loss for a ray traversing N zone boundaries is

n=l

given by
2 2
*, cos :o an
- - — 12
L f f& xn - xn-l (x-xN) slneo J
xi {sins + — + |sing|
’ o .tnen llnen_x sln.N sing ’

where X and ¢, are the horizontal coordinate and final angle at each

zone boundary as generated by RAYTRK; subroutine PLOSS i{s used to evaluate
equation (12) at each zone boundary and at each convergence point. PLOSS
also takes appropriate action for the following special cases.

a. If the ray starts with initial angle .o = 0, then equation (12)
indicates that all zones,except the zones in which the ray vertexes, will be
characterized by the following propagation loss.

2 2

T cos
o .O

L =
1
nlnol

I [sing|

x
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In a vertex zone equation (12) is valid until the ray actually reaches
the vertex point at which point the intensity is indeed infinite. The
subroutine tests the final angle PHI2 for zero and, if true, the loss
is set equal to zero, and an indicator is set equal to indicate the
infinity condition. Following the vertex, equation (13) is used until
the next vertex point is reached.

b. For vertexing rays other than the ray with zero initial

angle, we use the limiting form for the propagation loss as ¢ approaches

zero which gives

2 2
l’o cos 30
L =

‘(x-xx) llnoo,

] S .
| -100N |

The program makes the assumption that a ray will never be allowed to
have a simultaneous vertex and zone transition, {.e., if the vertex
depth and the zone depth are identical, then the ray is assumed to vertex
in that zone.

At the conclusion of PLOSS the spreading loss has been computed
for one of rays identified by TIMER. Additional subroutines are used

to supply the corresponding surface, bottom and attenuation losses.




3. Absorption Loss

RAYTRK is capable of selecting from a set of four absorption

models contained in subroutine ALl. The two models presently available

£ el e e awm B8

are zero absorption and the Thorpo(l) model where
2 2
ATLOSS -9;1—;- + —ﬂ—z db /kyd
1+f 4100 + f

with f = frequency in kilohertz

Aoscsainay 2
| REE |

4. Bottom Loss

RAYTRK can call on subroutine BL1 for either zero loss or an

acoustic province and incident angle dependent loss,

5. Surface Loss
RAYTRK has provision for a surface loss model through sub-
routine SL1. At present this choice is limited to either zero or 3 db

loss per bounce.

02 Thorpe, W. H., Analvtical Description of the Low Frequency Attenuation
lj Coefficient, J. Acoustical Soc of America, Vol 42, No. 1, July 1967,

[] p. 270.

q QArthur D Wittle Inc.
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CHAPTER IV

THE TIMER ALGORITHM

In Chapters II and III the mechanics of ray tracing and the calcu-
lation of propagation loss have been treated in some detail. This
chapter will be concerned with the application of these calculations
through the use of the TIMER algorithm to the evaluation of the rever-
beration equation.

The reverberation equation contains only two ray parameters explicitly,
these being the round trip propagation time and the propagation loss along
the round trip path. However, implicic in this equation is the assumption
of spatial continuity of the round trip reverberation path. This assump-
tion {s of some practical importance when one attempts a numerical evalua~-
tion of the reverberation equation, since bistatic reverberation paths
(i.e., paths for which the outbound and inbound ray paths are different)
are, in many cases, quite significant. Thus we seek a method of character-
izing each ocean environment to be investigated in a manner which will be
consistent with the assumptions of spatial and temporal continuity. The
TIMER algorithm meets these requirements, and its operation i{s described
as follows.

1. First, consider the problem of evaluating the propagation

time along a given ray path. In differential form we have

dt 1
ds " c(2) (1)
Iv-1
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vhere t is time, s is arc length, and c¢(2) is the propagation velocity
along the ray path. Equation (1) is placed in a convenient form for

integration by the following manipulations:

. dz . dz
c(z) sin¢ c(z) /1-cos’¢
- ds ()
c(z) /T:E?;37;7
cos¢
where p = cose

o(2) - e 8 constant for a given ray.
o

For the particular case in which c(z) is a linear function in

z, equation (2) may be integrated in closed form, since

c(z) = c, * 82

AND de(s) '3 OR dz = 1 de(z)
o dz . ]
from which
1 (%2 de(z)
tz e t1 “ ; |
e c(z) Vl-p-c”
z
1
c 1 +Vl-c zp2
= == ]o % » i 3)
g L I

- +‘/;:czzpz

where the variation in z from z, to z, is that encountered in traversing
the ray path specified by p from 8 to S, Implicit in this expression
is the condition that the integration path may not pass through a vertex

point, since the integrand is unbounded at such a point. However, the

-2
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integral is convergent in the limit as the arc length approaches a vertex
and hence, the integral may be evaluated in steps between each vertex.
In addition, the sign to be used with the radical is determined by noting

that

vl - ¢ p2 = sing (4)

where ¢ is the ray angle.

I e e e w e

2. The basic method of applying equation (3) to the character-

i
i

ization of a given ocean environment starts by tracing from the source

prr—

i some large number of rays distributed in equal increments of initial
angle. During the course of tracing each ray, the program stores the

ray parameters at a set of predetermined times. These times usually

correspond to the times at which reverberation spectra are to be evaluated.

—

The convergence of each of the rays to the desired propagation time is

accomplished by use of a Newton's method subroutine which provides
numerical solution of equation (3) in terms of the ray depth 2z for each
ray.

The result of this effort is a ;ertc- of TIMER tables each correspond-~
ing to a given time and each containing a complete set of ray parameters
for that propagation time. Thus, the individual TIMER tables constitute
a description of the wave front at each specified time in terms of the
initial ray angles. This feature of the TIMER tables allows their direct

use in evaluating the reverberation equation,since the initial ray angle

is in fact sufficient to completely describe the rav path.
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To further illustrate this point consider the graph shown in
Fig. IV-1l. This particular graph is a plot of the TIMER data correspond-
ing to a propagation time of seven seconds for a bundle of rays distributed
in initial angle from ~5 degrees to 10 degrees. The source is located at
a depth of 10 yards in an ocean characterized by the velocity profile
shown in Fig. IV-2. The data is plotted as ray depth vs initial angle
where positive initial angles represent rays with a downward initial
direction. The small numbers in brackets represent the number of surface
and bottom bounces taken by the rays which comprise each branch of the
TIMER plot.

As an example of the application of this data, consider a volume
scattering layer located at a depth of 100 yards. Also assume that a
round trip propagation time of fourteen seconds is desired. We note that
the line drawn across the TIMER plot at a depth of 100 yards intersects
the data at five locations. By interpolating between initial angles, a
reasonably good estimate may be made of the initial angles required to
converge the rays to the 100 yvard depth with propagation time seven
seconds. A ray plot of these five rays is shown in Fig. IV-3 along with
their respective propagation losses in Fig. IV-4. This method is suffi-
cient for the evaluation of the reverberation equation when both the out=-
ward and return ray paths are identical. However, when a bistatic situation
exists, a somewhat more involved method of evaluating initial angles must
be used.

The method described above may be extended to the case of a plane
surface at a fixed depth cutting through a number of TIMER plots as shown
in Fig. IV-5. 1If the TIMER tables have been evaluated at close enough

intervals, typically one-<half second, it will be possible to generate

V-4
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lines of initial angles vs propagation time holding the depth fixed.

The fixed depth would of course be the surface or bottom or the

boundaries of a volume scattering layer. This data forms half of the

solution to the biscatic or multipath reverberation problem. However,

we still need a method by which to relate the propagation range to propa-

gation time, since the bistatic path must be coincident in range and

P BN e e am BB

depth as well as having the same round trip propagation time.

o

A plot is made of range versus time for the points of intersection

between a constant depth plane and a sequence of TIMER plots. In

P —— e T L e e o

————

Figure IV-6 the rays chosen are the direct rays 1 and 2 of Figure IV-1

s Lol

and the multibounce ray 5. Assuming that fourteen seconds after trans-

DE——

mission is a time of interest, we may reasonably ask if there is any

combination of dissimilar propagation paths which can return energy to

the receiver with a total round trip propagation time of fourteen seconds.
From Figure IV-6, it appears that there is indeed such a combination

{ of paths. The requirement that both paths terminate at the same depth is

satisfied by the cutting of the TIMER plots at a fixed depth. The

requirement that both paths terminate at the same range is satisfied by

constraining the range variable as shown in Figure IV-6,

Now, by
j adjusting this range variable, Ro, it is possible to find a combination
i of propagation times tl and t2 whose sum is the required fourteen seconds.
5‘

Knowing the propagation times t and tys the final step is to use the

graphs generated by the process shown in Figure IV-5 to obtain

interpolated values for the initial angles of the rays which will fulfill

[} the conditions of spatial and temporal coincidence. The result of

1v=5
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this calculation would appear similar to a combination of rays one or
two and ray five, as shown in Figure IV-3,

The process of multipath identification and selection has not as
yet been integrated into the reverberation program. The programs for

doing this task are under development.
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CHAPTER V

ARRAYS AND DOPPLER BROADENING CALCULATIONS

1. Array Calculations

The method used in the reverberation program for the evaluation
of the hydrophone array directivity is basically a Fraunhoffer diffraction
model. To obtain the particular form of the directivity equation, we

start by writing the pressure resulting from a single transducer as

|

- - i 2 -1
Pylxgs ) A(lx, ) exp § = (Ix, ]| - et)

where ;‘ is a vector from the lth transducer to the observation point.
The function A(fx1f) is an amplitude factor, i is the wavelength, ¢ the
propagation velocity, and t the time. The total pressure due to an
array of N hydrophones {s
B R
P(t) = ?;lk(‘x‘!) exp § (axl? - ¢ct)

At this point we Introduce the critical assumption that the distance
from a reference point in the hydrophone array, say the tth transducer to
the observation point, is much larger than the distance between any two
elements in the array. With this assumption we may write that the ampli-

tude functions for any two elements are very nearly equal, since their

distances to the observation point are very nearly equal. Thus

AUX D = Alx D




and extracting the constant factor exp J %1 (-ct) leaves,

N
P(t) = A(/x_|) exp(-) -fl ct)‘.zl exp § %1 x|

where ;o is an average vector from the array to the point of observation.

Let the individual vectors ;l be expressed as the sum of the

average vector ;o and a location vector ;1 for each element.

- - -
X - X +r
i o i

Also, let { be a unit vector in the direction of observation, i.e.,
parallel to the ;o vector. Now, using the original assumption that
;Qo' is much larger than fri?. we can write the following approximation

for the magnitude of ?xlf:

Using the result in equation (4) gives
2 4 2
- 1 - - i - . ‘
P(t) = A( xo,) exp § (!xo: - ct)l;lexp i (f‘ s 5
which we may now place in a more convenient form by normalizing P(t) in
the following manner. Define Pa.x as the maximum of equation (&)

obtained by holding ?;o' constant and varying i over 4+ steradians.

Thus in normalized form
i © Zn £, »
xp J 3 {

- R =]
Qnax

Qi)
where Q‘ax is the maximum of the summation in the numerator.




It is entirely possible to associate any arbitrary phase with each

of the N elements. In particular, suppose that a phase equal to

is associated with each radiator where m is a unit vector in some

particular direction. Inserting this phase in equation (8) gives

N - > -
z:exp b %1 (r1 « (i=m))
i=1

a(f) =

N

Clearly, wvhen i - m, all the elements are in phase and the summation
is maximized such that Qmax = N. Equation (10) provides a computationally
convenient method for accomplishing plane wave phasing.

In addition to an arbitrary phasing, we may also allow an arbitrary
weighting function to be applied to each element. For most practical
purposes a weighting function dependent on the angle between the obser-
vation vector and a unit vector characteristic of the element is
sufficiently general. In many cases the unit vector normal to the
radiating surface is used as a reference for the weighting function.

Taking into account all of the above consideration, we may write

for the general case

N - - 2' - - . 2
Z:H(n‘ * 1) exp 31 = (r, o (i-m)) + e
i=1

Dﬂ. x




where the square of Q(T) is used since the directivity is normally

associated with power measurements.

To summarize the variables in equation (11) are:

;1 unit vector characteristic of the lth transducer.

unit vector in the direction of observation.

W(n, + i) weighting function for the 1th element.

i

location vector for the lth element.

plane wave phasing unit vector.

arbitrary phasing for the tth element

normalizing value equal to the maximum of the

numerator over all values of &.

As an example of the use of equation (11), we show in Fig. 1 and Fig. 2

the vertical and conical patterns associated with an array of hydro-

phones having cylindrical symmetry.

I1. Doppler Broadening Calculations

The reverberation equation requires the evaluation of a convolution

integral of the form

() = (‘ F(o) A(f=c) do

where F(o) is a function characteristic of the scatterer motion and




A(f-0) is the spectrum of the transmitted signal. In general the repeti-
tive evaluation of this integral by conventional techniques is not feasible.
However, by making use of the Fast Fourier Transform (FFT) technique, this
calculation may be performed with relative ease. In fact, the use of the
FFT greatly simplifies a number of the computational aspects of the rever-
beration problem.

Before investigating this simplification, we will define the FFT and
its inverse and give without proof some elementary but useful properties.
The Discrete Fourier Transform (DFT) of a sampled signal of limited band-

(1) <

width is defined ~

N

2n
Fn -E‘ fk exp (J N nk)

and the inverse is

s 20
("3 Z F, exp (-3 N k)

.

nel

Using conventional techniques the evaluation of either equation (13) or
equation (14) will require N2 complex operations (i.e., a sine or cosine

look up and a multiply). The FFT derives its time savings by capitalizing

on tae high degree of svmmetrv of the conversion matrix
n
Wink) = exp J N nk

in order to greatlv reduce the number of complex operations required.

(I)Thc definition of the DFT is not uniform in the literature. Some authors

use Ar/N as the DFT coefficients, others use Ar//i. still others use a

positive exponent. Cochran, W. T., et al, What is the Fast Fourier Transform?
Proc of the IEEE, Vol 55, No. 10, October 1967, p. 1665.
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Among the useful properties of the DFT, we have that the time

average power in a sample signal (fk} is given by

In addition, we note that the individual components of the power

9 o e B e e

density spectrum of the sampled function (fk} are

P, —y
L | W—

which implies that the autocorrelation function of the signal (fk)
may be obtained by inverse transformation of the set of samples (Pn).

That {s

N
b 2w
o nz-:l P“ exp (-] N nk)

Another useful property is that convolution in either frequency or time

i
i
§
1
3

corresponds to multiplication in the inverse domain. Thus the evalua-
tion of the convolution integral would proceed if done by conventional

methods as

However, by making use of the above properties and transforming {Gk}

and (Ak}. we obtain

B e e e L

N
2
On - k;l 'k)k exp (§ ﬁ-'- nk)

which {s again evaluated by means of the FFT.




The sequence of operations as used by the program is as follows.
The input consists of a time function, f(t), representing the trans-
mitted signal and a set of numerical values representing the variances
of the Doppler spreading from both the surface and the volume scatters.
The input signal is sampled by a signal generator subroutine to give set

of sample values.

f(t) +» sampled ~ (fk)

50 0% B e = =

This set (fk) is then transformed after which the magnitude squared of

the transform is obtained.

]
. -

) - . {
{f } = FFT (F )

€Fn} + magnitude squared - (An)

Now the set sPn} is the power density function to be convolved with the
scatterer function. Next, we generate the transform of the scatterer
characteristic function igk} which we assume to be gaussian. Following
this operation the spectra €An) i{s transformed to give the sampled

correlation function (i, }.

k

(ﬁn} + inverse FFT -~ (Ak}

Multiplication by the scattering function ('k} followed by a FFT

returns the set (on) representing the power density spectra of the

Doppler broadened input signal.




(Ak) . {‘k) + multiplication + (Ok)

(ok) + FFT = (On)

Figures 2 through 8 illustrate this sequence of operations for the

case of a linear f.m. pulse using the following parameters:

sampling interval
pulse length
repetition rate

rate of change of
frequency with time

total signal bandwidth

bandwidth increment

0.005 sec.
0.50 sec.
1.00 sec.

100.0 cps/sec.
100 cycles

0.5 cycles
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CHAPTER VI

REVERBERATION SPECTRUM COMPUTATION

The reverberation spectrum time history is generated by the program
RAND which simply acts as a driver for all of the subroutines described
in the preceding chapters. A series of times is chosen at which spectra
are desired. Programs TIMER and TIMERP are run for these times with the
specified ocean and source depth. From the TIMER plots or printed output
initial angles are obtained for each reverberation path (first order
surface, first order bottom, etc.) for each time. This step also allows
an estimate of the intensity of the selected ravs, since the space
between points on the TIMER plot is proportional to the spreading loss.

Program RAPID {s then run to produce plots of the array directivity.
Since RAND has to integrate equation 1-40 over all azimuth and depres-
sion angles, computation time can be decreased if it is not necessary
to integrate over all of the side lobes in detail. Using the RAPID
plots one can select integration limits within which the array nattern
is computed in detail and outside of which a constant sidelobe level is
specified.

Doppler broadening characteristic functions are specified for
program RAND by estimating the bandwidth of the scatterer motion spectrum.
The ocean is specified by its velocityv profile, the surface by the wind
velocity and the bottom by its acoustic province. Two types of trans-
mitted signal are presently available, a pulsed CW signal and a linear

FM signal.
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Figures 6.2 and 6.3 show the output of the program for the case
of a 9.125 second duration CW pulse whose power density spectrum is shown
in Figure 6.1. The particular reverberation paths used in this example
were determined by examination of the TIMER program output for the one
way propagation times of 14.0 and 15.0 seconds. Within the depression
angle range considered, it was found that three ray paths existed for
the 14 second case and four paths existed for the 15 second case. The
first three paths consisted of: 1) direct to the bottom, 2) one bottom
bounce and terminating in a scattering laver, and 3) one bottom bounce
and terminating on the surface. The 15 second time allowed one addi-
tional path consisting of one bottom bounce, one surface bounce and
termination in the scattering layer. The initial angles of each of
these rays now formed the basic input for each reverberation time.

The transducer array used in this example was depressed an angle
of 30® and the following doppler broadenings were assumed for the

various scatterers:

ship 1 cps rms '
surface 2 cps rms
volume 4 cps rms

For this particular example it happens that the first path, direct to
the bottom and back, i{s dominant. For other times, oceans, arrays and
depression angles, the dominant reverberation may come from a less
obvious path. The RAND program allows a systematic investigation of

the effect on reverberation of sonar and ship operating parameters.
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