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CHAPTER I

I THE REV ERBERATION *)DEL

I i. INTRODUCTION

I 
In order to pred ict the per for~~nce characteristics of an active

sonar in a particular ocean environment one needs a certain £~~unt of

knowledge concern i ng the nature of the background interference. Since

reverberation is a prim e source of interference and since it i s  also a

t random process, the theoret ical description must be In terms of co-

vi v i ~&n~-~-s , joint probab ility densities and othe’r such probabilistic

quant i t ies .  The foIl~~~ing ‘.ect ions develop one possible description

the reverberation in these statistical terms .
1.

B~- : o r~’ beginning the deta i led descr ip t ion  ~i f reverberation it is

• Li idvisable to  con sider hrie: ly the assumptions which arc used in this

descript ion . The first is that the reverberation noise can be ade-

•1u.itel y spec i~ ied for engineering purposes by knowledge of the covariance

[~ (unction only . The impi tcat ion  of this assumption is that a knowledge

Of t he covariance and c. ’ rrusponding power dens i ty  spectrum is su f f i c ien t

Li (or both en neer ing  purposes and invest igat ions of the stat is tical

C nature of the reverberation noise amplitude. The second assumption is

that the properties of the various scattering media present in the ocean

I it’ - adequately described by the various experimental results reported in

the literature . Finally , it is assume d that the Fraunhofer diffraction

mode l used to characterize array patterns and the ray tracing method

for calculation of the geometrical propagation loss are both valid

I-i

2~thur aimteiiu.
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approx imations for the purpo ses of the reverberation description . The

next step is to outline the method by which the covariance of the rever-

berat io n process is obtained .

I I I .  THE COVAR lANCE FtJ NCT ION

1. Preliminary Remarks

I The primary emphasis in the following sec t ions  w i l l  be placed on

tinding the covariance function resulting from scattering from a deep

~~.iuering layer. The results thus obtained for volume scattering can

then be e a s i l y  extended to the case of surface and bottom scattering .

The meth od used to obta in the c varianc e functi o n may be outlined
• I n

.t-~ fo l lows:

a . The t ransmitted signal is  t l r s t  w r i t t e n  in terms ot

Its time and spatial dependence uti li ;ing the Fraunhofer

Dii fraction model for the array and the geometr i cal

spreading loss express ion from Chapter II.

L •~ h. The interac t ion ot the outbound pressure wave with the

individua l scatte rer s is evaluated ut i l izing the simp lest

sc at i r r ing  mode l which w i l l  give results consistent with

• the measured results.

c. The returning waves from all scatterers arc then su~~ed

• at the receiving array, after correction for its direc-

• tional characteristics. The result is an equivalent

noise vo l tage containing certain random parameters.

Ii
1-2 
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d. The next step involves writing the covariance function

for the reverberation noise voltage , taking the required

• I statistical averages , and then simp li t y ing the resulting

integrals.

e. The ti na l step is to obtain the Fourier t ransform of the

covar i a n c e  funct ion which represents the instantant ous

povt -r de ns i ty  spectrum of the reverberation noi ‘~~~
- .

r
• -~ During the c ou r se  o t  the derivati on outlined above certain maChe-

-~it i ca l  d i i i  icult les do arise. In orde r to  obta in a useful model these

• I difficulties r’ti - .I hr c i  r~ ‘ir-:v ,-nt ed by judic ~ous apprt x ima c ions . The rr~~st

I. ~~~~~ ~~~~~~~~ 
i~ ’n ~s ~~~~~~~~~ 1r~, ~~~ .ihoye out l in e  and i n ~

t - t  th.it the r,- .- .-rh ,-rat ion noise is in ri-al i ty a non—stat lonar

• rand om p roc e s s  . A t i~~n— ~ .11 i onarv random p r o ces s  is one for which the

covariance function is t in , dependent . In general , such processes are

i~~~t . t  i~~ ii l v  di~ i tcul~ treat; however, there is one approximation

wh ic h , if ‘us t  i t  t d  . great lv r rd t t c  .‘s the mathematical comp l ex i t v of the

:‘r ‘b L- —- . In p . i r t  i c u l a r , if it can be shown that the random waveform in

t question , say r(t). can be factored into two parts as

• r(t) — g(t) n(t) (I)

~1
In which g ( t )  is a slowly vary ing t o ta l l y  d i t u r n i n i s t ic  function and

n (l) c ’ n t a i n - . all of the remaining random parameters then the covariance

of r (t) may he obtained as follows . The true covariance is written as

11

9
aflh,ur ZELu1 jac.
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I
I
I Rrr (t ,.) — r(t) r(t + 1’) (2)

in which the horizontal bar indicates a statistical avera ge over a l l

I random parameters in r(t). Using the fact that r(t) is factori zable

the covar lanc e may be written as

R (t , )  — g(t) n(t) g(t + ) n(t + ~) . (3)rr

Since g(t) co n ta i n s  no random parameters i t  may be brought outside of

t he expected value operat ion and R ( t ,~~) becomes

R ( t  . )  g(t ) g(t + ) n(t) n(t 
~ 

) . (4)

N’ ., i t  g(t) i s  a slowly changing function ot  t ime w ith regard to the

~ ‘var iance function of flU) alone , i .e . ,

~~

(t )  - g(t + 
~~~ 

< .
~ ~~~~~ - 

~~~~ + -) (5)

3 • then (or a given In stant of time , t , th e true covariance function is

closely approxinated 1w

R ( t . )  g( t )) n(t ) n(t + ~) (6)

For the case of ac t ive sonar reverberation the approximation of

• equation (6) is reasonable provided that the t ransmitted signa l pulse

F resolution length is small compared to the propagation range correspond-

ing to the time t . The above considerations are shown in the form of

a block diagram of the calculations in Figure 1-1.
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I 
2~ Propaitation Loss

The following mode l which is der ived in Chapter II is used to cal-

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

?ziven by

I -,
• r coa Ø• f- - L(~~~ • ° 0 (7)

• L 

0 
xk~ 

~~~~~~~

F 
~h~- r e I is the m t  lal intensity

r i s  a unit distance from the sour~- - , t isua l lv  1 vd

is the in i t ia l  ray in~~le 

- -

• is the tn al ray ang le

x is the hori.~ ’nta l d~~st . i n~-

In addi:i on , w i t h re te renc c to FiRurt’  1—2 the f o l l ow ing r i - s t i l t s

tor incremental volume and incren ,- nta l  area are noted.

• ~~~~~ sin 
~~

— • x~9, ~~--~~~~ (9)

U 
0

~

~~~ll
L 1-6
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1. The Scatterin~ ~4odet

The ocean scatterin g model used In this derivation is made up

- i  thr ee principa l scatter in g regions as shown In Figure 1-3. The dis-

• 
~~ tribut lon of scatterers on the surface and bottom and w i t h i n  t he deep

I -~~a t t e r i ng layer is assumed to be uniform with the fol low in,. densities:

I K
b 

• average numbe r o f scatterers per unit i~- ’ t l o r  area

K — average number of scatterers per unit surface area

K • average number of sca tterer s per unit volume within
V the deep scatter ing l ayer.

The basic model for the individua l scattere r’ in each regi on

is described l’s the i - ’ ’t lowtng assumptions :

- 
a. A~- individual scattere r is charac t i-r i~ .-d l’s a comp lex

• scattering a~~1tt ud e , Zjjk~ 
which ~ ‘nta 1ns both the

magnitude and phase In fo rmation fo r  the s~ attc red

wave . The — ‘ a b s ~~r ipts  re fe r  to the physical location

of the scatterer.

h. The expected value of the c omp lex scatt e ring a~~lit ud e

1. Is z e r o :

E :z
~~: — 0 (10)

c. The returning waveforms frosi two sca t terer s located

1. at different points in the ‘t .’.lfl are unc orrela ted .

ThusP E Z
ijk

Z
Imn~

1.

11 
1-8

• II Ztth*v D.lüde kc.

—-•-- • _ _ _ _ _ _ _ _ _ _  
•••

~~~~-- •--•-

L —- • ~—-~~~.——---—-- - -~~~~~~~~~n 
-• -• • — —‘------—-- - . • • _a—.--- - - -  - •- _~ --



I

~

- t • 5z -I’- - I- ~~~ • H& • I . ~~ - 4 - • Ic •

• 
(.ñ o • e

Ii z z la.a ~. s~II I . ~
~~ ~~‘ 

-

p 
‘
~~~ ! •

,
~

0 •
~_vi

/ 

,
._4

J
• p

• j _ •
• ,.

~~~~
-

• •

\ —~~~~~~
‘—

ZL) O
~~~iñ~~~

\
\ 

-

r ‘
~
‘
~

~ I
’) 

~
-- •-&~ ~~~~~~~

L 1 ~
/

‘
~ 

—
,

14 ZTtbur 8iWIe.kc.



• - - • - - —--- -  — - •  ---~~~~~~~- • -— - -~~~~- ---- ~~~- ---~- —---
_ --- -

I
I

d. Due• t o  the mot ion of scat terers on both the ocean

surface and within the scattering layer there wi l l

I be a Dopp ler sh i f t  assoc ia ted wi t h each s ca t t e re r .

This Dopp ler shift wi l l  be a rand om v a r iab le  and

i t s  e f f ec t  on the returned waveform w i l l  be multi-

p li c at ion ~‘s a factor of the form

~k ) t

r These pi -p ~~rt ii ’s are illustrated in Figure 1-4.

A’~ (or the ~r- -- .~ e t l e c t s  of the scatterer. such as mean

“ - - i t t  i-red t n t  ens it s i:~~ i- ,mt ,-n~ e on ang l(’ of incidence , i t  will be

• .I- ,.un’,- .~ that these h .ii it~~ ,-i i s t i c s  are suitabl y accounted fo r  by the

toll o w l  nodi- Is:

a For surface scattering the Chaprian and Harris (U

surface -,~ ~i l t e r l ng  mode l is used. This model

pr edic t -. t hat the average scat ter ing lev i- I is

0
10 l - ’~: A 5 • 3 . )  ~ log - 42 . .’ log + 1.6 (12)

wh i r, - 
- 1, —0.58

- • 1S$~~ Vw
U and

— grazing angle in degrees

13 V - wind speed in knts

p f • frequency in cps

A comp lete desc r i p t ion  if thi s mode l may be found

• I_i 
in reteren~ e 1.

(I) Chapman , R. P. and Harris , H H,, “Su r f a c e  ~ackscatter1ng Strength
Measured with Explosive Sound Sources. ~~fense Research goard ,
Naval Research Establishment , Canada , NRE Report 62/3. (UNCLASSIFIED)

• I II I’ IO Zvthur OiittL.Jiig~.
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I I

P 1 b. The bottom scattering model is given by

10 log A 8 
— - 28 + 10 log sin (grazing angle) (13)

+ 10 log sin (scat ter ing angle )

c .  The volume - c d tte r ing model assume s no dependenc e

on inc iden t angle  and is c ha r a c t e r i z ed  b y a single

constant . For the purposes of calculating pre-

- 
d ic ted reverberation a mean square scattering

E strength ot 10~~ per cubic yard was *ssumed .

E3

U

II

U
• r

- I.

I
I 

1-12• I Z~thuT O lIuk .Jnr.
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~ 4. The Covariance’ Function

The transmitted signa l will have both a tempora l and spatial

• dependency. In particular , if the velocity excitati on app lied to e*ch

transd ucer is

I 
j2”f

- V ( t )  — Re I v(t) e C) (14)

I ~-ht - re  Re- . indica tes the real part of the quantit y in brackets , then

the correspond ing pressure excit ation as seen at s omi- point in the far

~‘ L ite ld  cit  the transducer may be written as

[ ~~~~ 
~k

) 
~ 

v (t - —h
-

I x exp - . (T. 
~~~ 

( 15)

The ~‘ -i r.e’ii- I e r —  In equat ion (25) are

I — oh- .etv.i t ion

1 -‘

— 1, -s i t s -  c it  seawater

c Propagation veloc ity

- • propagat ion path length

a arbitrary phasing of the nth transducer

F 
k • wavelength

- / a unit direction vector

• r — location vec tor of the nth transducer
4. n

— 
a • a constant related to the particular

• transduce r type

• number of elements in the transducer

I
• 1 1.13

ZrtI,ur O 1.Ink.kc.
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I

Equation (15) represents the result of doin g a straightforward Fraun-

• j  hofer diffraction calculation on the particular array in question.

The physical situation is shown in Figure I-S. Equation ( 15)  may be

• itwtidia tely simplified by noticing that the Fraunhofer diffraction

• p - a t t ern Is  independent cii the exc i ta t ion  waveform so icing as the wave-

!or:n is the same for each element with the exception of phase. In th is

C, i - ~t-~ equation (15) may be written as

~ [ p (t , 
~~~~

, s, ) • (t — —~ ) q1. ~~~ 
x (16)

1. 
~~ ~~~~~~~ ~~J - a:c ~~~ 

‘

~~n 
- 4. (I . 

~~~~
)

• n i

and the ~- qu i t  ion h.i been ~~~~ rali .~ed to inc 1 ud, - propagation in a non-

homogeneous medium t - - .- the additi on ot the Lo ss term Li0
1
J. (~ e further

co’nt- r aLi. ~ttio~ all ows t t ~,- conside-ration of rota : ing dir ec t iona l trans-

miss ion in which ca- .e equation (16) become s

~ t 5 5
[J p (t , ~~~~ . 

~~~ ~~~ 
• (t K 

~ 

r 
* (t - —

~~ 
) ,

~ I •

~ 
L ~ L~~ .J ( 17)

- • 1- where .. is th~ rat . of angular rotation of the t ’ ,-ar~.ii 0

r E — 1 lIt i o n (17) may now be considered as the e x c i t a t io n  applied

to  a scat te ring body located at e1. ~~ 5k in which case the returning

wavc : ’rr~ is given by

1-14

I 
~ Zrthut ~E1tffle.Jsr.
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TRANSDUCER

~~~~~~~~

MAIN BEAM DIRECTION
I ~ OETCRM(NES PK- 

ELEMENT

~ z
I FAR FIELD POINT

p( t ,s,8,~~)

[1 S~~~ ATION OF CONTRIBUTIONS FROM ALL
ELEMENTS GiVES PRESSURE AS SEEN AT A

p POINT (s, 9, ~
) P4 THE FAR FIELD

FIGURE 1- INTERPRETATION OF THE FRAUNHOFER DIFFRACTION MODEL
FOR THE SPATIAL DEPENDENCE OF T14E TRANSM ITTED WAVEFORM
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j U . w , 
~~~~

, 

~~ 
— Zjjk (t - 

~T ~~ - .. (t * —
~ 

), o~
)

I —~2’~ Lt d
(ijk) + 1 (9 , 0 )

x e ~ i (18)

• The la s t  term tn equat ion (18) contains two terms representing two dis-

t i n c t tvp t -s 01 Doppler -Sh ift. The f i r s t  type , f d Ui
~~~

. is the Doppler

sh i ft due to the scatt e-r t- r motion and is a random var iab le .  The second ,

f (~~
, ~

), represents t he Dopp ler due t o  the motion of the source. In

- ,eneral , f (0 , 0 ) is of th e to rm

11j  
S i  j 

v
• f (~ .0 )  • 2 1 —~ cos 9 CI ’S  0 ( 19)
• S I j  c c  1 j

• -.~h.-re I is the carr ier frequenc y and v is the ship velocity.

Considering equat i- ’o (18) as a pressure excitation applied to

the rece iving array , the output noise voltage as seen at the receiver

• input ~av  be written as

F- 7; U) — E (t - —

~~~~~ 

) ..
~, 

(t - ~~~~~ 
~~

,

• 
~ Ii — - - - 

- J 2
~
:f d (t ik) + f (ø~ . • )t  (20)

• x Q 9 . 0 3 L .0  ~ eg i l  I

~ 
[ whe n - 

~~ 
9~ , 0~) represents the receiving array characteristics and

r th e res u l t  has been sunised over all possible scattering bodies.

Having obtained an expression for the noise voltage the cci-

variance (unction of 7;(t) is obtained as follows . Equation (20) is

entered into the defining equation for the covariance function to give
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I
1 \

11 (t , t + ~
) • ~ \~~( t )  n U +

I 
— Z

1_ i~~~
v U - 

~r ~~i 
- “o 

- 

~~ 0_i

_j 2 r
~
(f

d
( i j k )  + I (9

k
, 0 ) i  t

I x L9., L e I

.. * .
~~ * 

2s _ * - 
25

I x Z v U + - - —a 
~~~~ 

- .. + - 
~~ .

j j 2 ’~~t (~~,m ,n) + 1 (9 .0 ) J  (t + (2 1)
x~~~*~~~~,0) L 10 ] e  d s m

R £ m m

C where the syTnbols~~~)tndicate an expected value operation .

~ 1 The problem now is to accomplish a suitable simplification of

equation (21). The i i  r- -~ s te p  in this simp l ificat ion is to note that

t 
by the assumption of .‘-r ~’ correlation between different scatterers the

• I cross produc t terms in equation (21) must he’ zen - ’ . Thus , since
- 

<s.~1jk ’ ~~mn> 
— 0 (11)

• I then

~ 

R ( t ,  t -s- - )  — r 
~~~~ 

v (t - 
i:~is. * 

(t + - -

- .. (t -~~~~~~~~~~ ) .  0j 3~~r
* 9~ -

~~~~ (t +~~ 
-

~~~~~~~~~~) .  0
_i

• ~2 _ i 2
~~ d Uik)1- x D

~~
19
~
.0

_i~~
L 0 j.

- __ j 2~~f ( 9
1
, 0_i

) (22 )
V ‘ U P  x e
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I
The next step is to simplify the expression further by evaluating the

I required expected values. Now the only random parameters in equation

(22) are the scatter ing amp litude and the scatterer dopp ler. Starting

r
f i rs t  w i t h  t he scat te - r e r doppler, the expected value of this quan t i t y

r is w r i t t e n  as
i~ -~~ j 2T’ f (i , j ,  k) -

E e -  
d 3

( j2’ f (ijk) -

r 
• 2’ 

3 
e 2

~~ d~~~ d 
(23)

L —
~

F where p(2”fd
) is the probability density function for the Doppler shift

~
- t the sca ttert-rs. It i~~ assumed to be the same for all scatterers with-

in a particul ar scatte rIng layer or on a particular sca t t e r ing  surface,

- The e-v al uat ion of equation (23) is part icu lar lv easy since its form

orresponds direct ly t o  the ~- ‘rm of the charac te r i s t i c  function of a

pr 1 ’hab i l l t y density funct ion . Thus

• 12’ f
d

( iik) —

- • E :e )— M ( ) (24)

• where M () is the characteristic function cii p f
d
(tjk)). From various

• * expe r imenta l mcasurements~~~ the form of p f
d
(iik)

~ 
has been found to be

.-l-Iss ian t.~ a reasonable approximation and hence
Lj 

~~.2 2

r M() — 
d (2 5)

whe re is the varianc e cii p f d (u_ i k ) ) .  The range of is between one

-
• and ten cyc les per second for carrier frequencies from 3.5 to S kc and

there is evidence that for surface reverberation O~ is a function of the

I ~ angi.’ of incidence of the exc i ta t i on  wave .
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I
The second expected value operation to be performed is that

~~ I pertinent to finding the mean square scatter ing strength. The required

integral ~s wr i t ten  as

i i  
_ _

I Z
j_ ik~~ J ~~ijk ’ ~Z ~~iJk~ 

dZ (26)

t I where p
z

(Z
i_ ik
) represents the probability densit y function for the com-

- 

•~ p l~-x scat te r 1n~ amp l i tude. Since the scat terer s  are assumed to  be

l ocalized t o  1 r r t a i n  r r -~~~ - ’n~~ of the ocean the’ integral may be evaluated

with the aid ci :  Bayes ’ rt ~1e . Thus

— scatt erer) P:sca tter e r:

c - 
+ pz

(Z . k iNo scatterer) P N c i  sc a t  t - rcr) (27)

L Ii no scatter ers are present . the scattering amp litude is  zero w i th

• probabil i ty one and t h . - r , - : ’ r ~- the second term in equation (27) con-

t r ibu tes  nothing to the expected value integral . In the regions in

wh ich scatterers ~- xixt the pr obabilit y of  finding a scatterer j
~

I P Scattererj • K . V  (28)

t s t n ~~ th ,-s e r ,-c ’&its the mean square scattering strength is

IZ I_ik i . K~~ J IIi j k I2 
~Z~~ f_ i k~ 

dZ j J k

— 
— KR~ L’~V (29)

where B
~ 

is  the mean square scattering strength per unit vo lume.

i - I
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J
Inserting the results of equations (24) and (29) in to equa-

t ion (22) and u s in g  the expression

— It sin 0 A9 A E~S (8)

b r  the volume element gives

It (t , t + .) — 4 M(”) E - ~ 
;* (t + ~ - —s- ~V I j k C

I x 9~ - -~ •~~ 
- ~

‘k 

~, ~~_i T~~~~i 
- .. (t + - - —

~~~~ 
).

~ i’ j2”f (9 .0 )~
x D

R ~~~ i 
0_i
) L e a i _i

- 

- 
x sin 0 , -‘-a -

‘-s (30)

• Carrying the surnat ions - ‘ve r into integrals gives

R U  t •
~

) - M(’) J dW j dO J *( + 
28 ) *(t + - -

-
~ 

- 
x Q

T
t9
~~~

• (t -
~~~~~~

) ,  O. Q.~ ~9 - --~ (t + -  -~~~), 0.

- * 
-
~ j 2 ’  1 (9.0)

x D~ 
[9 , 0 •  L [0

x It sin (31)

r
4.. Further simplification is obtained by noting that

It 
~~~ 

s in  0i — r2 cos 0 (32)

I Hence, equation (31) ~~y be :r:tten as

1—20
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R ( t,t + i) • 4 M( !)J d9 j dO J ‘ U - 

25
) ~~*( + ~ - -

i 

* - - ) ,  ~ - + - ) .  ~

I x D~ 9, 0. L -~~~ r2 cos 0 _i2~~~~~,0)’ ds (33)

I 
For the genera l case of t ime l imi ted signals the integrals of

e q uat i o n  (33) may be relative ly easily evaluated . The factors which

I 
make this determination possible are first the spatial limitation s on

the distributi on of scatterer. , and second the spatial limitation on the

ensonified regions at any given t ime due to the t ime l imited nature of

• 

[ 

the signal. Both c i t  these properties wil l  be used to evaluate the

• integrals over 0 and s.

L The ph y sic a l situation with regard to the scattering layer is

[ 

shown in Fig. I-b. At any given instant of t ime , say t .  the ensonifted

volt~~e is limited by the tipper and lower boundarie, of the scatter ing

[ 
layer and by the pulse resolution length. Since the individual scatterers

arc unc o rre lat ed the Integrat ion over s must be icr .’ (or all a outside

L the ensonified region . As i consequenc e of this fact the integrat ion

over 0 at the time , t • is limited to an integration over 1~O asa

£
defined by the boundar ies of the enson ified volume .

1 To ut i li ze the above results the integration on $ is wr itten

as
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I
I J ‘ (t ~~ - )  (~ + - ) Q.~~9 - - -  ( t  - ), 0 3

I
* r 

L$ - ~~. , 
(t , + - )

~~ 
0. ds

I • J ‘t - 
~~
- , 9 0 

* 
i + - -

~
-

~
- , 9, ds

4. — S 
-, 

$ —. 1~~,

g~~t — ~~-— . 9.0 •v ( t — 5 — ) Q
T

1~
\i -’~ t .t change ot var i at-. I is made -.u, h th at t t c i -  i nt t-g ra 1 becomes

~
. ‘

~~

‘ [~ - -i . 9, 0. T~ 
* - - s~ 0. 0~ d .

••
1 — It (.9.O) (35)

gg

~

where It ( • W .0l i’. the • - r r . - a t  ion t t i n t i - -n a: t~~ti’ tr.in-.r~i ttcd signa l

L including .t~ - - . t i - c t ~~ due to rotating directiona l tr.i n~~~i ssion .

F- ’~ the c - i - .,- cit i ix ,-d beaJTl transmission the torn -t the

c - ’ ~ ple’x dire. : - . i t - . ~~
- - - lion t o t the transmitt e r (2

1 ~.0 is not de—

;- rn !ent  on time. In addit ion , the excit .i t signa l v U) depe nd s

on l y  on ~. t r- .- . Thus. thc quant it y R (  .0.0) can be — ritt en in a fac-

torized :.rr as

g R ( ,  0. 0) • 0 (1 D 0.0 (36)
gg vv T

I
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I

Using this result in equation (33) and assuming t o t  the t ime  being

I t hat rotating directiona l transmission is not used gives

- R t  • t + .)  — A M (S) O (.) r
1 

cos

- 
~ JL 0d 0  J DR (0 .O) D ( 9 ,0) e*p (j 2~’f (9 ,0)~ )d0 (37)

0 a

r wher. ~~~~ have replaced the K by an exper imentall y measured quantity

— 
which we w i l l  ~- aI l the •,tt ering strength.

The most important term s in equati on (37) from the standpoint

- :  sona r ~i-s1g n are the quantiti es M() . O ( )  and the theta integra-

• I • I i - ’n. A . noted .ih~.-.- ,- :ti, tunct ion M(’) is simp ly the Fourier transform

I 

- i  -
• b iar i~ t er 1 st  Ic I nn~ t ion 01 the prohab iii cv densit y funct ion descr ib—

Ing he rand n-. r~~t ion of the scatterers . In add ition to th. scatterer

ot ion the fun, l i o n M v )  .in also be made to account for random motions

- ‘t the t r a n sm i t t e r  and r,- .. ,- i . - e r . The overall effect of M() is to intro—

duce ricipp ler  broadening t o  the reverberation return.

The cor relation func t ion o f  the transmitted signa l ,

‘ T ’ t .I ins all .-.f th e information perta ining to the total energy arid spec-

• L. tral content of the t ransmitted ~ i gn .iI. For the purposes of this di s

cussion the dimensions ci t O ( )  will be watts per square centimeter.

The fina l term in equation (37) involves an integration over

t t i , -  azi~~’ith ~~l angle, 0. ‘1 the rece i ver and transmitter direct ivity

A
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tunctions and the exponential function containing the ships own Doppler

expression. In general , thi s integral must be solved numericall y be-

I caust- of the complicated form of the directivity function. The onl y

exception to this is th~ case of omnidirec tiona l transmission for which

I the dirt - ct iv it v func t ions are unit y for all 9 and 0~ i n wh ich case the

-

• 

I 
int egral reduces t o  a Bessel function multiplying the functions M()

and ( ) .  The s igni f icance of this integral l ies in the tac t that

I 

th.- ships own Dopp ler relation taken in conjunction with the d i rect ivity

f u n c t i o n s  contr ibutes t- ’ the Doppler spread of the reverberation.

rbie above considerati ons It-ad to the conclusion that the

- dt~ .ns iona ot the covarlance function -ui st be watts per square centi-

• - - . ters when th~ t i : - - s t i itt is identi. .ill y ..- r - - . Thus the total revt- r-

berati cin power be ing returned at a t ime , t .  is just the evaluati on of

equation (37) with st- t  t o  zero. The final a t . - ; ’  in the analysis is t - ’

+ 
obt ain ~he spectral Content of the reverberation by taking the Fourier

t ransform of equat ion ((7).

-; IU. THE R V I R  IO~. sFECflLJM

• The Fo ur ie r  transform .‘f It (t . )  Is defined as

1 
~nn 

(t . 1) • J R ( t , )  •
-jr i- d~ (38)

• where ~ (t .1) i -s interpreted as representing the distribution of the

~ 
flfl C’

reverberat io n power as a function of frequency. 1. at the time I .

— inserting equation (37) b r  the covariance function g ives
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I
I
I (t .t) - A.~V

2 
cos 0 

~ J L.o; dO J D1(0 ,O) D~ (e.O) dO

-i.~” - I — I (9,O)?i

E L M V )  
vv~~~ 

e $ 
d (39)

The tina l integral over is simp ly the Fourier transfocm of the product

ot two time tunction!I which is simply the convolution of their respective

4.. Fourier transforms . Hence ,

nn
(b
o~O 

• A r~ cos 
~ 

f L 0  dO J D
T

(O .O) D~ (W .O) dO

0 0

I F
M

( )  : ( ~ - ~~(0,0) - 
~~

) d (40)

—.h .-r. - f~~~~) t - . the Fourier rr . incform of H() and C Is a du~~ y var iable

of in tegration.

So t.i r the discus sion h~ s been limited to scattering fr om a

deep s cat te r in g lay e r; however, it should be pointed out that scatter—

ing f r-ni the ocean surface and the ocean bottom may be characterized

h’. precisel y the c a rs -  t i - c  h n i q t i e s  as were used to charact erize the vo l-

ume scattering problem. The answer , are in fac t identical in form and

d i ffer only in terms of the scattering coefficient and the scatterer

dispersion f unctions. In addition , i t is noted that the Fourier t rans-

I rm ~1 the transmitted signa l autocorre lation function may be wri tten

as 
[II 1 ‘ A: f3 (41)vv o p

T 
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I 

where I is the peak transmitted Intensity and the pulse length.

Thus, the product I ‘ contains the information as to the transmitted

-
• I energy and ~~f) giv:s the appropriate spectral distribution, In the

following section a complete su ary of the reverb eration equations is

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

I

1

~

L

f

13
U

B
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IV. SLll’t-tfl.Ry OF TR~ ,gVEkJ U~.AT ION EQUATIONS FOR F IXED B EAM T8A24SPIISSION

a. 1~~is t  o f  Qu4fl~~it L e s

I
l) I ; Peak transmitted intensit y in watts per

square centimeter

2) ; Pulse length in seconds

() A . Volume scattering strength per cubic yard

-..) A8 
Bottom scatte’ ring strength per sqIi.Irt . yard

5) A Surf -i c e scatter ing s t r e n g t h  per square yard

— 
- !~. 6) c ; Veloc ity of propagat ion

7) r , in i t  d i st  anc t’ of one yard

1. 0

H) 01 
; Angle of incidence cit wavefront with scatter -

1 trig surface or volume

L.. 9) (0,0) . Ship ’ a own Dop pl i-v function

iu ) 0 , m i t  i.* l an gle at the  t ransni tt - r f o r  the r- iv

t~. 
( 

which strik e s a s catt-ri ng boundary at tin .- :t

II) t ; }(- ‘ nd trip travel tint’ for the reverberation
- c • .r1pi~ t1t’ f l t  S
I

12 ) L
r
O , .~-..metrical-sprcading component of inten ait~

loss (one way)

13) t ; Frequency in c.p .a.

Ii 14) D
T~
9.O and D

R~
0.O) . Transmitting and receiving direc tiv itv

func ti ons , respect ivel y

15) M ( )  , Scatterer dispersion function relating t o

ra ndom motion of the scatterers

16) FM
() . The Fourier transform of M(’T)

17) 0 (1) ; Autocorrelation function of the transmittedvv
waveform

18) A (f Spectral distribution function for the energy
in the transmitted wave form

I
1-28

I Znhur O.LIuh ,Jic.

~~ - i ~~~~~• • • 
-
~~

- :~~~ i~~~ _ _ _ _  

_____________________



- I
I 

b. Reverberation Equations

The covariance function is given by

1 It ~ , -)  — A r cos 0 — H ( )  0 (•)
nv ci v o ~~2 v vv

I I j 2  “I (9.O)

- 0 0
x J L ~

‘
O’ dO J DT

(9.O) D
R

(O .O) C dO (42)

• 

- I and t he ;‘ove r dens i t v spec t rtun ,

I ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ J L O d O

.
~~~~ 

- 

0
L

x J D (0 .0) D (9 ,0) (10 1 r (‘)~ (1 - 1 (0,0) - - )  d (43)
T K j  H ‘-•v

The only c i  guj i  i. ant di 1feri-n~ es betweeen th ~ various t ypes of

- _ 

r.-v t ’r b e ra t i ’ n , surface volume or botton , , i c i de Iron their respective

L ac * u~ - r i n g  model s is the e f f e c t  form of the characteri s ti c function F
M
( 

~~~~ ‘

For the purposes cii general systems analys is  appl ic ation , the assumption

- c i t  a g a u s s i a n  form f o r  F
M
(’) i s  reasonable in view of  the existing

experimental data ,
L

II
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V. THE EVALUATION OF THE KEV ERBERATION EQUATIONS

The numerical ,v - luatton of the reverberation equation begins

vith an algorithm n amed TIMBR whose purpose is to characterizt- a par-

icular - ‘c t - an t n v irt ’nment * n  tt’rms of the initial ray angles required

to p r o p a g a t e  a ray to a predetermi ned point in both space and time.

I 

The d e t a il s  ot this al gorithm are given in Chapter IV. The basic method

use d by the TDthR algorithm is essentially an exhaustive characterizati on

in which rays are traced f rom a source over a very wide aperture and out
La

t o  propagation t imes equa l to or greater than the maximum reverberation

1 ’
t int’ of t n t , -r - t - s t  . A reasonably fine grid of initial angles is used to

- , ~ over  ~h. aper ture an t the ray parameters such as range and depth are

- ‘ t .  - ‘rd.’d at regular inn’ int , ’ r v . t l s  as the rays arc t raced. This r i- st i lt s

in the ci- uJI ion o f  -t  number ot TDth R arr,ivs and corresponding to a par-

t ic u l ar m i - and co n ta in i n g  i l l  of the ray par- irnt- t t - r - ~ ~ - ‘ t  that t ime for

I all o~ the rays ~n the apert ure - Thus t imer prov id es  the ray parameters

- such is range and d e p th  h ’ t h as tabulated functions of in i t ia l  angle and

as tabulated functions of tint - . Having obtained the TIMBR d e s c r i p t i o n

of the particular ocean env i ronment it  is then possible to interpolate

i n  the r DlBR tables by the - s - t hod  described in Chapter IV to obtain the

integration ranges ‘v.’r the var i able 0 to he used in evaluating equation (43).

1- . addition , the init i.i l angles to be used i n  the ev a lu ati on of the propa-

• g i l  i - -n lose are also made available.

Given that the initial ray angles and depression angle 0 in~e-

- • gration range have been determined , the nex t step is the evaluation of

• ~ 
the innermost signal convolution integral which is accomplished by means
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I

I
c i t  the fast Fourier t ransform as described in Chapter V. The nex t

integra l is in azimuth over the transducer and receiver arrays and is

by t a r  the most t ime-consuming since the array directivity must be

I 
calculated by the FraunJ-.oti ~r di t fraction method once for each step of

the integral. Finally , the int egration over depression angle 0 is

~~~~~~~~~ to give the reverhi- rat ion spec trum at a given t ime .

The rema inin-~, chapters give complete det ails of the methods

i o: perton~uag cacti of the ca lcu la t ions  l isted above.

• C:

L
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CHAPTER II

~;EOMETkICAL SPREADING LOSS - GENERAL

I
The spread ing  loss a lo ng a ray path may be obtained by con-

I sidering the v a rt a t  ion in e - in - r g v  densit y in a ray bundli’ ce n tered  on

~he r e v  path . There art - ts-~’ ways by which this may be accomp lished .

Fi rs t , consider the situa ti on shown in Fig. Il— i for which the power

T le av ing  th e ’ source-  t hr-~tag h are-a A is given by

— I A  (I)
0 0 0

- t r - where I is the m i t  i .i l fnt .n -s i t v  a t a distanc e . r • f rom th e -  co urt - c -
• 0

- 
• \ t  some di stan t point . x 1

, . th intensit y is  I~ over an art- a A
3 
such

th at

P — I A  — I A  (2)
0 0 0  1 1

•~ t ch l e a d s  t o  t h -  spread ing los s

— - I
I 

A
L • — ~~

— (3)
o

Fr - -- - Frt.. I l — I note’ hat A i s  given bc

1~ A r 2 
cos 0 -

‘
-

~~~~~ 

- -~~ (4)

vhcr .- 0 Is the init i al depression angle. The area A
1 

at x
~
, z

1 
is

given h’.

A 1 — hw — x 1 -’~ 
‘
~x sinO

1 
(5)
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Thus the ratio of A to A in Equation 3 is
— 1 o

A r cosO ~Ø :~j — 
x 1 :-w ~ix sin

1 
(6)

- which in the l im i t  ~~s .~0 
— 0 become s

• 
¼~

r r 2 eos0-~~L L —  • (7)
x ’~~~ sinO

1

C
Equation 7 is p e r t t ’ c t l y  general in that no assumptions have

been :~~dc concerning t i . c- c- b c  ity pro f  L i e .  oweve r , i f  the velocit y

;-r - ’t i l e  is linear , then t he r a y s  art - known to be arcs of  c i rc les and

L the parti al dcr~ -,- - etivi ’ ~x/~ 0 can be evalu ated as follow s. For the
o

z

I at raigh t 1 tn . - vt-  1, -c i t  y p r  - t i  I c  ~- i  th gradie nt g , the h -- ri zontal 4 1 s t  .en e x

f s given by 0

- 
- 

x _ { : 2  cos~~ s — _
~~~:1 

, £ dO - - sinO

I -  - ( a tn O  - sinO ) (8)
U 

I ci

[j where p — ~~~~~~~~~ 
- 

° and is constant f o r  a ray in a constant

-~ 
veloc i ty gradient , as .e consequence of Smell ’ s law.

1 r
I -

- • 11—2

I 3~hur D.lãffle kc,
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.

~~

tt er e ntt :ting Equa t ion 8 gives

I
- — a— — (sin: — sin: )J

-~~~~ •.- g cos: 1 o
0 0 0

(9)

1 — ‘- - -  ( ( c o s :  — cos-~~) g cos~ + (sin:
1 

— cln : )g sin~~~j

0

The ~~
- t - - -  - : - - :  i . -. ob t .eint ’~i ~r - ’

- 0

1.
c(z) cos

I-
’ -l  o

— ce)s
II  C

0

— ‘— i t t  s i n :o i ’ )  ~ (~~) oF ___
o

• 
t (  

C
0 

— 
C

C
0

•
1 c cos:
1.  0 0

: r ~~ -
~ which

•~~~ C05 s in
- 

C- ’~~ 
(10)

~ Ii

11—3
a

I 3nhur ~.1.lftfr ,)nr,
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I
I
I l’sing this result in Equation 9 gives

C

• ______ - kin: — sin.I o
• - 0o • g cos : sin :
5 0

i - - - - i-- — (11 )
cos :  s in:

1’~~ing t h i s  result in ~qea ,et1on gi ve- s f r  the spreading loss

F! • • ~~~~~~~
- -

‘

-
~~

- (1;)

“ ia e s ’ r i ’ — - .io~ js valid unt~~l t ue  tac r ra~~hc- s a h - -und e r’, between zones of

-~tt feren t ve1o~ t t r  gradient.

the - h.~ngt ’ In  vel o t - .- gi edie nt at a -
. :~ . boundar y Is

4Cc0uflt e’~ t - r fu r- ,- ~ol~~- •~~1ng - .eunt- 1 . ~ i ch refe rence to F ig .  11—2 ,

-
~ .~ t m ~-n - . -

r c- -S- :
I _______ 

_ _ _ _—- -— ( I  4, )

1 ° X 1- ; -~
’-_ (~t~ ~ 

~~~~~~~~~~ 

• (x—x )) sin :

r In genera or e n— roint in the n’ 1) 
th 

veloc it y i-ret l1 ~- ~‘- n ~’~

x-x — (sin* — sIn:) (14)L
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‘
- I

I Differentiati ng with respect to

I - - (x-x ) • 
2 [co..0 (coei :n ~~~ 

- cost
U cos Th ~n+l 

0 0

+ sin: (sint - sin:)] (15)

• I From ~- n e 11 ’
s law :

(cost) • 
( : )  

-:
~

- cos :

- ~~~ ~~~ 
. :~~. :tn:~

I —- ‘ ~~~~~~~~
0 0

Usi ng t~~~1s re ’ s - ~ lt  in - p~~i t  ion 15 gives

c 1cos ’: cIn c0s sine

— (x—x ) — — I - — —
n 2 I sin : sin:

L 
o COC ~~~~~~ I n

U + sin sin : — s i n  s i n :
n 0

s in:
11 - - - -- - - ~~~ (sin: -

II coc: cin sin: p g
Ii o n n+l

• 
~ 

I-- (x—x ) sin: ‘ -  n
•
‘ I • — • — —— • — —— - — —• 4,

~~ccc sin: sin:
* n

~I t .

1 
Il-b

I .. ~ T$bU? O.1tide.hr,
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I
I rfius for t h e  t h re e  1.eve r  case given in Equation 13 ,

I ,
r cos ’-
0 ciI • • ~~~~~~~~~~ —-- • - -— - - -- - -

~~— (17)
I Ix (x ,—x ) sin : (x~~x ) sin:x i  — — — ——- - - - -  + —

~~——  — sine
- • I e ~ 1 - 1  

_ _ _ _  
2 o

(, 
sin:

1 
c j~ sin;

1 sIne, s ine

~~ re gener ally ror a ray t ravers ing N zones w ith a termina l point

kr ’. the N+ 1 
~~~~~~ -L th

I -

I L . L _ ,_
~~~~~~
_ 

r cos $ 
-

~~~~~~ 

-
I , ,

‘ (s )i ) I~x — x  • )  sin e
0 

sin: 1 ~~~ + 
sin:~ sin : sin:

i : i , e l i y, it a :a~ is s;’e’ ular ir r e t  l e c t e d  from a plane surface , the

- 
re1~~e~~t ion ‘ust he a. - - - :~ted let just .e-~ though .1 ne~ .‘- -n~- had heen

- 

e’ntered. Fib: , I I -)  i llustrates this case for surface reflection .

I 
- The ret ra~ t i - - n loss in the s pe-~~ i - e r ref lec t ion case i .  a lcu la ted
- 

~stng

t L
:-;-- 

[ 
. . . (x 1 - X 2

) + 

~~n 
- x

1
) 

~ ~~n+l 
- x )  +

1~T Just .e.. th i o ta g h the ray were trav ersing m ultiple layers .

I1
[ 
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CHAPTER III

DETAILS OF PROPAGATION LOSS CA L C t L A T 1~~~~N

I Total propagation loss for the selected rave. consists of the

I 
spreading loss defined by equation (18) in Chapter II. plus attenuation ,

s u r t a ~~c and bottom losses. Automation of the less calculations requires

I ~uIibidcration of various special cases , suc h as the t racing of ve rtexing

rays . This chapter describes the methods used to deal w i th  these sltua-
7.

Lions . Detai ls  c it  the ccirn~- u te r  programs ire’ contained in Volume I I  of

t h is report.

- - 

1. kay Tract n~

L The ‘uhroutine P~ Y T RX ie. used in bo tr~ the TIMER and propa-

.: e t i o n  l-,’- .s calculati ons. It t c i u l L ’~ ’. a ray leaving a starting point in

some direction, until a specif led amount f t2r ~ has elapsed . TIMER allows

j the -JetcrTninat ion of the angles at which rays  must leave the transmitte r

in order  to terminate on surface 1 bott om - -r vo l ume scatt erer s at a

I. part icular t i me ’ . PLOSS repeats the ray trace for ea~~) of the selected

H initial angles and, In addition, develops all - t h e  quantit ies neces sary

t c i  eva luate equation (18) in Chapter II. The ray t rac ing i-s done in

[ steps along the arc length , w i t h  the step size ad jus tab le  as critic al

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

‘..‘~- . t - n ’s r e t h ~-J is used to adjust the step size and direction in order to

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

- -n ’ - - & ’ rge nce is a progra~~ier controlled input.

C
111—1

r
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I
I
I The convergence scheme is tailored to the reverberation

I 
problem In the fo l l owing  m nner. The objective is to terminate the

ray at some specific time and, in particular , two of the three

I poss ible cases involve sur face  or bottom terminations. For these

cases the program simply converges on the required number of su rface

— or bottom bounces with no other test on propagation time . This

approach is made possible because of the use of the TIMER algorithm

which generate s the appropriate initial conditions and gives the number

n of surface and bottom bounces required to achieve a surface or bottom

- termination at a predetermined time . The third type of convergence

-
~ involves termination wit h in a -scattering layer at some specified t ime .

This form of convergence use’s Newton ’s method to obtain a final ray

1 position .

- In order to evaluate the propagation loss expression of

equation (18) in Chapter I I , i t  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 sut routine RAYTRX . The ray trace equations

are obtained as foll ows .

The curvature of the ray is

11 ~~ • — 
~~~~ 

1 dc (z)[ ds c(z) dz

• where : is the ray angle , a 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 • g~ for the k
th 

zone. Also si nce the gradient is
— constan t in z, Snell’s law holds and

[1
111—2

arthur ~~.ittte.hr. 
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I
I 

cos;  
_____

i 
— P ( 2 )

where c is the velocity at the source and : is the initial ang le.I 0 0

Thus the curvature may be written as

I i1~j - - g p  ( 3 )

• ~ 
; where R.

k 
is the radius of curvature in the k

th 
zone . Hereafter , the

subscript k indicating the kt zone will he omi tt ed , and it will be under-
stood that all equations hold within one i~~fle’ .

idie ~~r .~untal u t  ~ t .ei~ . t - travelled by i t t ’  ray is given by *

I
— cus : ds (4)

c sing -qua~ Ion ( ~) to t - I l e - t  a ch.ing~ of v a r iab le , we -H tin

— X
1~~

_
~~~ 

es; d: — — (sin:
2 

— sin :
1
)

• R s1 n : , - sin :
1
) (5)

T -~ .- ‘- rtica i d i s t a n r e  i~~ given by

1 ’ .
.~ - 1 • ‘:— z • - s i - i : Jc — — --—- sine d:L 2 1 , gp

(cos: 2 - cos :
1
) - - K ( co s : , — s - s . ] ) ( 6 )

‘ - - - - and simil a r integrations , the integration is sp lit into two

C. -.~~ 
- 

~~~‘-n~~.’ r a ray vertexes.
L

- 1
111— 3
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S i n

~

e the depth var iabl e i s  used by the program as an independent variable ,

equation (6) provides a means of obtaining the final angle as follows:

V — ~~~~~~ ( — 

z 2 z
1)1 ( 7 )

where ~ is eit:it - r + 1 and is used to assign the appropriate sign to the

f i n a l  angle ,. The method of choos ing 0 will he discussed when we conside r

tn~ de tailed app lica tion of the above equations.

The .ezc length i - s  given by

U ; dz d z
5 - — s _ — i — — — - - —— (8)

2 ) sin:
- ~~ l—c o s’

L’s i n ~z “~:t- l l ’s ~~~~ and equation (3) , note that

[ cos : — c(:) ;’ (9 )

en d

dz — d(~~(~’ ) p ) (10 )

Inserting these results in equation (8) g ives

- d ( c ( z )p
0)

~

2 “ 1 gp
0 ~~~~~~~~~~~~~~~~~

1. • - R ( sin
1 c ( z 2

)p
0 

- sin
1 c ( z

1
)p) 0 (11)

III 4
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I
The detailed application of these equations requires considerat ion ofI four possible cases as illustrated below . For the two cases Involving ve r-

texing rays , the calculations are done f rom th~’ initial point to the vertex

~~ 
poin t with complete eva luation of all integrals. The ray is then traced

f rom the vertex point to t h e  next boundary . T hi-s  procedure Is required

since’ the vertex point Is a singular point and any attempt to simply

integrate through this point will give erroneous r -sults .

Cj s e la Gradient o Initial angle ( 0

Radius of curvature : K — —B gp
0

- Horizontal di stance: sin; > J am ; I

Fina l ang le: since K ~ o and 
-

~2 1.~~~— z
1 - o  then — 

R

L

— l
Ar c length: sin (c

1
p )  sIn ( c ; )

— — l in order that s , — s~ ‘ o

72
2 

/

1 
g — ~——~- s o

c
l
x

i 
~~~~~~~~

I)
NOTE: Had the vertex depth fa llen in the above zone, it would have replaced

{1 z
2 as the uppe r boundary.

!
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f C.ise lb Gradient < o lnitial angle > o

Radiu~. of curvature : R • — ) 0gp
Horizontal d istance:

s in;
1 

sin :,

ii
Final angle: since K 0

i-a
z ) z

1
o , theo — 

K

1’

1 
~~ leng tn : :~

: :
l~ 

. sin~
1 

c 1p .
‘
. — +1

I such that s . — 
~~~ 

> 0 

/13 c - -

NOTE : Vertexing is not possible in this case .

Li

El
El

111—6

anhur a.~ fttfr.)su. 
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I
I

I

[ ~~as~ - h a  Gradient - o Initial angle > 0

Rad ius of curvature: K — — ——— . ogp
0

Horizon tal distance:

sin;
1 
‘ sin: ) .

‘
. x 2 

— 0

I 
~ Final angle: since K ~ 0 and 

~, -

~~ 2 , — z~ 
-. o, the n — -

~~ K 
-

and +1

Arc  length: sin 1 
c

1
p s in 1 

c
2
p .. • +1

such that s — 0

\~
l 

4
C
1 

.
~~ 

—— ——

N

C , t Z , 
‘Nfr 

N~)Ti.: If the vertex depth were contained in this zone , it would have been

used as the lower boundary .

r
(a

I’ 111-7
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I
I

east’ L I b  ~radient o Initial ang le o

R . i — I i u -  of curvatur e K — ~- o

ii 
gp
0

LI Horizontal distanL’.~

Isi:1 :il ‘- .1 .~ . 
— x

1 
- o

u 
final ang le - ince K < 0  and — z

1

then — 
H 

- - < o and ~ • —1

I -
Arc length : -s i : i ’ C 

i~
’o 

in ’ c ,p
0 

.. ~ 
— — l

that -- — ~ o

I i
2 , ~~~. L

~~~~

o c
1 

NOTE: Vertexing is not possible for th is  case .

Ii

f t
U 
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I
I
j  The program differentiates between each of t h e s e  tour  cases bised

on the gradient and initi al angle at the starting point , The appro-

- priate boundary is then established (vertex point or zone boundary) and

the ray is t raced  to t h is  boundary . All ray parameters are evaluated

I. and a test for convergence is made . Ii the ra’.- has not yet

the ray trace loop is repeated for the next zone.

When the ray as converged on the surface , h o t  t~ -r- , i time specified ,

fl all ut the parameters necessary for  evaluation o~ equatIon ( 18) in

Chapter Ii are saved for entry into sub’routlne PLOSS.

2 .  Pre2.i~ at ion L - - .

The pro~~- e~~et ~- n loss i - :  .1 - -  t i - a v e r - s i ng  ‘
~ zone boundaries is

~~~ -.,-:i by

l r

L (1 2)
- N x — (x - x .) sLf l~n n—i N 0

X -  cj n ~ ) - - - - - - - - — ‘ Jsin 4~- 0 ~~ si n : sIn e sin: ‘.in~ 
-

n n-I Nn•l

- where * and are the ’ horizontal coordinate -end final angle ’ at •- -e c l~

I 
n f l

~~-ne - undar .- as generated Nv —j~’~~RX ; subroutine }‘LO~~. is used to evaluate

- ‘- q - ~a tion (1 2 ) at each zone boundary and at each convergence p’ i nt .  PLOSS

also takes appropriate action for the foll owing special a~ ec .1!
U a. If the ray s t a r t s with in itial angle : — 0 , the n -;u.e t ion (12)

Indicates that all zones ,ex cept the zones in which the r e v  ver texe s , w i l l  be
11

charac terized by t b -  ~- -I1owing propagation i - c - s .

2 2
r cos t

Li L — -° - --- ° - -- ( 1 ’ )
x
l

x 
cjn :

1

111-9
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I

In a vertex zone equation (1.~ t s  valid until the r~*- actually reaches

the vertex point at which point the intensity is indeed infinite. The

subrout i ne tests the final angle PHI2 fu r zero and , if true , the loss

Is set equal to zero , and an indica tor lb set equal to indicate th~

I Infi ni t y condition. Following the vertex , equation (13) is ~sed until

the next vertex point is rea ched.

b . F . e  ye - i  e~ ing rays other  than t .t - ,ev wi t :(-r~ initial

angle , -.~~
- use the limit ing f o rm  ! -  r t~~e- pr opaga tion loss a-. : approaches

tera which cive~

r cos
2
:

I_ _
~~

___ ,._ __p
~

_- - _ ___  - (16)
(x—x , ) sin:

~ 
s t n : ,,~

The’ p r o g r a—  — a x e - s  i - c -  as- -u --- ;~t io n  that a ray wil l  never be allowed to

- - ..e a sjmul: - ,n- -s v e r t e x and zone tran sition , i.e. . i f  the vertex

depth .%n-f t . - z - rie h ’ - ;- - th ire tde n ti t a l . then the ray is assumed to ver tex

in that zone .

A t :he c~’ne l u - s i - - n of PI ’ ’s the spreadin g loss ha been computed

~ or one- of rays I d en t if ied by TIMER. Additional subroutines are used

to . urpi- . the urresponding surface , bottom and attenuation losses.

ii

ii

[1
p

~ 111— 10
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t 3. Absorp t ion Loss

RAYTRI( is capable of selecting f rom a set of four absorption

j  models contained in sub routine ALl. The two models presently available

are zero absorption and the Thorpe~~~ model where

A T I U S  ~ — 
U .  1 ~ + ~~ -.~Uf 

- db / kvd
- l+1  -. 100 •
4~~

Ii with • f requency in kilohertz

:~ot~ o~- L o s

RAVTR)~ can call on -.u h routine BL1 fo r either zero loss or en

. i o u~.t iC province and inc i dent angle dependent i - . - s.

5. ~urtacc Loss

RAY TRX has provision for a surface loss model through sub-

1 - n t ins SI~~. At present this choice is l imited i eithe r zero or ( db

loss re.r bounce.

~~~

lx
T ’ - ~r;-e , V . H., ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t he Low Frequcnc~~ Attenuat io n

Coefficient, J. Acoustical Soc of America , Vol 42 , No, 1 , July 1967,

fl p. 270.
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I
L CHAPTER IV

r I U ~~. TIMI R ALGORITHM

0

In chapters ii and III the ncch.int~~-. of  ray t racing and the calcu-

lation of propagati on loss h.eve been treated in some i eta i l .  This

chap ter w i ll be concerne’d with the appli ca ti on of these c ,a l ul .e t  ion- .

F 
inrougn the’ u-se of the TIMER algorithm to the evaluation of the rever—

berat ion equation .

The rcvethcrat:- -a equation contains ‘n1~ - tv r.i~ parameters e x p lit li ly ,

t he- se - bt - i ng • e round :- ‘
~ ropag~e t ion t ime .n~ t - r- - : ‘ag. i  i ion loss along

t h t’ i~~- -
~ n.~ tr ip pa t ) -.. Howeve r , impl icit in th i s equation I’. the assumpt i on

of  -~-a~ ial - - n t  ~nu~.tv - f the r -und trip reverberation path. This assump-

t i on  is - :  some prac t i ca l  Importance when one- attemp ts a numerical evalua-

t ion ~ t the reverberati on equation , -since hi st at i c  reverberation paths

(~ .c.  , -‘ .ithc f r  whic h the outbo und and inbound r .ev :neth- . are different )

are, in man-.- ~asec . quite -signiticant . Thns we seek a method of character-

- 
izing each ce’ ,ifl environment to he i n ve s t i g a t e d  in a manner which w i l l  he

-‘ -onslit.nt with the a’esumpt ~~n- - of spatial .en -f temporal continu ity . The

U ~~~1 R a lgor i~ h— meet-s t e5e require-’e’nts, and it - s ope- y .e t ion is described

- is follows .

1 1. FIrs t , oncider the prob l e-n of evaluating the propagation

time al ’ng -e given ray path. In differenti al for’ we have

I- 
(I)

II
I 

TV-I

3rtbur a.bn$eJiir.

-

~
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JJ where t is time , s is arc length, and c(S) is the propagation v e l o c i t y

along the ray pith. Equation (1) is placed in a convenient t o r r -  f o r

j Integration b’~ the follow ing mani pulations :

- 

ii
L 12 -1:dt • • - - -

c(z) sin: ~~
- -

B dz 

c( ) 1-

ii c~ z( r l— c (z ) p

cos:
-.-
~
re • — . a constant for a given ray .

For t h e - par t icu lar  case in whi~~h c L~’) i- s a linear f unc~~1on in

i 
~~. equation (2) —ni ’. be integrated in Cl~~sed ~orr- , s in~ e

• C •

z ti.’c~~ 
~- ~ • OR tit’ — d c ( z )

- dz —

fro ~- which

1
I t • — t • — - —

-- 
1 

- c ’ ~) . 1—p c

1
— - - log - - - (3)

g e c
1 1

F whe re the variation in a from to z2 is that encountered in t raversing

t~ -e ray path specified by p from t o  s ,. Implicit in this expression

L i- s  the condit ion t hat the integrat ion path may not pass through a vertex

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

— IV-2

I 
~~iIn*r a.~i,,ie Par.

- _ -- —~~~~~ 
—

~~~~~~~~~~~~
-_ - -_ _—

~~~~~
- - -



F -

~~ 
- - -

I
I

integral is convergent In  the limit as the arc length .epprosLhe5 a vertex

and hence , the Integral may be evaluated in steps between each vertex .

In addition , the sign to be used wi th the radical Is determined t v  noting

that

I — c~ p~ • s in: (- . )

w he re : is the ray angle.

11 2. The bas ic  ~et~ od - applying equation (3) t. ’ the ~)iara ter—

1 :a I i n of a given n. eon env l ronmt’nt ‘.14 i-i -‘ t v t I .a I rom the -son r e

some large number rays distributed In equal increment ’- of initial

angle. ~u r in g  the  - -u r-.e of tracing each ray , the p r & g r a r ~ s t o rCs th e

ray parameters at a -‘ c t  of pred e t e r— ined ir~es - rht’ -s e ’ t i’ e-s usu all y

t o  the ti’ i’s at w t i h  reverberation spectra are to he evaluated.

The convergence of  each of the r ev ’ . t o  t b .  )e - . i r e~ ) propagation time is

accomplt shed by use ot a ~ e’w t ’n ’s re’ thod subroutine wf ~~ - - provide’.

— 
nn -c rlCa I solution -t equation ( I) in ter—s -t the ras- depth a for cacti

ray .

The result  of this eff ort 1. a serie s of TiMER tab l e’s e a c h  ~orrespond—

ing to a given ti ”~- .en ) each on ta in ing  a compi. -te set of ray parameterc

f or that propagation ti re - Thus, i).- individual TIMER tables constitute

a J t s~ rlption o~ the -~
- --evr front at  c.i • spe cif ie-d time In ter— . f the

initial ray angles. h1 s feature of the TIME R t a b l e - -s allows their direct

-
~ use in evaluating the reverberation .quation, since the initial ray angle

• is in fact  su f f i c i en t  to c oae p le tel - -- descr ibe the ray path.

t1

~I u
IV 3

I’,

— arthur D.bff lej nr . 
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To further illustrat e this point consider the graph shown in

I Fi~~. TV - I . This particular graph is a plot of the T IMER data correspond-

in~ to a propagation t I~~ t e- of seven s -conds (or a bundle ’ of rays distributed

~ U
in m i  t i - e l angle Iron ~5 ~t ~rees to 10 d e g re ’ - s  . The -seltirce i- . located at

a depth of 10 ya rd s in an oce-an character tied by the v t - i .‘e i t  v pro f i I

shown in Fig. I V—2. The data is plo t ted .e’. ray depth ~~ii initial .in~~ie

where posit iv~ m u  i- t i a ng les  represent rays w ith a downward initial

f’~ di re-ct ion . The sr~a il numbers in brackets represent the neunbrr of surface-

and bottor’  bounces t - tis’n by t he  rays which c~ ’r1p rest - e-ach branch of the

* F TIMER plot .

As an examp le ‘f the applicat ion ‘1 t h i s d .ita, conaith-r a vo l ume

“~ -ettt ’r ing layer located at .e da.pth of 100 yards. Also assume that a

r ’ t n f t r i p  ;‘ r ’p.~ - .et  ion t ime of b urt  e-(’n st ’cond s is di’ s i t~c ’ ci . ~ c n o t e -  tha t

S the line drawn across th . - TIME. R plot at a depth of 100 yards i n te rsec ts

b ,  da ta -i~ lye locat ion -s . By interpolating l e t  c - e - n  m i  t m a t  -en~: l e - s  , a

reasonabl y good c ’ s t i  r~a It ’ may be made s t  the in i i i  a .eng I c - s  required

converge the rays to the 100 ~ .er d  depth with propagation time seven

sec o nds .  A r e - .- pI ’t - ‘ t  these f i ve - rays is sh ’wT- in Fm): . IV—) along w ith

th eir re- .p ectt v c propagation Ios-.~-s ~n F ig. IV —4. This ~ th ’d is suf fi—

F d ent for the e v a l s a a t  Ion of the reverberation equation when both the out—

-~~ir.) and return r.lv pio b -. arc identical. Howeve r , when a b i st a t i c  s i t u a t io n

1 e x m - t - • . a somewhat r - s ’r r  involved method of evaluat ing in i tia l  angles rite -st

be- used .

L The method described above may be extended t o  the t a - s e -  of  a plane

cc i r f a , - ,- at a fixed depth c u t t i n g  through a number ‘1 TIMER p lots as shown

In Fig. IV-5. If the TIMER tab les have been evaluated at close enough

I int e r v a l s . t - ,-p ica ll v one4ialf s e c -uni t , it will be possible to generate

I ‘ arthur O.bffle jac-.
_ _ _ _ _  _ _ _ _ _ _ _-—--  - -——--
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l i n ’s of initial angles vs propagation time holding the depth f ixed .

~~ fixed depth would ot course- be the surface or bo t tom or the

boundaries of a volume scattering layer. Ihis  data f5 ’rti~ half of the

—.olution to the bi static ~‘r mu ltipat le reverberation ; r 1 h i e m . However ,

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

gat
~~

- -n time , since t h e - his tatic patt i must be coincident In range and

depth .t’. well as having the same round tri p propagatio n time .

[1 A plot is made of rangeS versus t iru- for the p o int s of int -r se -ct ion

he’twt’e’n a constant de pth plane’ ,e:ed a si-quence of TIMER p lots . In

Figure IV— e , t he- ra~- ’. chosen are the direct rays 1 and - f Figure TV - i

and t n.- mu Tt it’ounce- ra-.- 5. Assur~m n pz th.it I s s u r t  eon seconds -e fter t rans—

mission is .e t ime -t i-rest , we’ may rea - s nabi  v .i’ .k i t  t her~ - is  any

combin.i t i-’n of  di ssimil.e r propagat ion ; ‘a t t is  which can return c ii. r)~v to

b. r.’c.- ye r -..Ltn a total r -und tri p propagation t iru - - ourt cen -.‘-conds

— F r - r ~ ~~ ,:smr ’ - IV -ls , it appear— that there’ is Indeed - - us h a comb ination

;- .et ha . Tb-c ’ reçn 1 r,’re-nt that bot h  ~- a t  h-s t ~-ri-— m CLIt e at the same depth is

—~a t i - . fied by t : , - cuttin g of the IMER p I s t s  ~~f .e fixed depth . The

requirement that both pat h- . t ,- rr-inat,- at th ,- -.a~~t- range m - . satm -.f icd by

n~~t raining th~- range’ vartah~~- as shown in Fi ,-ur e IV-es . cot., by

adjusting this range variable- , B , it is po’.~~i h le  t - - find a combination

of :r- ’;’- a t  ton t ir~,--s t 1 and t whose .ur~ i s - the r, - -~ s m m red ~our t eon —e ’

Ii Knowing tb. propagation t i r n e -~~ t
1 

and t 2 ,  the final s i e p is  to t e s t -  the

fl graphs generated by the process shown in Figure IV—S to obtain
it

interps ’ia tcd value’-. for the initial angles of the rays which will fulfill

the co ndi tt - -n - . of spatial and temporal coincidence. The result of

‘v—s

a arthur O.~ infr Jsw.
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this calculation would appear similar to a combination of ray s one or

two and ray five, as shown in Figure IV—3.

The process of multipa th identification and select ion has not as

yet been integrated into the reverberation program . The programs for

doing this task are under development .

H’

I;
i i
I i4
1~’Ii
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CHAPTI R V

-\KRAI S ~~~~ i)OPPLER bROAI)~~~I N .  i -‘ti  i ’
~~I ~1 :~~ s
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----- -- - -

p 1. At za~ s.,e 1~ u lat ior~-.

it - 
~~-t hod used :~ t. ~s i -  reverberation ;- ro~ ro~ t ~ e the evaluation

L L~t the’ hydrop tione at t . t  Ut  rect ivi - - is .e- - 1 .ei lv .e ,lu:~ tR f or di f ra~ t lut i

~~td~~l. :~ obtain t p u r t t - u l a t  to r t ’ - . ot the d i r . ct iv t tv  equation , we

-. ut  by ~-r t tog th~’ pressure rt’sul t in~ - -
~~~ a in~ le r i r - -s -~u e~- r

p 1(x 1. ~ 
I • 

~ 
e- ~~~ j - ct (1)

( ..~~a- rt - i- s .e vv~ t - - t  r-o -- 
- .- i.~~ 

-

~ - e t i - - i . ~ e t t 5 .- observation point.

- 
ic~~~~~i~- ~~‘n A( I i - - an amp l i ui. - a c t o r  • is - -e  ~~av. .-ng t • c t b.

~o:; veloc i t - .- , and t -
~~ t i - - . -  . b- c -  total ;-rt’-ssur~’ -tot- - an

arra y - - t  ~ hv drop tiones is

r(t) • ~~~~~~~ ~I ‘~~~ i (l~
1.

— - 
i- -s po int we i n t r o s t s i ~ e- - 

‘ I i i i  .4’.—.tIr p t Ion t i .it the d 1.t in~ e-

1_I
t r ~-t’-- .e reference po int  in  t -  .- hvdrophone ar ra - • say t - . - I - , transducer ts-

the observation p o int , Is ~ u- t i - c i ~~-r t hen th e ’  distance ~‘etwee n any t t . u

elem ents in the .irr.a- 5 • - . i- t 1
~ ~ - i - -- as’.ur-pt ion we --.av w r i t e -  that the .ir-pll-

Li tude t o n s  tions -r .iii- - - t~~~5 ~~~~~
— . - o i 5  are v,-rv nearly equa l , — i n ~~i- their

to the - - b - s t ’ rv~~t i s ~ poin t are very nearl y equal. Thus

~~

. A (  X~~I~ 
- A (ix~ J ’) (fl

~E1
I a~~ur ~.bnfr Jet.

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _
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and extracting the constant factor exp j ( - C t )  Ic -ay e ’ s ,

ill N
P(t)  — A ( Ix  ) exp (—j  

~
— c t )  ~~ exp i ~r 1.1

4-

where x is an average ~‘.~~~or I ron the ar r .ev to t h i-  point ~! obsei- ’,- t  i- o t t .i c  .
Let the individual vect or-s 

~ 
be expressed as the sum of the

t 
[ average vector and a location vector for each e l - i ’ - e n t .

Ti x • x + r (5)
U 

• 
i 0 1

Al - so, let t be .e unit ve~ .t u r  in t~ ~1 rection of o bs c r v . e t i - o n , i . e . ,

;‘.era lle’l t -  the x v e c t o r ,  ~~~~~~ using the’ t -rlgin a l assu~’- .pt1on t b..t

Jx 0 
i - ’. much 1ar~ t-r th an r

1 . ~e can write .- ~o1Iot’inw ap prox im at i-o n

t~~r t i e  magnituJe- of

+ t  •
I—

Ising t o  re-col t in e-; - .s .el i o n (
~~) g iv e s

P(t) — A(x~~) exp J (~ x~~ — c~ )~~~ ,- -.cp j ‘-— 1
1 

(7)

wh i ch we —~e - - n~~ p~ ace in a more convenient t s ~ r~~ by normalizing P ( t ~ in

t~ i.- f - . 1~~,jt.- i ;- .~ manner. ~.- t i-ne P ati t h e  “- -,x i~ ut’i of equation (4 )

obtain ed ~~ hold ing x l  L oristant and varying • over 4’- steradianc .

I Thu-s in nori~ial ized fo r —

~~~exp j (
~~ .

— 
i_

•,
_ l 

(~~~~ t

umax

where Q is the maximum of the suenation in the numerator.
max

I
I 

v-2 

arthur ~ .1ãffle .Jiu.
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~ I it is entirely po - s - s i b l e  t o  associate any art’itrary phase w i t h  each

~~ 

of the N elements - In part 1 ClIla r • -suppose- that .i phasi ’ equa l to

— f’—— I’ • n

-s I S t s J ~ t~~ te ’U w iti c c  rad i- a t  -r whe re ~r is a unit V I- t t i  i n  ,i~u’!t.

~~
- 

,_ pa r t i c u la r  J ire’ct ion . Inserting this phase in I- ;u~e t  loll ( w )  ~ 1ves

N - ‘f’~. 
Ecxp j ~

— -  ( r  ( - _ --

— 
i — :  

-- ______ — 
( 10)

- 
N

‘ Clear - - , -~- h~-n — -—
~ • a l l  t ~ el ,‘ ents are in pba~ .- and the - - un~’-— i t ion

i- e~~. - i - ~~~ - -: such t ..i t • h~~~~~ ,i ;u a t  ion ( 1  -)  r r~- v idt - a cs -~ p tit ,i t 1onally

o :tvc n t e n t  —st - i  to t or e - — p ching ; .euo -.~- iv e pfi .is 
~~~

in  add i t ion  t o  an e r - t i r  c r y  phasing . we may a l- so  aIl~~ an arbitrar y

- —.-e i~~ht i- n~ ~ t ion he’ applied to .‘.i •le - ” -C-Oi  - ~or ~- - st ;- r - e t i ca l

p-~ rp~~scs a w c i -~~ : . t  i - :~~ !unct i - - u dependent on tu ’ - .cn~~l -  ht- t~ - c ’e- u the oS-ser-

- v c ~ i - - - :t  vector and -~ t:i i- ve- s :tor cha r act ’-rI - .t ic of t o -  el.-nent 1’—

s t i t  i- - i - c-nt 1’.- general. In -ucu- - i.e. the Oil t vector normal t~ the

rad iating sti r : -C - e- i s  used a-. .i re t .’ rv ncc  c- ~~O gh t i ng function.

I I Ta~, I ng - c - i - ut  all of the .a~ uv e -  cons 1.- r - it  tore , w.- rtav -
~ r i t e

Li
for c- ~z.-u.

- ral - -c - - c -

: exp ~[~
- 
~~ 

‘ ~~~~~~~~~~( - 

• 
i_ —_

-t ~~~ —.- -- ---— - - - — — — - - ---~~~~ — - - - — - - -  (11)
Dmax

- - - I I
j C 

v 

arthur ~ .~~fttIe.Jnr,
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i- wher, th. square of Q( Z) is used since ttie dlrectlvltv Is normally

I,
associated with power measurements.

to su~~ arLze the variables in equation (11) are:

• th
n unit vector characteristic of th e- I tran sducer.

-
:

. unit v e c t o r  lfl the direction of observation .

tie -
. • t h

t )  weighting function tor the I

t. location vector for the ~~~ ele- e-n t .

a pla ne’ wave ~- rtasIn g unit vector.

th
arb itrar’. phasiue for the I cit - - s- nt

normalizing value equal to t he -  m a x i -i- of the

nume rat s -r over ci l valu e-c ot

-‘cs an .~~a’-; 1 -  ot lu- u--c’ of equation (11), we show in 1 k - . . 1 and FI~.. 2

the vert ical  -inJ coni cal pattern s associated with an arr a~- of v-~~r- 
-

‘tori ’s having cv li n d r i - -- . ~~ sv~mee t rv .

-~~ :1. i)clSp l(- r  Broadfninl C a lc u l a t i o n s

) th e’ reverberation equat ton requir e’— the evalua tt- - n of -e convolution

integral of the form

~ 
~ - F(~

) ‘- ( - )  d: (12)

1
~

wher . - I- ( ) is a f- in lion characteri stic of the scatterer -tot ton and

V — 4

arth ur .(ttlr,Jnr.
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‘- ( 1 -  - )  is the spectrum .~‘t the transmitted signal. In gent-ral the repeti-

tive evaluation of t h i - s  integral by conventional techniques is not feasible .

f Howevcr,bv making use of the Fast Fourisr Transform ( F F1) technique , t h i s

calculation may be perfo r-te’J with relative ease . In tact , the use of the

L FF1 greatly simp li f ies a number of the -  computational aspects of the reve r-

h era t ion problt~n.

k4’tu r e i - n - -~- - -t ig. i t ing t i - s  aimpUl ication , we v i i i  de t tree th e- FFT and

it s inverse and ~~~~ -.- i thout proof sornt elementary hut i-.t ’tu i  p rope r ti e” - .

i- t’ D i -~sr t ’te’ Fourier iransfor— (DFT) of a s.er-pled signal - t  limited hand-

w i R h  1 —  J et lfledU a..

- ~- ,, •
~~~ 

~ exp (j . - nk) _ 1 ~- - -  
k — t  

- ,

and the inverse is

— 

~~ 
F exp (—j  :. nk )  (1-.)

St

~sing - on’.- entiona l techn .-~- ’ - - - the evaluation ot ither equation (it ) or

equation (I-.) w ilt r~- -~ i-re ~~~
‘ c~~~p is~x up .-r .c t ion’. (i .e., a sine or ~osins

1-jo k up and a m u lt i p i- - ) .  The FIT fe- r ivet. Its it’te sav ings  by capita lizing

on t o  hig h l t - ~~ t c c  ot s----t— - - o: the - - :i - ve-r -.ion matrix

I ~ (nk )  • cxp J ~~
— nk ( 15)

I ifl o r- h r : - - . tr&- . i t l v  reduce the number o’ comple’-c operati ons required.

p ‘‘ -
~Th, de f in i t ion  of the DFT i- s not uniform in the literature. Some authors

I -  use A h as the OFT coef ficient s , other-s use -‘c /.N , still others use a
r r

pos i tive exponent . Cochran , W . T., et al. what i-s the ’ Fast Fourier Transform ’

L Proc of the IEEF , Vol  55 , No. 10 . October 1°~ 7, p. 1M- ’ .

v-5
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Among the useful propertie s of the DFT, we have that the time

average power in a sample signal 
~~~ 

is given h~~

~‘ - F F 
(16)

‘a

in a dd i t i o n , — c note that the individual components of the power

1. de- n s t t y  s pc ’c t ru r  s f  t h -  -..c r tp ie -d  function t
k~ 

are

[)  P — F (17)

t..ft i .h i - p i l e - - , that the autocorrelotlun function to t t l t ~ signal

- 

I ‘ ray - he ob t —c t re ed ~-v 1 t \ - ’ r  -.~~‘ translormat i - n  01 t h e  -- c ’ t - - t  s . i rp i u - s  (I’ )

~~
-e t , 1’.

— P exp (—j ;. n I )  ( 18)

Anothvr u — e :- u~ pr ope-rir i - -  that convolution in either frequency - i  t ime

- or responds to rd i- p  ii at ion in the 1 flve c--c’ ft --ui i - f l ,  Thus the eva~ ua—

t ion Of t he  ~onv~~it ~t i - o n  in tegra l  would : t -  ‘-ed i~ done’ by conventional

1~ methods as

S

(1 : - . ( 19 )

k—i

- However , by -taking t i - - s . -  ot the above rropertic’ . and transforming -C . )

and ~~ we obtainU N
— E 8k~~ 

ex p ( nk) (20)

k— i

L
wt* h is again evaluated by means of the FF1.

I
— I arthur a.1.inle.Jmr .
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The sequence of operat i-ties as used by the program is as follow..

The input consist s tot  a t ime [unction , f ( t ) ,  representing the trans—

I mined signal and a set of numerical values representing the variances

to!  the’ Doppler spreading i ron both the surface and the volume scat ters.

The input “.igna l is samp led by a signal generator subroutine to give set

or sample values.
t

1— Ii~
t t ( t )  • samp led •

tfi i~ set 
~~k

1 It. then transformed af te r  which the magnitude squared of

the transform is obtained.

U . • FFT n

- 
(F - —ag ni cuck’ squa re -d •

~- tov ~h. —~ - t  4P : Is r h ’  power dens ity function t o  he convolved with the
n

sc a t t e re r t u h  t ion . ~.e- x t , we generate the transfer— of the scattere r

cha r - c -  t e r i— .tic func t ion ‘
~~k~ 

which we assume to be gaussian . Follow ing

— — t hi’. pe-rat ion the -  spectra (‘) is transfor med to give the sampled

c - r n ’  ~at ion t i n -  t ion

~
{ ‘ - Inverse FF ( ‘ -

1~
1

c cj t i p l lca t i on  by the scat ter ing function (g~
) fol lowed by a FF1

returns t~ ic  svt (2) representing the power density spectra of the

Doppler broadened inpu t si gna l .

1. arthur ~ .lãtdeJuc .
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k fl

k

Figures J through 8 ill ustrate this sequence of operations for the

c.Ise of a linear f.m. pulse using the following parameters~

0 sampling interva l

pulse length 0.50 sec.

repet ition rate 1.00 sec.

rate’ ot change of
re ; t i - e mc v w i t h  time 100.0 p’. se’ ., -

total —.ignal ~~ ; i - sP-’1dth 100 cv~ it- s

bandvidth 1n~ rement 0.5 cycl e - s

1~
Ii
.t

4

L
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CHAPTER VI

- Rivf :)~i~i F.AT ION SPECTR CM C OME [ 1-~T l s N

I The reverberation ‘.pt ’ctrum time history It. ge-ne rated by the program

.
~
, RANt) wh ich ~ tmp l— ~- .c- t -. .e-. a driver for all of the ’ ~ td- rout i~~e - - . dc- ,. s ribed

the preceding chap ter - s . A series of t i ’ e’t. I ‘.i- i -~ at ..- hlch spectra

‘ are de sire d , Program s TI~-tER and TIME R? arc run for t 1 .- ” e-  times e ’ i t h the

-.;-
~~

- . xt i .d ocean and s o u r — c -  depth. Fror. the TIMER i-~ i o t t .  or pr inted ou t put

I i:- i~~i- . a l angles are obtained ~- - r each ne-v e ’ rberatlon path (tlr st order

sur~ - c -  e- , n- s t orde r b~j t  toe’- ,  i -t ~ - ) - r ~-~e - t -- o . lId s step also allows

c i - :  e- ‘. t ima~ .
- of — e -  - - : :  - - j  tv  ot the se’ It- k t e d  ra’- ’. , 5 1 ni -t ’ t h c -  ~~~~~ i-

be ’t v,’e .’n points on i-_ ii- .~ P’: i-- plot 1-. i - - i  -p~ - r t  iona i to  ‘ - .  -~hrt-a d1ng loss.

~ 1

f’ r ’~i-ra’- RAPIh 1- . t . : :  r~ in to produce plot s o’ tb . -trrav d i r e c t i vit’ -

Since si.:.- ~a-s to Integrate .‘q i- .i c i - i - :  Z— - t  s -Oc T a l l  .izi~~u t ’: and depres-

sion an , i’’. , — ;
~~

-
~ 

t - e i -  Ion i— ’ can -c-  dec rva ’ .c -~t i f i t  is :: t flt’ e’’.sarV

I ~~ - i - : i - t e-gra t e ’ over all o~ the side lub ’c in det a il. Using the RAPID

— 
I 

p~ o t- ~ -ne an s e -~~.- jnt.-~ n.e t ton l i t i - t s  w i t - i n  which the array oatt’-rn

j
~ - - ~-t ; ’ s t e - d 14% dc -~~- e i - i -  and outside - -~ s.i- i5h a constant sidelohe level Is

(1
speci~~:e’ - i - .

Doppl er broad en ing cha rac te r i s t i c  functions are speci l ied lot

L p !- - .:rar- RAND by .-s t ira tin g the bandwidth at the sca t te re r  -to t  ion spectrt~

p The ocean Is specified by Its velocit y profil.- . the surface by the wind

veloc ity and th e b - s r t ’ — by Its acousti province. Two types of trans-

U mined si gnal an .- presently available , a pulsed ~W signal and a linear

F’I signal.

13
vI- 1[ arthur ~~~~.Iftdejmc .
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I Figures b.2 and 6 . 3  show the output of the program I- o r the case

of a ~~~~~ sec ond duration C’s.’ pu lse whose power density -spectrum is - s hown

I tn Figure 6.1. The part icular reverberation paths used in th is example’

I 
were determined by examinat ion ot  the TIME R program output f o r  the one

wa y propagat ioti t imes -ii 1.4 ,0 and l5. : seconds . I.’it hin the depression

I angle range L- tss i th - red , it was to u nd  that three ray path’. existed fo r

t he ’  1-. se’ ,’nd ~ase an.i (ou r paths existed t o t  the 15 -second case. The

f irst three paths consistt- ~t of : 1) dire ’ c t to the ’  bottor , 2) one bottom

~-~- sc -. :cc and terminating in a scat ter ing l aye r ,  and 3) one bottom bounce

— 
.1 .cnd terminating on the ‘~ur !ace . The 15 ~ ‘~~-std ti~~.- allowed one addi-

[ t ional path - e n - .ict ing of one bot tu-t bounce , one- ‘.urface t- - -un.e and

terainat i-sn i- i- t he’ s -  at tering I -ivc- r . The m i  t i - i l i s : ~ 1 . - s  - c -a .. h of

these rays :s ow -o r~ ed hr ~
- as Ic input - r ‘a h revert- .- r a t i o n t lee.

The t:ansjuce’r array s- ..-d in this .‘~~ai-;- - lc -  w.-cs depresse d an an~~1e-

0: 30’ and the- l~~: lowing doppler broadening,. w e - r e assumed for the

va r l - u s  ~tterer s

I.

s hip  1 - ;— -s rmn

I s u t I a c ~

volume -~ - -
~c ras

- For this particular example it happens that the first path , direct t o

p the bs~tt~~ and back , is dominant . Fot s - t ’ c - r  t int’ ., - o e e S f l s , arr a - --s and

depression angles , the dor~inant reverberation ma~’ come Ir on  a less

obv i -s.s path. The RAN D program allows a systematic investigation of

.
the  effect on reverberation of sonar and ship operating parameters.

--

V I— 2

arthur a.bulr,ki.
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