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Abs t rac t  

The r e s u l t s  o f  some t r ansm iss ion  measurements made i n  sha l low water  a re  
descr ibed. The raqges were about 15 km, 20 km, and 34 km, and t h e  sound 
source was e i t h e r  suspended about 10 m above t h e  bottom o r  was on t h e  b o t -  
tom i n  about 60 m of water depth. The s i gna l  was rece ived on a  v e r t i c a l  
s t r i n g  o f  hydrophones a t  10, 20, 40, 80 and 160 m depths. Both l i n e a r  FM 
sweeps and pseudo-random no ise  s i g n a l  S w i t h  d i  f f e r e n t  t ime lbandwid th  pro-  
duc ts  were t r ansm i t t ed .  The cen t re  f requency was 1087.5 Hz. The sound- 
speed p r o f i l e  was o f  a  very  downward r e f r a c t i n g  type,  f o r c i n g  g rea t  
i n t e r a c t i o n  w i t h  t h e  sea bottom. I n  t he  calm weather p r e v a i l i n g ,  t h e  sound 
exper ienced n e a r l y  specular  r e f l e c t i o n  from t h e  sea surface. The two shor- 
t e s t  ranges were over a  hard sandy bottom, r e s u l t i n g  i n  severe m u l t i p a t h  
propagat ion t h a t  caused acous t i c  t r a v e l  t imes t o  f l u c t u a t e  by about 130 ms 
around t h e i r  mean. The longes t  range was over a  s o f t  l o s s y  bot tom and very  
l i t t l e  f l u c t u a t i o n  i n  t r a v e l  t ime  was observed. The l o s s  i n  p rocess ing  
ga in  compared w i t h  t h e  t h e o r e t i c a l  ga in  was g e n e r a l l y  more severe f o r  t h e  
sha l low r e c e i v e r s  than  f o r  t h e  deep rece ivers ,  which were s i t u a t e d  below a  
s teep g rad ien t  i n  t h e  sound-speed p r o f i l e .  The m u l t i p a t h  spread was 
general  l y  a1 so more severe f o r  t h e  shal  low rece ivers .  The pseudo-random 
no i se  s i g n a l s  exper ienced a  g rea t  inc rease  i n  process ing l o s s  w i t h  
i n c r e a s i n g  pu lse  leng th ,  w h i l e  process ing l o s s  f o r  t he  FM-swept s i g n a l s  
showed v i r t u a l l y  no i nc rease  f o r  pu lse  l eng ths  o f  up t o  16 S. The 
t r ansm iss ion  l o s s  over  t h e  20 km range was model led us ing  t h e  p a r a b o l i c  
equat ion. The model led r e s u l t s  agree we l l  w i t h  t h e  measurements. 
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1. I n t r o d u c t i o n  

To assess t h e  problems t h a t  might  a r i s e  i n  l o c a t i n g  t h e  p o s i t i o n  of an 
acous t i c  p i nge r  a t  l ong  ranges i n  sha l low water, measurements were made of 
t h e  spread i n  acous t i c  t r a v e l  t ime  and c o r r e l a t i o n  l o s s  as f unc t i ons  of 
range, pu lse  leng th ,  and pu l se  form. E a r l i e r  exper iments i n  sha l low water 
south o f  Elba d u r i n g  d i f f e r e n t  seasons showed t h a t  t h e  a c o u s t i c  t r a v e l  t ime  
between a  f i x e d  sound source and r e c e i v e r  up t o  38.7 km apa r t  v a r i e d  o n l y  
i n  t h e  o rde r  o f  25 ms over  severa l  hours [l]. I n  experiments i n  t h e  S t r a i t  
of  F l o r i d a  pseudo-random s i g n a l s  were t r a n s m i t t e d  from a  source on t h e  b o t -  
tom i n  22 m o f  water t o  a  r e c e i v e r  43 n.mi away [2]; t h e  bottom p r o f i l e  
between these l o c a t i o n s  showed a  400-m-deep she l f  between 3  n.mi and 
13 n.mi, f o l l owed  by a  compara t i ve ly  sharp drop t o  a  depth o f  800 m. With 
a  downward-refract ing sound-speed p r o f i l e  t o  t h e  bottom, t h e  se t  of m u l t i -  
pa th  a r r i v a l s  down t o  14 dB below t h e  s t r onges t  a r r i v a l  l a s t e d  f o r  210 ms. 
However, no s i g n i f i c a n t  v a r i a t i o n s  i n  t he  t r a v e l  t imes of t h e  main s i g n a l  
were repor ted.  

The exper iments descr ibed  i n  t h e  present  paper were t h e r e f o r e  designed p r i -  
m a r i l y  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  m u l t i p a t h  on t h e  c r o s s - c o r r e l a t i o n  
between d i f f e r e n t  t r a n s m i t t e d  coded s i gna l  S and t h e i  r s to red  rep1 i cas. As 
we were i n t e r e s t e d  i n  worst-case s i t u a t i o n s ,  i.e., many m u l t i p a t h s  and 
i n t e r a c t i o n s  w i t h  t h e  bottom, we chose an area w i t h  a  sha l low hard bot tom 
as we l l  as a  summer c o n d i t i o n  w i t h  a  s t r ong  downward-ref ract ing sound-speed 
p r o f i l e  s t r e t c h i n g  t o  t h e  bottom i n  t h e  sha l low area. S igna ls  w i t h  a  
c e n t r e  frequency o f  1087.5 Hz and maximum bandwidth of 50 Hz were chosen. 
Th i s  choice was based on r e s t r i c t i o n s  i n  t h e  avai  l a b l e  s i g n a l  -process ing 
equipment and t ransducers,  as w e l l  as on a  need t o  use a  low frequency f o r  
long-range t ransmiss ions.  

The measurements took p lace  i n  sha l low water n o r t h  o f  t h e  I s l a n d  o f  Elba i n  
October 1983. 

Report no. changed (Mar 2006): SM-191-UU



SACLANTCEN 

2. Measuring method 

Two sh ips  were i n v o l v e d  i n  t h e  measurements. SACLANTCEN T/B MAIVNING was 
anchored i n  60 m water  depth and lowered a t r a n s m i t t e r  f i r s t  t o  10 m above 
t h e  sea f l o o r  and t hen  t o  t h e  sea f l o o r  i t s e l f .  SACLANTCEN R / V  
M A R I A  PAOLINA G. (MPG) was anchored i n  about 200 m water  depth and deployed 
a v e r t i c a l  s t r i n g  o f  hydrophones. The hydrophones were decoupled f rom t h e  
s h i p  and wave mot ion  by an arrangement of a f l o a t i n g  swing t r e l l i s  and a 
t a b l e  (15 m l o n g )  whose dimensions were such t h a t  about 6 m o f  t h e  tube  
gave enough l i f t  t o  suspend t h e  s t r i n g  of hydrophones and b a l l a s t  (F ig .  1) .  

F i g .  1. Descr ip t ion  o f  hydrophone ar ray  and deployment. 
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Both l i n e a r  FM sweeps and pseudo-random no ise  (PN) s i g n a l s  were 
t r ansm i t t ed .  Each t r ansm iss ion  cons is ted  o f  a  sequence o f  pu lses (see 
Table 1).  

TABLE 1 

Transmi t ted  s i gna l  S 

* PN frequencies a re  t h e  c h i p  r e p e t i t i o n  ra tes.  

r 

SEQUENCE 

A 

B  

C 

D 

E 

F 

SIGNAL 

2  S l i n e a r  FM U -sweep 
0.5 S b l  an! 

4 S l i n e a r  FM down-sweep 
0.5 S blank 

8 S l i n e a r  FM up-sweep 

4 S l i n e a r  FM down-sweep 
0.5 S b lank 

16 S l i n e a r  FM up-sweep 

2  S PN 25 Hz* 
0.5 S b lank 

4 S PN 25 Hz 
0.5 S 'b lank 

8 S PN 25 Hz 

4 S PN 25 Hz 
0.5 S b lank 

16 S PN 25 Hz 

2  S PN 50 Hz 
0.5 S b lank 

4 S PN 50 Hz 
0.5 S b lank 

8 S PN 50 Hz 

4 S PN 50 Hz 
0.5 S b lank 

16 S PN 50 Hz 
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The measurement system i s  shown i n  F ig .  2. A l l  t h e  s i gna l  process ing was 
done on board MPG, us ing  t h e  ITSA system [3]. The two sh ips  were i n  con- 
t i nuous  r a d i o  con tac t .  A t r i g g e r  pu lse  was t r a n s m i t t e d  v i a  r a d i o  from t h e  
MPG a t  150 S i n t e r v a l s .  On be ing  rece ived  by MANNING it t r i g g e r e d  a  
t ransmiss ion  of t h e  coded waveform. The t r i g g e r  pu lse  was delayed i n  o rde r  
t o  begin t h e  da ta  a c q u i s i t i o n  j u s t  before t h e  acous t i c  s i gna l  a r r i v e d  a t  
t h e  hydrophones. The maximum u n c e r t a i n t y  i n  t h e  measurement system due t o  
t h i s  cause i s  est imated t o  be 30 ms. 

The ITSA system i s  l i m i t e d  t o  ana lyz ing  4  kbytes o f  da ta  a t  a  t ime, and 
t h i s  made i t  necessary t o  reduce t h e  sampling r a t e  as much as poss ib le .  
A f t e r  low-pass f i l t e r i n g  and d i g i t i z i n g ,  t h e  s i gna l  S from f o u r  hydrophones 
were bandpass-f i  l t e r e d  i n  a  programmable d i g i t a l  t r ansve rsa l  f i l t e r ,  g i v i n g  
a  50 Hz passband w i t h  a  12.5 Hz t r a n s i t i o n  band t o  -40 dB, cen t red  a t  
1087.5 Hz, and l i n e a r  phase response. The s i gna l  a t  t h e  ou tpu t  o f  t h e  
f i l t e r  was decimated t o  a  sampling r a t e  o f  150 Hz, which gave a  t ime  window 
o f  about 27 S (40961150) f o r  processing. 

'The ITSA system was programmed t o  make a  c r o s s - c o r r e l a t i o n  w i t h  a  s to red  
r e p l i c a  of t h e  t r a n s m i t t e d  waveform and t o  compute t h e  c o r r e l a t i o n  loss ,  
i.e., t h e  d i f f e r e n c e  between t h e  observed peak va lue  o f  t h e  c ross-  
c o r r e l a t i o n  f u n c t i o n  and t h e  peak va lue t h a t  would be observed i f  t h e  
s i g n a l  had no t  been mod i f i ed  by t h e  medium. The -6 dB frequency band o f  
t h e  t ransducer  used as a  t r a n s m i t t e r  s t r e t ched  from 800 Hz t o  4  kHz, so 
t h a t  t h e  i n f l u e n c e  o f  t h e  t ransducer  i t s e l f  on t h e  t r a n s m i t t e d  waveform was 
assumed t o  be n e g l i g i b l e .  Th is  was a l s o  conf i rmed by t h e  very  low c o r r e l a -  
t i o n  l o s s  t h a t  was sometimes measured. 

X M I T  T R l G  CODE VHF 
I N T E R V A L  GENERATOR X M I T T E R  

1 R E A L  T I M E  

POWER 
AMP. 

TRANSDUCER 

Fig. 2. Acoustic measurement system. 

Report no. changed (Mar 2006): SM-191-UU



SACLANTCEN SM-191 

To s imu la te  t h e  narrow-band t ransducer  t h a t  would most p robab ly  be used i n  
an acous t i c  p inger ,  t h e  pseudo-random no ise  sequence was f i l t e r e d  i n  a  
50 Hz bandpass f i l t e r  b 'k fore be ing fed  t o  t h e  power 'amp1 i f i e r .  

The r e p l i c a s  f o r  t h e  pseudo-random s i g n a l s  were t h e  ac tua l  waveforms 
generated by a  c r y s t a l  - c o n t r o l  l e d  spec ia l  -purpose d i g i t a l  s i g n a l  generator  
w i t h  a  50 Hz bandpass f i l t e r  on t h e  output .  The waveforms were loaded 
d i r e c t l y  i n t o  t h e  computer be fo re  t h e  sea t r i a l .  An at tempt  was made t o  
f i  r s t  record  a  s e r i e s  o f  sequences o f  pseudo-random s igna l  S on an anal ogue 
FM tape recorder  ( t y p e  B  & K 7003) and then t o  choose one o f  t h e  recorded 
s i g n a l s  of each sequence as a  re fe rence  and l oad  t h i s  i n  t h e  computer. The 
r e s u l t  was a  c o r r e l a t i o n  l o s s  t h a t  va r i ed  by severa l  d e c i b e l s  from s i g n a l  
t o  s i gna l  i n  t h e  same sequence p layed back from t h e  tape. When t h e  
re ference was loaded d i r e c t l y  from t h e  s i gna l  generator  a  maximum cross-  
c o r r e l a t i o n  l o s s  o f  0.2 dB was observed, even f o r  t he  l onges t  s igna ls .  A 
s i m i l a r  maximum c o r r e l a t i o n  l o s s  was measured f o r  t h e  FM s i g n a l s  when 
s y n t h e t i c  r e p l i c a s  generated w i t h i n  t h e  ITSA system were used. 

Dur ing  t h e  t e s t s  t h e  f o l l o w i n g  data from each o f  t h e  f o u r  hydrophones were 
computed i n  r e a l  t ime:  

- Travel  t ime  o f  t h e  l a r g e s t  c r o s s - c o r r e l a t i o n  peak i n  ms. 
- The c r o s s - c o r r e l a t i o n  f u n c t i o n  i n  t h e  t ime  window 2 1 S from t h e  peak. - Acous t i c  s i gna l  power on t h e  hydrophone i,n dB//lvPa. - Acous t i c  no ise  power on t h e  hydrophone i n  dB//lvPa. 

% - C o r r e l a t i o n  l o s s  i n  dB - Propagat ion l o s s  i n  dB. 

An example o f  t h e  r e a l - t i m e  d i s p l a y  o f  a  16 S FM sweep i s  shown i n  Fig.  3. 
Th is  i s  taken from t h e  l onges t  range, where a  s o f t  l o s s y  bottom reduced t h e  
ampl i tudes and number o f  mu l t i pa ths .  The peak i s  t h e  t ime  a t  which t h e  
a c q u i s i t i o n  system was t r i gge red .  

SQUARED m. F. ( NORPlnLIZED 1 

-.S 8 .S 
TIIIE<SEC> REL TO PERK POSITION 

Fig.  3. Real-t ime d i sp lay  of a  16 S FM sweep. 

5 
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3. Measurement areas 

F igu re  4 shows t h e  area n o r t h  o f  Elba where t h e  measurements were made. 
Sediment cores i n  t h i s  area were l a c k i n g  bu t  cores were a v a i l a b l e  from 
areas j u s t  south o f  t h e  area o f  t h e  longest  range. The t r a n s m i t t e r  was 
s i t e d  a t  p o s i t i o n s  A, B, and C. . The M A R I A  PAOLINA G. ( w i t h  r e c e i v e r )  was 
pos i t i oned  a t  D f o r  a1 l measurements. Core 116 from t h e  measurements made 
by Aka1 e t  a1 , [4] and [5] ,  shows t h a t  t h e  upper 90 cm i s  c l  ay i n  which 
p o r o s i t y  decreases from 74% t o  50% where i t  o v e r l i e s  a  sand l a y e r  (see 
F ig.  5) .  Fu r the r  nor th ,  where t h e  measurements over t h e  two s h o r t e r  ranges 
took place, d e t a i l e d  sea c h a r t s  c l a s s i f y  t h e  bottom sediment as sand. 

The bathymetry f o r  t h e  t h r e e  ranges are p l o t t e d  i n  Fig. 6; t h e  data f o r  t h e  
15 km and 34 km ranges were taken from d e t a i l e d  sea cha r t s ;  those f o r  t h e  
20 km range were measured. The t y p i c a l  sound-speed p r o f i l e  f o r  both t h e  
deep and shal low p a r t  o f  t h e  range i s  shown i n  Fig. 7. It changed very 
l i t t l e  over t h e  two days of experiments and shows a  downward-refract ing 
p a r t  s t r e t c h i n g  t o  t h e  bottom f o r  t h e  shal low sec t i on  o f  t h e  t ransmiss ion  
path. 

Fig. 4. Area o f  inves t igat ion.  

Report no. changed (Mar 2006): SM-191-UU



SACLANTCEN SM-191  

Porosity (%l 

F ig .  5. Poros i t y  and sediment type o f  the  North Elba core. 

BOTTOM PROFILES 

a)  RANGE l Skm b) RANGE 20km 
40- 

80- 
E 
V - 
= 120- l- 
a .  
W 

160- 

200- 

2 A o T . , . u . , . :  
0 4 8 1 2 1 6  

R A N G E  [ k m )  

C )  RANGE 3 4 k m  

R A N G E  [ k m )  

Fig .  6. Bottom p r o f i l e s  along propagation paths. 
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SOUND SPEED Cm/s) 

Fig.  7. Typical  sound-speed p r o f i l e  o f  area. 
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4. A c o u s t i c t r a v e l  t i m e  

4.1 FLUCTUATION I N  TRAVEL T I M E  

To l oca te  t h e  p o s i t i o n  o f  an acous t i c  p i nge r  i t  i s  impor tan t  t h a t  t h e  t ime 
de lay  between t ransmiss ion  and recep t i on  o f  t h e  s i gna l  (i.e. t h e  acous t i c  
t r a v e l  t i m e )  i s  p red i c tab le .  I n  these  exper iments t h e  geographica l  pos i -  
t i o n s  o f  t h e  s t r i n g  o f  hydrophones and t h e  t r a n s m i t t e r  was no t  known 
accu ra te l y  enough t o  measure t h e  d i f f e r e n c e  between expected and measured 
t imes  of a r r i v a l  o f  t h e  sound a t  t h e  hydrophones. The exper iments were 
thus  l i m i t e d  t o  measuring t h e  f l u c t u a t i o n s  i n  t h e  acous t i c  t r a v e l  t ime  when 
t r a n s m i t t i n g  bo th  l i n e a r  sweep (FM) and pseudo-random (PN) s i gna l  S. 

4.2 AT 15 km RANGE 

F igu re  8  shows t h e  a r r i v a l  t imes  o f  those  16 S s i g n a l s  t h a t  gave t h e  
h i ghes t  c r o s s - c o r r e l a t i o n  va lue  on each o f  t h e  f o u r  hydrophones. Th is  was 
f o r  t h e  s h o r t e s t  range, w i t h  a  mean t r a v e l  t ime  between t r ansm iss ion  and 
recep t i on  o f  9.8 S. Dur ing  most o f  t h e  t ransmiss ions  t h e  t r a n s m i t t e r  was 
hanging 10 m above t h e  bottom; however, t h i s  does no t  e x p l a i n  t h e  f l u c -  
t u a t i o n s ,  because t h e  t r ansm iss ion  over  20 km range (see Sect. 4.3) shows 
t h e  same p a t t e r n  when t h e  t r a n s m i t t e r  was ' l y i n g  on t h e  bottom f o r  l ong  
per iods.  The f l u c t u a t i o n s  a re  more l i k e l y  t o  come from t h e  l a r g e  number o f  
m u l t i p a t h s  generated by t h e  downward-ref ract ing sound-speed p r o f i l e  and t h e  
hard  bottom. F igu re  8  i n d i c a t e s  t h a t  we g e n e r a l l y  have t h e  same v a r i a t i o n  
i n  a r r i v a l  t imes a t  a l l  t h e  hydrophones; however, t h e  f l u c t u a t i o n s  a t  t h e  
deepest hydrophone ( a t  80 m) a re  l e s s  than  those a t  t h e  others .  E s p e c i a l l y  
f o r  t ransmiss ion  number 7, we see a b i g  d i f f e r e n c e  i n  a r r i v a l  t imes  between 
t h e  hydrophones a t  40 m and 80 m. 

OELAV (I) 10 a above bottom ,, bottm above bottom 
-9.9 on bottom 

m on bottom RI 

2 0  a 

1 . .  . . . . . . . . . . . . . . . . .  . . . . . .  - 
0 5 10 15 2 0  2 5  

T R A N S M I S S I O N  

Fig. 8. A r r i va l  16 s s ignals w i th  highest cross-section value on each of 
4 hydrophones fo r  26 transmissions. 
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The reasons f o r  t h i s  d i f f e r e n c e  become c l e a r  when we look  a t  t h e  squared 
magnitude o f  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  f o r  these  two hydrophones i n  
F ig .  9a, b. The m u l t i p a t h  problem i s  more severe f o r  t h e  hydrophone a t  
40 m depth, w i t h  severa l  a r r i v a l s  competing t o  g i v e  t h e  h i ghes t  c ross -  
c o r r e l a t i o n  value. The two c r o s s - c o r r e l a t i o n  f u n c t i o n s  i n  F ig .  9a, b  a re  
i n d i v i d u a l l y  sca led  t o  g i v e  a  maximum c r o s s - c o r r e l a t i o n  va lue  o f  u n i t y ;  f o r  
t h e  t r ansm iss i on  shown here, t h e  peak i n  F ig .  9b i s  11 dB h i ghe r  than  t h a t  
i n  F ig .  9a. Apparen t l y  t h e  spread of t h e  s i g n a l  due t o  m u l t i p a t h  i s  about 
t h e  same f o r  t h e  hydrophones whether a t  40 m o r  80 m. 

HYDROPHONE DEPTH 80 m 

bl 

-1 -.S 8 .S l 
TIflE<SEC) REL TO PEAK POSITION 

Fig .  9. Squared magnitude o f  the cross-corre la t i o n  func t i on  f o r  
t ransmission number 7 received a t  the hydrophone a t  
f a l  40 m depth, f b l  80 m depth. 
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F igu re  10 shows t h e  d i f f e r e n t  a r r i v a l s  due t o  m u l t i p a t h  f o r  each 16 S 
t ransmiss ion .  A spread o f  up t o  300 ms can be found i n  t h e  da ta  from t h e  
40-m-deep hydrophone, Fig. 10a. Apparent ly  t h e  mu1 t i  pa th  s t r u c t u r e  i s  
f a i  r l y  s t a t i o n a r y ,  w h i l e  t h e  peak i n  t h e  c ross -co r re l  a t  i o n  f u n c t i o n  jumps 
between t h e  d i f f e r e n t  p o s s i b l e  acous t i c  pa ths  from t r a n s m i t t e r  t o  
hydrophone as smal l  changes i n  t h e  environment change t h e  c o n s t r u c t i v e  and 
d e s t r u c t i v e  i n t e r f e r e n c e  p a t t e r n  a t  t h e  s i t e  o f  t h e  hydrophone a r ray .  

DELAY 

I" HYDROPHONE DEPTH a0 m 

I 
I 1  

l 1 I I 
0 2 ; l l l t l r l ' l l l  6 B 10 12 14 16 18 20 22 24 26 

1 1 1 1 1 1 1 1 1 1 -  

TRANSMISSION 

Fig. 10. Multipath a r r i v a l  16 S transmissions 
(c i rc led  points  represent strongest  a r r i va l s ) :  
(a)  hydrophone a t  40 m, ( b l  hydrophone a t  80 m. 
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F igu re  11 presents  ray t r a c e s  f o r  t h e  15 km range, us ing  t h e  GRASS model 
[ 6 ] .  The t r a c e s  show t h a t  most o f  t h e  acous t i c  energy t h a t  reaches t h e  
hydrophones a t  40 and 80 m depths de r i ves  from m u l t i p l e  r e f e c t i o n s  w i t h  t h e  
su r f ace  and bottom. A smal l  change i n  e x i t  angle changes t h e  ray  pa th  
d r a s t i c a l  l y ,  i n d i c a t i n g  t h a t  t he  i n t e r f e r e n c e  p a t t e r n  c rea ted  by t h e  d i  f - 
fe ren t  rays i s  ve ry  s e n s i t i v e  t o  small changes i n  t h e  sound-speed p r o f i l e .  

RAYS NEAR 40m 

;; so. 
QI: 
W 

RANGEI KM 1 RAYS NEAR 80m 

5; so. 
e 
W 

Fig. 11. Ray arrives a t  40 and 80 m depths. 
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I f  t h e  s i gna l - t o -no i se  r a t i o  i s  smal l ,  o n l y  t he  h i ghes t  peaks a re  detected,  
and t h e  " s t a t i o n a r i t y "  o f  t h e  m u l t i p a t h  s t r u c t u r e  disappears.  Th i s  i s  seen 
on Fig.  12, which shows o n l y  those a r r i v a l s  t h a t  exceed a  f i x e d  t h r e s h o l d  
s e t  a t  3  dB below t h e  weakest peak i n  t h e  c r o s s - c o r r e l a t i o n  f unc t i ons  com- 
puted f o r  a  run (a  s e r i e s  o f  t ransmiss ion  w i t h  150 S i n t e r v a l s ) .  A  system 
t o  l o c a t e  t h e  p o s i t i o n  o f  an acous t i c  sound source should t h e r e f o r e  no t  use 
t h e  peak i n  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  t o  es t imate  t h e  acous t i c  t r a v e l  
t ime  between sound source and rece iver .  The appeal ing thought ,  based on 
F ig .  10, of us ing  t h e  mean a r r i v a l  t ime o f  a  c l u s t e r  o f  m u l t i p a t h  a r r i v a l s  
f o r  the  es t imate  proves, accord ing t o  Fig.  12, no t  t o  be much b e t t e r  than  
us ing  t h e  peak of t h e  c r o s s - c o r r e l a t i o n  f unc t i on .  The bes t  es t imate  of t he  
acous t i c  t r a v e l  t ime  appa ren t l y  w i l l  d e r i v e  from use o f  t h e  f i r s t  a r r i v a l  
t h a t  exceeds a  t h r e s h o l d  s e t  a t  a  f i x e d  d i s tance  above t h e  no ise  l e v e l .  
C o i n c i d e n t a l l y ,  t h i s  r e s u l t s  i n  t he  s imp les t  rece iver .  By us ing  t h e  f i r s t  
a r r i v a l  above t h e  f i x e d  t h r e s h o l d  o f  F ig .  12, t h e  peak-to-peak f l u c t u a t i o n  
reduces from 240 ms t o  135 ms on t h e  40-m-deep hydrophone and from 150 ms 
t o  130 ms on t h e  80-m-deep hydrophone. 

DELAY ( S )  HYDROPHONE DEPTH 40 m 

1°-O 1 
arrival of 

peak 

- ,, first arrival 
exceeding: 
threshold 

9.6 
0 2 4 6 8 10 

T R A N S M I S S I O N  

DELAY ( S )  ' HYDROPHONE DEPTH 80 m 
10.0 1 

5 10 15 20 25 
T R A N S M I S S I O N  

Fig.  12. Ar r i va l  time o f  s igna ls  that  exceed the threshold I3 dS below the 
lowest cross-correlat ion peak measured i n  each run) .  Transmitted 
s ignal  16 S l i nea r  FM sweeps and 50 Hz PN sequence. 
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4.3 AT 20 km RANGE 

The same types  o f  measurement were c a r r i e d  out  over  a  d i s t ance  o f  20 km, 
t h e  main d i f f e r e n c e  be ing  t h a t  t h e  t r ansm iss i on  was across a  30 m h i g h  
seamount, as shown i n  Fig.  6b. F i gu re  13 shows t h e  acous t i c  t r a v e l  t imes  
measured t o  t h e  peak o f  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  (peak de lay )  and t o  
t h e  t ime  when t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  f i r s t  exceeded a  t h r e s h o l d  
6  dB below t h e  peak l e v e l  ( d e t e c t i o n  de lay ) .  The ac tua l  t r a v e l  t i m e  i s  
shown f o r  t h e  16 s  s i g n a l ,  w h i l e  t h e  8 S, 4  S and 2 s  s i g n a l s  a r e  s h i f t e d  
by 0.3, 0.6 and 0.9 s  r e s p e c t i v e l y .  The r e s u l t s  shown f o r  t h e  hydrophones 
a t  40, 80 and 160 m depth a r e  very  s i m i l a r  t o  those i n  F ig .  8. There seems 
t o  be l i t t l e  d i f f e r e n c e  i n  f l u c t u a t i o n s  f o r  t h e  d i f f e r e n t  s i g n a l  l e n g t h s  
and waveforms. The deepest hydrophone has t h e  l e a s t  spread i n  t r a v e l  

7 
nl HYDROPHONE DEPTH 40 m 

SACLANTCEN SM-191 

F i g .  13. Travel time for transmissions over 20 km range. Signals were 
transmitted every 150 s. Actual travel  time i s  shown for each 
16 S signal;  the other signals are sh i f t ed  up by 0.3, 0.6, and 
0.9 S respectively.  

o peak delay 

a detection delay 
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HYDROPHONE DEPTH 80 m 
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m 
d1 HYDROPHONE DEPTH 160 m 

Fig. 13. Continued. 
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t imes,  a  peak-to-peak spread o f  about 130 ms as before. Between 
t ransmiss ions  45 and 46 t h e r e  was a  i n t e r v a l  o f  about 45 min when t h e  
t r a n s m i t t e r  was l i f t e d  o f f  t h e  bottom and t h e  MANNING a l lowed t o  swing on 
i t s  anchor, r e s u l t i n g  i n  a  d i f f e r e n t  t r a n s m i t t e r  1oc.ation from t ransmiss ion  
46 onwards. 

4.4 AT 34 km RANGE 

The f i n a l  t ransmiss ion  exper iments were over a  range o f  34 km. There t h e  
bot tom s t r u c t u r e  had a  l a y e r  o f  porous c l a y  o r  mud above t h e  sand l aye r .  
Lack ing core data from t h i s  area we can o n l y  assume t h a t  t h e  bottom i s  
lossy .  The r e s u l t s  o f  t h e  measurements are shown i n  Fig.  14, us i ng  t h e  
same d e f i n i t i o n  f o r  t h e  peak and d e t e c t i o n  de lay  as i n  Sect. 4.3. A 16 S 
s i gna l  f o l l owed  by a  4  S s i g n a l  was t r a n s m i t t e d  every 150 S, w i t h  a  17.5 
min i n t e r v a l  between t ransmiss ions  2 and 3  and a  35 min i n t e r v a l  between 
t ransmiss ions  8 and 9. 

The f l u c t u a t i o n s  i n  t r a v e l  t i m e  have almost disappeared when one looks  a t  
t h e  f i r s t  a r r i v a l  6  dB below t h e  peak o f  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  
( d e t e c t i o n  de l  ay). However, t h e  peak s t i l l  f l u c t u a t e s  about 100 ms on a1 l 
t h e  hydrophones except f o r  t h e  one a t  160 m, which shows a  very  s t a b l e  t r a -  
ve l  t ime. These measurements correspond more c l o s e l y  w i t h  those  made south 
o f  Elba by Sevaldsen [l], who repo r ted  f l u c t u a t i o n s  of t h e  o rder  o f  40 ms 
when two s t rong  a r r i v a l s  were present ,  but  o f  o n l y  about 5  ms when on,e 
s t r o n g  a r r i v a l  was observed. 

4.5 SUMMARY 

The r e s u l t s  i n d i c a t e  t h a t  even w i t h  t h e  severe m u l t i p a t h  p ropagat ion  
observed i n  t h i s  area t h e  peak-to-peak f l u c t u a t i o n  i n  t h e  t r a v e l  t ime  i s  
about 130 ms, equ i va len t  t o  about a  200 m peak-to-peak f l u c t u a t i o n  i n  t h e  
range measurement. A t  l o n g  ranges (34 km) where t h e  bottom near t h e  
t r a n s m i t t e r  i s  s o f t e r ,  t h e  f l u c t u a t i o n  was reduced t o  t h e  u n c e r t a i n t i e s  i n  
t h e  measurement system o f  about 30 ms, which i s  equ i va len t  t o  a  range f l u c -  
t u a t i o n  of about 45 m. 

The best  r e c e i v e r  s t r u c t u r e  seems t o  be a  matched f i l t e r  f o l l owed  by a  
d e t e c t o r  w i t h  a  f i x e d  t h r e s h o l d  se t  a t  a  g iven  d i s tance  above t h e  ambient 
n o i  se. 
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Fig .  14. Travel t ime fo r  13 transmissions over 34 km range. One trans- 
mission every 150 s i n  each run. Actual t r ave l  t ime i s  shown f o r  
the 16 S s igna l ;  the 4 S s igna l  has been s h i f t e d  up by 0.6 S. 
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5. Correlation l o s s  

5.1 COMPUTATION 

The c o r r e l a t i o n  l o s s  was computed as t h e  d i f f e r e n c e  between t h e  achieved 
p rocess ing  ga in  and t h e  t h e o r e t i c a l  ga i n  observed when s i g n a l  and re fe rence  
s i g n a l  were p e r f e c t l y  matched and no no i se  was present .  The fo rmu la  used 
was : 

E C ( r i  + nli) - n 2 i 1  S: 
L  = 10 l o g  

1 ' [ (1 ( r i  + nli)2 - I n 2  I*~S*S 
2 i i i 

where 

( r i tn l i )=  t h e  rece ived  s i g n a l  samples co r rup ted  by noise.  Note t h a t  
ri and nli cannot be separated. 

2 i  = n o i s e  samples measured when no s i g n a l  was present .  We 
assume t h a t  t h e  no i se  i s  s t a t i o n a r y ,  so t h a t  t h e  energy o f  

( n l d  i s  t h e  same as t h a t  o f  nzi. 

s i  = r e fe rence  s i  gnal  sampl es. 

It i s  seen t h a t  a  p o s i t i v e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  i n p u t  o f  t h e  
r e c e i v e r  i s  needed f o r  (ri+ni ) t o  be a  measure o f  t h e  s i g n a l .  Th is  made 
i t  d i f f i c u l t  t o  o b t a i n  re1 I ab l  e  r e s u l t s  f o r  t h e  shal  l ow hydrophones because 
o f  t h e i r  p r o x i m i t y  t o  t h e  MPG, which i s  no i sy  even i n  " s i l e n t "  cond i t i ons .  

5.2 AT 15 km RANGE 

The c o r r e l a t i o n  losses  f o r  16 s  and 4  s  s i g n a l s  t r a n s m i t t e d  i n  sequence 
over  t h e  15 km range a re  shown i n  F ig .  15. Only t h e  r e s u l t s  f rom s i g n a l s  
t h a t  gave a  p o s i t i v e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  i n p u t  a r e  shown, 
Genera l ly ,  those t r ansm iss i ons  t h a t  exper ienced a  severe m u l t i p a t h  propaga- 
t i o n  i n  which severa l  pa ths  had equ i va l en t  s i g n i f i c a n t  amp l i tudes  a re  t h e  
ones t h a t  show h i g h  c o r r e l a t i o n  l oss ,  s i nce  t h e  t r a n s m i t t e d  energy has been 
spread ou t  over severa l  paths. An example i s  t r ansm iss i on  number 7 o f  t h e  
16 s  FM sweep rece ived  a t  t h e  40- and 80-m-deep hydrophones. The two c ross -  
c o r r e l a t i o n  f u n c t i o n s  a r e  shown i n  Fig.  9. Both show a  s i m i l a r  spread o f  
m u l t i p a t h  i n  t ime, b u t  t h e  m u l t i p a t h  s i g n a l s  rece ived  by t h e  80 m 
hydrophone a re  weaker, r e s u l t i n g  i n  a  c o r r e l a t i o n  l o s s  t h a t  i s  5.2 dB l e s s  
f o r  t h i s  t r ansm iss i on  t han  t h a t  measured on t h e  40 m hydrophone (see 
F ig .  15c and d). 

A t  10 m depth t h e  c o r r e l a t i o n  l o s s  f o r  t h e  16 s  FM sweep i s  c o n s i s t e n t l y  
g r e a t e r  than  f o r  t h e  4  S FM sweep d u r i n g  t h e  f i r s t  f i v e  t ransmiss ions .  
Again t h i s  i s  due t o  t h e  energy be ing  spread over  more h igh-amp l i tude  
m u l t i  pa th  s i g n a l s  f o r  t h e  16 s  s i g n a l  than f o r  t h e  4  s  s i g n a l .  F i gu re  16 
compares t h e  two s i gna l s ,  16 s  and 4  S, t r a n s m i t t e d  i n  t h e  second sequence. 
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Fig. 15. Correlation losses a t  range of 15 km for 4 S and 16 S signals. 
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Fig .  16. Cross-corre lat ion funct ion o f  the 16 S and 4 S s igna ls  of 
transmission no. 2 received by the hydrophone a t  10 m depth. 
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A f t e r  t h e  f i r s t  e leven t ransmiss ions ,  data a re  a v a i l a b l e  on ly  f o r  t h e  80-m 
deep hydrophone because a  step-up t rans fo rmer  t o  t h e  t ransducer  malfunc- 
t i oned ,  reduc ing  t h e  ou tpu t  l e v e l  by 8  dB; t h e  . rece ived s i gna l  l e v e l  
thereby  became l e s s  than t h e  no ise  l e v e l  be fo re  processing. The s i gna l  on 
t h e  deepest hydrophone, i n  t h i s  case 80 m, shows a  much lmore s t a b l e  co r re -  
l a t i o n  l oss  than t h e  o ther .  There a re  o n l y  small d i f f e r e n c e s  between t h e  
4-S- and 16-S-long s i gna l  S, except f o r  t he  pseudo-random no ise  s i gna l  (PN) 
which i n d i c a t e s  h i ghe r  c o r r e l a t i o n  l o s s  than f o r  FM s i g n a l s  w i t h  t h e  same 
t ime/bandwidth product.  Th is  i s  e s p e c i a l l y  seen f o r  t h e  16 S pseudo-random 
no i se  s i gna l  , as expected from Seval dsen 's  measurements south o f  Elba [l]. 
He found t h a t ,  i n  summer c o n d i t i o n s  and a t  our  ranges, t h e  frequency 
spreading due t o  t h e  medium was o f  t h e  o rder  o f  1 Hz when t h e  t r a n s m i t t e r  
was on o r  near t h e  bottom. 

5.3 AT 20 km RANGE 

For t h e  20 km range o n l y  t h e  c o r r e l a t i o n  l o s s  from t h e  hydrophones a t  80 
and 160 m a re  shown, Fig. 17. Again i t  i s  seen t h a t  t h e  l ong  pseudo-random 
no i se  s i gna l  has a  much h ighe r  v a r i a b i l i t y  i n  t h e  c o r r e l a t i o n  l o s s  than t h e  
f m  and s h o r t  pseudo-random no ise  s igna ls .  There i s  l i t t l e  d i f f e r e n c e  be t -  
ween t h e  f as t  c h i p  r a t e  of 50 Hz and t h e  lower  one o f  25 Hz; t h i s  i n d i c a -  
t e s  t h a t  t h e  c o r r e l a t i o n  l o s s  i s  due more t o  frequency spreading o f  t h e  
medium than  t o  t ime  spreading. The r e s u l t s  must however be taken w i t h  a  
b i t  o f  c a u t i o n  as t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  t h e  v e r t i c a l  S r i n g  o f  
hydrophones was s l o w l y  d r i f t i n g ;  thereby  i n t r o d u c i n g  doppl e r  s h i  t s  t h a t  
would degrade t h e  pseudo-random no ise  s i gna l  S much more than t h e  FM sweep. 
The 16 S pseudo-random no ise  s i gna l  would no t  c o r r e l a t e  w i t h  t h e  rep1 i c a  i f  
t h e  rece ived  frequency was s h i f t e d  1/16 Hz (63 mHz); however t h e  4  S 
s i g n a l  can t o l e r a t e  a  s h i f t  of about 250 mHz. The d i f fe rences  between t h e  
2, 4, 8 and 16 S FM sweeps are smal l, i n d i c a t i r r g  t h a t  FM sweeps even l onge r  
than  16 S can be used w i t hou t  i n c r e a s i n g  t h e  c o r r e l a t i o n  loss .  

5.4 AT 34 km RANGE 

Only a t  t h e  lowest ,  160 m deep, hydrophone d i d  t h e  t ransmiss ions  over  34 km 
g i v e  a  cons i s ten t  s i gna l - t o -no i se  r a t i o  above zero be fo re  processing; t h i s  
was due t o  t h e  lower  no ise  l e v e l  a t  t h a t  depth. Again t h e  c o r r e l a t i o n  l o s s  
f o r  t h e  FM s igna l s ,  Fig. 18, i s  much more cons i s ten t  from t ransmiss ion  t o  
t ransmiss ion  than  f o r  t h e  pseudo-random no ise  s igna ls .  Th is  run shows f a r  
fewer s t r ong  m u l t i p a t h s  than t h e  p rev ious  runs; consequent ly t h e  
t r a n s m i t t e d  energy i s  concentrated more i n  these few s t rong  a r r i v a l s  and 
t h e  c o r r e l a t i o n  l o s s  i s  l e s s  than t h a t  found f o r  t he  s h o r t e r  ranges. The 
t r a v e l  t ime  fl u c t u a t i  on has a1 so v i  r t u a l  l y  d i  sappea red  on t h e  deepest 
hydrophone (see Fig. 14a). 

5 .5  SUMMARY 

The means and t h e  sample standard d e v i a t i o n s  o f  t h e  c o r r e l a t i o n  losses f o r  
a l l  s i g n a l s  o f  t h e  same t ype  t r a n s m i t t e d  a t  each range a r e  shown i n  
Fig.  19. As noted before,  i n c r e a s i n g  t h e  FM s igna l  l e n g t h  t o  16 S 
appa ren t l y  doesn ' t  i nc rease  t h e  c o r r e l a t i o n  loss .  However, t h e  pseudo- 
random no ise  s i gna l  shows a  s t r ong  inc rease  i n  c o r r e l a t i o n  l o s s  w i t h  
i n c r e a s i n g  pu lse length.  
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F i g .  17. Correlation l o s s  for 20 km range. 
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F i g .  18. Correlation l o s s  for 34 km range. 
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Fig. 19. Mean and sanple standard deviation o f  a l l  s ignals o f  each type 
transmitted a t  the d i f f e r e n t  ranges. 
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F i g .  19. Continued. 
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6. Transmission l o s s  

The t r ansm iss i on  l o s s  cou ld  be measured o n l y  w i t h  a  p o s i t i v e  s i g n a l - t o -  
no i se  r a t i o  a t  t h e  hydrophones. Because t h e  no ise  l e v e l  on t h e  sha l lower  
hydrophones was g e n e r a l l y  h i ghe r  than  on t h e  deep ones, we cou ld  measure 
t h e  t r ansm iss i on  l o s s  o n l y  a t  f o u r  depths (F ig .  20) d u r i n g  t h e  f i r s t  e leven 
t ransmiss ions  when t h e  step-up t r ans fo rmer  was working. The t h r e e  sha l low 
hydrophones, a1 l i n  t h e  mixed l a y e r ,  show a  h i ghe r  p ropaga t ion  l oss  than  
t h a t  o f  t h e  80 m  deep hydrophone i n  t h e  weak sound channel (see Fig.  7). 
The f l u c t u a t i o n s  a re  w i t h i n  5 dB and do no t  c o r r e l a t e  w i t h  t h e  r a p i d  f l u c -  
t u a t i o n s  i n  t h e  c o r r e l a t i o n  l oss .  

Dur ing  t h e  t ransmiss ions  over  20 km range two hydrophones i n  t h e  sound 
channel showed t h e  same t r e n d  i n  t r ansm iss i on  l oss  (F ig .  20b) between 0942 
and 1342 l o c a l  t ime. The l o s s  f o r  t h e  l onges t  range (34 km) i s  v i r t u a l l y  
t h e  same as f o r  t h e  20 km range, as shown i n  F ig .  20c. Only t h e  deepest 
hydrophone had h i g h  enough s i g n a l  - t o -no i se  r a t i o  a t  t h e  i n p u t  t o  g i v e  a  
c o n t i  nuous p1 o t  . 

F i g .  20. Propagat ion l o s s .  
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The t r ansm iss i on  l o s s  f o r  t h e  20 km range was computed us i ng  t h e  p a r a b o l i c  
equa t ion  model 171. The model led bot tom contour  i s  shown i n  F ig .  21 and 
t h e  model led t r ansm iss i on  l o s s  t o  t h e  d i f f e r e n t  hydrophones i s  shown i n  
F ig .  22. Because t h e  p a r a b o l i c  equa t ion  model cannot s imu la te  a  source on 
t h e  bottom, t h e  source and r e c e i v e r  p o s i t i o n s  had t o  be in terchanged.  The 
model was run f o u r  t imes, each t ime  w i t h  t h e  model ' S  source p o s i t i o n e d  
where we had a  hydrophone and a1 ways w i t h  t h e  model ' S  r e c e i v e r  a t  60 m, t h e  
depth o f  our  source. 

4s t h e  60-m-deep model led r e c e i v e r  i s  moved away from t h e  source, t h e  
t r ansm iss i on  l o s s  inc reases  by about t h e  same amount f o r  a l l  model led 
source depths. A s u b s t a n t i a l  i n c rease  i n  t r ansm iss i on  l o s s  i s  encountered 
when t h e  model led r e c e i v e r  "goes i n t o  t h e  bottom" a t  about 11 km from t h e  
model led source. However, when t h e  model led r e c e i v e r  "comes ou t  o f  t h e  
bottom" on t h e  o t h e r  s i d e  o f  t h e  h i l l ,  t h e  t r ansm iss i on  l o s s  decreases d ra -  
m a t i c a l l y  and we f i n d  about 10 dB d i f f e rence  between t h e  model led sources 
a t  20 and 40 m depth and those  a t  80 and 160 m depth. 'The reason f o r  t h e  
r e d u c t i o n  a f t e r  we have passed t h e  h i l l  i s  t h e  s t r ong  downward-re f ract ing 
sound-speed p r o f i l e .  The inc rease  i n  t r ansm iss i on  l o s s  f o r  sha l low source 
depths i s  a l s o  due t o  t h e  same sound-speed p r o f i l e ,  which g i ves  s teeper  
rays  t h a t  exper ience more bot tom bounces before they  pass t h e  h i l l .  

The measured t r ansm iss i on  l o s s  i s  between 90 t o  95 dB f o r  t h e  two deepest 
hydrophones, w h i l e  t h e  model l e d  t r ansm iss i on  l o s s  i s  between 87 and 90 dB. 
The t r ansm iss i on  l o s s  a t  t h e  20-m- and 40-m-deep hydrophones cou ld  no t  be 
measured because t h e  s i g n a l  l e v e l  before process ing d i d  no t  exceed t h e  
no i se  l e v e l  . 

300.0 1 
0:o 5 .'D 1 0'. D is'. 0 2 1 

RANGE [ K M  I 

F i g .  21. Modelled bottom contour.  
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F i g .  22. Modelled transmission l o s s  as a function o f  source/receiver 
distance for the 20 km run, using the parabolic equation model. 
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Fig .  22. Continued. 
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7. Conclus ions 

The measurements were c a r r i e d  ou t  i n  a  c o n d i t i o n  t h a t  c rea ted  a  s t r ong  
m u l t i p a t h  p ropaga t ion  f o r  t h e  two s h o r t e r  ranges o f  15 and 20 km. The 
l onges t  range (over  34 km) has a  s o f t e r ,  more l o s s y  bottom s t r u c t u r e  near 
t h e  t r a n s m i t t e r ,  which almost e l i m i n a t e d  t h e  very  wide t ime-spread o f  t h e  
m u l t i p a t h  s t r u c t u r e .  Even i n  t h e  s t r ong  m u l t i p a t h  s t r u c t u r e  t h e  FM sweep 
s i g n a l s  were no t  degraded severe ly .  No inc rease  i n  c o r r e l a t i o n  l o s s  was 
observed between s i g n a l  l eqg ths  o f  f rom 2 t o  16 S. The pseudo-random no i se  
s i g n a l ,  however, showed a  s t r o n g  i nc rease  i n  t h e  c o r r e l a t i o n  l o s s  w i t h  
i n c r e a s i n g  pu lse  leng ths ,  a lmost t o  t h e  p o i n t  t h a t  t h e  inc rease  i n  c o r r e l a -  
t i o n  l o s s  would ea t  up t h e  t h e o r e t i c a l  i nc rease  i n  p rocess ing  gain. These 
r e s u l t s  must be taken  w i t h  some c a u t i o n  because t h e  s t r i n g  o f  hydrophones 
was no t  a t tached  t o  t h e  bottom; a  smal l  d r i f t  would inc rease  t h e  c o r r e l a -  
t i o n  l o s s  o f  t h e  pseudo-random no ise  s i gna l  cons iderab ly ,  bu t  no t  t h a t  o f  
t h e  FM sweep. 

The best  r e c e i v e r  f o r  d e t e c t i n g  t h e  t i m e  o f  a r r i v a l  o f  t h e  t r a n s m i t t e d  
s i g n a l  seems t o  be a  matched f i l t e r  f o l l owed  by a  t h r e s h o l d  d e t e c t o r  t h a t  
compares t h e  ou tpu t  o f  t h e  matched f i l t e r  w i t h  a  t h r e s h o l d  se t  t o  a  f i x e d  
l e v e l  above t h e  no ise.  I n  t h i s  case i t  seems t h a t  t h e  f l u c t u a t i o n s  i n  
a c o u s t i c  t r a v e l  t i m e  can be kept  w i t h i n  135 ms even when t h e  l ow - l eve l  
m u l t i p a t h  i s  spread ou t  over  almost 400 ms. 

Acknowledgements 

'The c o n t r i b u t i o n s  o f  t h e  f o l  l owing SACLANTCEN members t o  t h i  S Memorandum 
a re  apprec ia ted.  

Exper imenta l  Systems Group 

E. Bov io  Programming t h e  ITSA systems 
E. Capr i  u l  o  Prepar ing  computer p1 o t s  
M. Cassola Running t h e  GRASS program 

Environmental  Mode l l i ng  Group 

F. Jensen Propaga t ion - loss  mode l l i ng  w i t h  t h e  pa rabo l i c -equa t i on  model. 

Report no. changed (Mar 2006): SM-191-UU



References 

[l] SEVALDSEN, E. V a r i a b i l i t y  of acous t i c  t ransmiss ions  i n  a sha l low 
water area, SACLANTCEN SR-46. La Spezia, I t a l y ,  SACLANT ASW Research 
Centre,  1981. [AD A 103 2781 

[2] STEIIVBERG, J.C. and BIRDSALL, T.G. Underwater sound propagat ion i n  
t h e  s t r a i t s  o f  F l o r i da .  Journal  of t h e  Acous t i ca l  s o c i e t y  o f -  ~ m e r i c a ,  
39, 1966: 301-315. 

[3] SACLANTCEN Real -Time Systems Department. ITSA Manual . La Spezia, 
I t a l y ,  1977. 

[4] AKAL, T. Bathymetry and bottom s t r u c t u r e  o f  zones near t h e  I s l a n d  o f  
E lba used f o r  acous t i ca l  t r i a l s  i n  sha l low water,  SACLANTCEN TM-162. 
La Spezia, I t a l y ,  SACLANT ASW Research Centre, 1970. [AD 879 5901 

[5] AKAL, T., GEHIN, C., MATTEUCCI, B. and TONARELLI, B. Measured and 
computed phys i ca l  p r o p e r t i e s  of sediment cores; I s l a n d  o f  Elba zone, 
SACLANTCEN M-82. La Spezia, I t a l y ,  SACLANT ASW Research Centre, 1972. 

[6]  CORNYN, J.J. GRASS : a d i g i t a l  -computer r a y - t r a c i n g  and 
t ransmiss ion- l  oss -p red i c t i on  system, v01 ume 1, NRL Report 7621. 
Washington, D.C., Naval Research Laboratory ,  1973. 

[7 ]  JENSEN, F.B. and MARTINELLI, M.G. The SACLANTCEN p a r a b o l i c  equa t ion  
model (PAREQ), VAX/FPS vers ion.  La Spezia, I t a l y ,  SACLANT ASW 
Research Centre, 1984. 

Report no. changed (Mar 2006): SM-191-UU



Report no. changed (Mar 2006): SM-191-UU


	SM-191
	1. Introduction, 1
	2. Measuring method, 2
	3. Measurement area, 6
	4. Acoustic travel time, 9
	4.1 Fluctuation in travel time, 9
	4.2 AT 15 km range, 9
	4.3 AT 20 km range, 14
	4.4 AT 34 km range, 16
	4.5 Summary, 16

	5. Correlation loss, 18
	5.1 Computation, 18
	5.2 AT 15 km range, 18
	5.3 AT 20 km range, 22
	5.4 AT 34 km range, 22
	5.5 Summary, 22

	6. Transmission loss, 26
	7. Conclusions, 31
	Acknowledgements, 31
	References, 32




