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ABSTRACT 

Sidelobe suppression l e v e l s  o f  30 dB f o r  a towed a r ray  are  genera l l y  
considered e x c e l l e n t ;  values above t h a t  a re  considered except ional  o r  
unachievable. However, 40 t o  50 dB suppression l e v e l s  have been achieved 
and maintained throughout most o f  t he  measurements conducted w i t h i n  the  
l a s t  two years w i t h  SACLANTCEN's towed a r r a y  and can be considered the norm 
r a t h e r  than the  except ion. The key t o  ach iev ing  and main ta in ing  t h i s  h igh  
l e v e l  of performance i s  t o  keep t h e  system f r e e  f r o m  f a u l t s  and p rope r l y  
groomed. The techniques by which degraded performance i s  detected i n  
rea l - t ime  are  discussed and i l l u s t r a t e d  by examples from p a s t  measurements. 
When the  f a u l t s  were repa i red ,  t h e  system performance re turned t o  i t s  usual 
h igh  l e v e l .  S i m i l a r  techniques cou ld  be implemented by o the r  researchers,  
w i t h  h igh  expectat ions o f  receivi ing s i m i l a r  performance from t h e i r  
towed-array sonars. 

INTRODUCTION 

Sidelobe suppression l e v e l s  o f  30 dB f o r  a towed a r ray  are  genera l l y  
considered t o  be e x c e l l e n t  and 40 dB o r  above a re  considered the  except ion 
o r  unachievable. However, experience w i t h  SACLANTCEN' s towed a r r a y  
demonstrates t h a t  i t  i s  poss ib le  f o r  performance t o  be s u f f i c i e n t l y  h igh  
t h a t  s ide lobe suppression l e v e l s  o f  40 t o  50 dB can be the  norm r a t h e r  than 
t h e  except ion. Th is  has been achieved and maintained throughout most of  
t he  ambient-noise measurements conducted by' SACLANTCEN's Ambient Noi se 
Group du r ing  s i x  measurement exerc ises w i t h i n  the  l a s t  two years. 

There i s  no th ing  p a r t i c u l a r l y  special1 o r  unique about t he  Centre 's  towed 
a r r a y  sonar system t h a t  achieved t h i s  high- level  performance. I f  kep t  i n  
p e r f e c t  c o n d i t i o n  t h i s  sonar, 1 i ke many o thers  i n  use today, i s  capable of 
ach iev ing  and main ta in ing  such performance. The key i s  t o  keep these 
systems f r e e  from f a u l t s  and p r o p e r l y  groomed. There i s  no th ing  new i n  the  
idea t h a t  good a r ray  grooming leads t o  improved performance. Achiev ing 40 
t o  50 dB s ide lobe suppression cont inuously  and t h e  techniques t h a t  make 
t h i s  f eas ib le  i n  rea l - t ime ,  however, a re  new. The r e a l i t y  o f  such 
performance and the  techniques f o r  de tec t i ng  degraded performance are  
discussed and i l l u s t r a t e d  by examples o f  f a u l t s  t h a t  occurred du r ing  
measurements. 
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1 BACKGROUND 

I n  the  pas t  two years a  towed a r ray  has been used ex tens i ve l y  a t  
SACLANTCEN. S i x  major measurement exerc ises have been conducted i n  the  
Mediterranean and i n  the  eastern Nor th  A t l a n t i c  t o  measure ambient noise 
d i r e c t i o n a l i t y  and beam-noise s t a t i s t i c s .  A schematic o f  t he  system used 
f o r  t he  se r ies  o f  measurements i s  shown i n  F ig.  1. Descr ip t ions  o f  t he  
measurement techniques and the  data ana lys i s  products a re  g iven i n  t l - 3 > .  A 
summary o f  the  measurements i s  g iven i n  <4>. 

Experience p r i o r  t o  t h i s  se r i es  o f  measurements had suggested t h a t  i t  i s  
v i t a l  t o  moni tor  t he  data from towed ar rays  i n  rea l - t ime.  The towed-array 
sonar i s  a  very complex system t h a t ,  1  i ke any o ther  sonar system, i s  
sub jec t  t o  e l e c t r i c a l  and mechanical f a u l t s .  It i s  even more vu lnerab le  t o  
degradat ion than o ther  "convent ional"  sonars because i t  i s  n o t  cons t ra ined 
t o  remain e i t h e r  l i n e a r  o r  h o r i z o n t a l  ; dev ia t i ons  from e i t h e r  can degrade 
the  system performance, even though i t  might  be e l e c t r i c a l l y  and 
mechanical l y  sound. 

Because o f  t he  h igh  p o t e n t i a l  f o r  degraded performance by the  towed ar ray ,  
techniques were developed t o  measure the  system's performance and t o  assess 
t h e  q u a l i t y  o f  t h e  acoust ic  data. The techniques became more v e r s a t i l e  and 
i n c l u s i v e  as experience was gained. Th is  r e s u l t e d  i n  the  present  onboard 
ana lys i s  system, which can no t  o n l y  moni tor  t he  performance o f  the  sonar 
system b u t  i s  a c t u a l l y  an onboard relat ive-phase-and-ampli tude c a l i b r a t i o n  
system. I n  add i t i on ,  t h e  qual i ty-assessment products generated by the  
system prov ide  c lues  t o  f a u l t s  t h a t  cause degraded performance. Once 
degraded performance i s  d iscovered i t  i s  u s u a l l y  no t  long before  the  f a u l t  
i s  found and corrected.  The measurements can u s u a l l y  be cont inued w i t h  a  
near -per fec t  system. 

There were two d iscover ies  t h a t  g r e a t l y  enhanced the  c a p a b i l i t i e s  o f  t he  
towed-array sonar ana lys i s  system. The f i r s t  was t h a t  t he  towship cou ld  
a c t u a l l y  be used as a  broadband sound-source t o  check the  system. When the  
a c t i v e  rudder i s  i d 1  i n g  i t  makes a  t e r r i b l e  racket ,  up t o  30 dB above the  
normal towship noise. It i s  thus an e x c e l l e n t  source t h a t  i s  always 
a v a i l a b l e  f o r  a complete acoust ic  check o f  t he  system w i thou t  t he  usual 
deployment problems o f  towed sources. 

The second important  d iscovery was t h a t  t he  v i r t u a l  beams can be used t o  
he lp  judge the  q u a l i t y  o f  the  data and t o  assess t h e  a r ray  performance 
because they prov ide  i n fo rma t ion  t h a t  i s  n o t  otherwise ava i l ab le .  These 
v i r t u a l  beams are  the  beams t h a t  correspond t o  phase s h i f t s  o r  t i m e  delays 
g rea te r  than those corresponding t o  an e n d f i r e  beam. They are  produced by 
the  FFT beamformer a t  a l l  f requencies below design frequency. There are  a t  
l e a s t  t h ree  ways i n  which the  v i r t u a l  beams can rece i ve  energy. 

a. V i r t u a l  beams, 1  i k e  r e a l  beams, have s idelobes t h a t  extend i n t o  
r e a l  space. I f  the  s ide lobe r e j e c t i o n  o f  t he  beamformer i s  poor, 
s t rong sources from acoust ic  space can " leak"  acoust ic  energy i n t o  
the  v i r t u a l  beams. 
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There cou ld  be energy propagat ion i n  t h e  a r ray  a t  a speed lower 
than the  speed o f  sound i n  t h e  sea. Th is  energy would appear on 
one v i r t u a l  beam. 

c. There i s  energy on the  hydrophurles t h a t ,  i s  n c ~ t  c o h e r e n t  t r u n ~  one 
hydrophone t o  another. Th-I e i lu iyy  may h c b  o f  a c o u s t i c  ( f l o w  
noise) ,  e l e c t r o n i c ,  o r  m e c t ~ a n i ~ d l  ( b t~uck ,  v i b t - a t i o r i )  o r i g i n .  
These incoherent  noises are spredti  anloilg a1 l t h e  beams, real and 
v i r t u a l .  However, they are  m o s t  e a h i l y  spc)l tet l  ir, the v i t . t ua l  
domain because the re  i s  norma I l j r  I r h s  erlerqy t.heve t o  mask then) 

The energy i n  the  v i r t u a l  beams can the re fo re  be i nva luab le  f o r  q u a l i t y  
checking and "grooming" the  towed-array system. A more complete 
d e s c r i p t i o n  of v i r t u a l  beams and t h e i r  use f o r  system performance 
assessment i s  g iven i n  t6>. 

APPROACH 

The usual procedure f o r  assessing the  performance o f  t he  towed-array system 
i s  t o  c o l l e c t  t ime-ser ies  o f  beam l e v e l s  from a l l  beams produced by the  FFT 
beamformer. Approximately 50 spec t ra l  samples per  beam per  frequency 
analyzed a r e  considered adequate. Inverse  FFTs are  used t o  convey the  beam 
data  t o  analogous t ime-ser ies  o f  hydrophone dL+ta  to r  ,311 hydrophones o f  t h e  
ar ray .  Time-series o f  t he  phase ~ 'PJJL IVP  t o  1 t ~ t  of an "average 
hydrophone" are  obta ined from the  I ~ O I  d d t d .  The f o I I ow i  ng 
s t a t i s t i c s  a re  c a l c u l a t e d  from these t h r v e  t ypes  o f  i ime-series data .  

Percent i  l e  l e v e l s  o f  10, 25, 50 (median), 75 and 90 
Average power 1 eve 1 s 
Geometric mean power l e v e l s  (dB average) 
Standard d e v i a t i o n  o f  t he  decibel  o r  phase-angle t ime-ser ies  

P e r c e n t i l e  d e v i a t i o n  o f  the  phase angles, which i s  t he  q u a r t i l e  
spread normal ized t o  g i ve  the  same value as the  standard 
d e v i a t i o n  f o r  a gaussian d i s t r i b u t i o n  
Spearman' s rank c o r r e l a t i o n  c o e f f i c i e n t s  and associated 
conf idence 1 eve1 s f o r  beams c o r r e l a t e d  w i t h  a1 1 o the r  beams. 

The above s t a t i s t i c s  a re  used t o  generate p l o t s  o f :  

Beam l e v e l  versus beam number o r  azimuth angle 
Hydrophone l e v e l  versus hydrophone number 
Phase angle versus hydrophone number 
Spearman's rank c o r r e l a t i o n  m a t r i x  

The combinat ion o f  t he  towship noise and the  v i r t u a l  beams provides a very  
powerfu l  t o o l  t o  debug and c a l i b r a t e  the  whole system. The s t a t i s t i c a l  
outputs used f o r  checking data qua1 i t y  are: 

Hydrophone ampli tude p l o t s ,  which show power average, dB average, 
median and dB standard d e v i a t i o n  o f  hydrophone power se r ies  
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versus hydrophone number. These can be used t o  d e t e c t  anomalous 
behav iour  o f  hydrophone channels.  
Hydrophone phase p l o t s ,  which show t h e  average, median, s tandard  
d e v i a t i o n  and p e r c e n t i l e  d e v i a t i o n  f o r  t h e  phases o f  t h e  
hydrophones r e l a t i v e  t o  an "average" hydrophone, a f t e r  removing 
t h e  t h e o r e t i c a l  t ime  s h i f t  f o r  each hydrophone 
Beam l e v e l  p l o t s ,  which show power average, dB average, median, 
s tandard  d e v i a t i o n  and (power average - dB average) o f  t h e  beam 
power s e r i e s  versus beam number. These g i v e  a  measure o f  t h e  
s i de lobe  suppress ion on t h e  s e l f  n o i s e  and can be used t o  d e t e c t  
a c t i  f a c t s  i n  t h e  beamformed ou tpu ts .  
Beam p o l a r  p l o t s ,  which show median beam versus beam heading f o r  
r e a l  beams 
Spearman's r ank  c o r r e l a t i o n  ma t r i xes ,  examples o f  which a re  g i v e n  
as p a r t s  o f  F i gs .  7, 10 and 11. 

The t o p  h a l f  g i v e s  100 t imes  t h e  Spearman's rank  c o r r e l a t i o n  c o e f f i c i e n t ,  
wh ich  measures t h e  c o r r e l a t i o n s  o f  t h e  beam power t ime  s e r i e s  f o r  each s e t  
o f  two beams. Below t h e  d iagona l  a r e  t h e  co r respond ing  con f idence  l e v e l s ,  
which a r e  zeroed when t h e  con f idence  l e v e l  i s  low, and p r i n t e d  o n l y  i f  t h e  
con f idence  l e v e l  i s  h i g h  enough t h a t  t h e  beams a re  c o r r e l a t e d .  

THE TOWSHIP AS A NOISE SOURCE 

The M A R I A  PAOLINA G. ,  SACLANTCEN1s research  vesse l ,  i s  n e i t h e r  p a r t i c u l a r l y  
q u i e t  nor noisy i n  normal gperation, b u t  has an a c t i v e  rudder  t h a t  i s  ve r y  
noisy when i d l i n g .  The act ive  rudder ,  c o n s i s t i n g  o f  an e l e c t r i c  motor w i t h  
a variable-pitch screw mounted on the s h i p ' s  rudder ,  i s  used t o  manoeuvre 
the ship a t  low speeds. When i d l i n g ,  i t  r o t a t e s  a t  h i g h  speed a t  ze ro  
pi tch ,  generat ing cav i ta t ion  and mechanical  no ise .  The no i se  i t  c r e a t e s  i s  
a t  medium frequencies; t h a t  i s ,  around 500 Hz t o  2 kHz. A t  l ower  
f requenc ies ,  t h e  source i s  so c l o s e  t o  t h e  su r f ace  t h a t  t h e  L l o y d  m i r r o r  
e f f e c t  reduces i t s  o u t p u t  g r e a t l y .  

The no i se  f rom t h e  towsh ip  no i se  does n o t  propagate t o  t h e  a r r a y  th rough  a  
s i n g l e  pa th ,  as shown i n  F i g .  2 f o r  deep and sha l low water .  I n  deep wa te r ,  
t h e  d i r e c t  p a t h  i s  u s u a l l y  dominant. I n  sha l l ow  wate r  t h i s  i s  n o t  so and 
many pa ths  c o n t r i b u t e  s i g n i f i c a n t l y ,  t h e  dominant one b e i n g  usual  l y  t h e  
f i r s t  bo t t om- re f  1  ec ted  pa th .  The t o t a l  energy r ece i ved  on t h e  f o rwa rd  
e n d f i r e  beam i s  g r e a t e r  b y  15 t o  12  dB i n  sha l l ow  water ,  and more beams 
r e c e i v e  t h e  towsh ip  no ise .  F i g u r e  3 g i ves  t h e  no i se  l e v e l s  on t h e  f o rwa rd  
e n d f i r e  beam f o r  t h e  s h i p  i n  normal o p e r a t i o n  and w i t h  t h e  a c t i v e  rudder  
i d l i n g ,  b o t h  f o r  deep and sha l l ow  water .  I t  shows t h a t  t h e  a c t i v e  rudder  
can indeed be used as a good beacon t o  c a l i b r a t e  t h e  system, as i t s  l e v e l  
i s  w e l l  above t h e  range o f  ambient no i se  l e v e l s ,  a t  l e a s t  a t  h i g h  
f requenc ies .  

When such a s i n g l e  dominant beacon i s  a v a i l a b l e ,  t h e  hydrophones a1 1  see 
t h e  same s i g n a l ,  and a  r e l a t i v e  c a l i b r a t i o n  can be performed. The a c t i v e  
rudder  has t h e r e f o r e  been used as such a  beacon a t  t h e  beg inn ing  and end o f  
each measurement, and a l s o  a t  any o t h e r  t i m e  when t h e  system q u a l i t y  needed 
t o  be checked. These ar ray-per formance t e s t s  de lay  t h e  normal measurement 
by  15 minutes;  t h e y  do n o t  r e q u i r e  any change i n  t h e  a c q u i s i t i o n  o r  
p rocess ing  system. 
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RESULTS AND DISCUSSION 

F i g u r e  4 shows t h e  hydrophone amp l i tude  p l o t s  f o r  t h r e e  d i f f e r e n t  t ypes  of 
ave rag i  ng power average (upper do t t ed ) ,  dB average ( 1  ower do t t ed ) ,  and 
median ( s o l  i d )  a t  750 Hz,  f o r  two s i t u a t i o n s .  

The r i g h t  side corresponds t o  a shal low-water  measurement and shows 
excel l e n t  balance among the success ive 40 hydrophones. The absol  u t e  1  eve1 
i s  high and the standard deviat ion (bot tom curve)  i s  t h e  same f o r  a1 1  t h e  
hydrophones. Apart f rom hydrophone N o  5 which has 1 dB more s e n s i t i v i t y  
than the others, the hydrophone p l o t  l ooks  a lmost  p e r f e c t .  The h i g h  l e v e l  
o f  t h e  s tandard  d e v i a t i o n  i s  an a r t i f a c t  due t o  t h e  randomness of  t h e  
source l e v e l .  The a c t i v e  rudder  i s  ve r y  c l o s e  t o  t h e  su r f ace  and has a  
d a i s y  d i r e c t i v i t y  p a t t e r n  caused by  t h e  su r face .  T h i s  p a t t e r n  r o t a t e s  w i t h  
t h e  sea su r f ace  and g i ves  a  ve r y  i r r e g u l a r  l e v e l  a t  t h e  a r r a y .  The l e f t  
s i d e  shows t h e  hydrophone p l o t s  i n  a  deep-water l o c a t i o n  a t  t h e  same 
frequency. Three hydrophones were ma1 f u n c t i o n i  ng due t o  bad con tac t s  i n  
t h e  connectors  o f  t h e  a r r a y ,  and t h e  performance was s e r i o u s l y  degraded, as 
w i l l  be shown l a t e r .  

I n  deep wate r ,  when a  s i n g l e  p a t h  i s  predominant,  t h e  hydrophones can be 
c a l i b r a t e d  i n  phase as we1 1  as i n  amp1 i t u d e .  The phase c a l  i b r a t i o n  i s  a 
b i t  d e l i c a t e  because t h e  source i s  c l o s e  t o  e n d f i r e  and a  phase unwrapping 
must be per formed b e f o r e  do ing  any s t a t i s t i c a l  a n a l y s i s  o f  t h e  phases; i n  
F i g .  5 t h e  p l o t  shows t h e  average (do t t ed )  and t h e  median (con t inuous)  
phases o f  each hydrophone r e l a t i v e  t o  a  " r e fe rence "  hydrophone. The 
" r e fe rence "  hydrophone i s  n o t  a p h y s i c a l  one, b u t  r a t h e r  an "average 
hydrophone" f o r  each a c q u i s i t i o n .  The r i g h t  s i d e  shows a  good a r r a y ,  w i t h  
phase v a r i a t i o n s  . o f  lo t o  3' f o r  t h e  d i f f e r e n t  hydrophones. Th i s  may be 
due t o  i n e x a c t  p o s i t i o n s  o f  t h e  hydrophones i n  the a r ray ,  as the  phase 
c a l c u l a t i o n  assumes them t o  be e x a c t l y  equidistant.  A 3 O  degree phase 
e r r o r  a t  750 Hz corresponds t o  an e r r o r  i n  p o s i t i o n  o f  2 crn. The bottom 
curves show t h e  phase s tandard  d e v i a t i o n  (dotted) and percent i le  deviat ion 
(cont inuous)  o f  t h e  phase w i t h  a  30' o f f s e t .  I f  the  phase had a gaussian 
d i s t r i b u t i o n ,  t h e  s tandard  d e v i a t i o n  and p e r c e n t i l e  d e v i a t i o n  would be t h e  
same. Note t h a t  t h e  bot tom curves o f  t h e  graph show t h a t  t h e  phase 
d i s t r i b u t i o n  o f  t h e  50 success ive measurements i s  n o t  gaussian, as t h e  
PCDEV ( s tandard  d e v i a t i o n  es t ima ted  f rom p e r c e n t i l e s )  i s  sma l l e r  than  t h e  
s tandard  d e v i a t i o n  es t ima ted  by conven t iona l  methods. 

The l e f t  s i d e  shows t h e  same phase plot when hydrophones 6 and 9 had been 
i n te rchanged  by  m is take .  I f  t h e  phase ca l ib ra t ion  i s  done, it w i l l  
immed ia te ly  spo t  such an e r r o r .  However, the phase calibration i s  possible 
o n l y  when t h e  s i g n a l  i s  coming th rough  a single path and i s  dominant on 
every  hydrophone w i t h  a  reasonable  signal- to noi se-ratio. The phase 
measurement shown here  was f o r  a  beacon 15 dB above the omnidirectional 
no i se  l e v e l .  

When t h e  s i g n a l  f rom t h e  beacon reaches t h e  array with multipath structure, 
t h e  phase p l o t s  may n o t  make any sense. The qua1 i t y  o f  the array can s t i l l  
be assessed by  u s i n g  t h e  beam l e v e l  plots. Figure 6 shows the beam level 
p l o t s  f o r  two s i t u a t i o n s .  Again, power, median, and dB averages a r e  
p l o t t e d  t o g e t h e r  t o  h e l p  spo t  any abnormal distr ibut ion.  On t h e  r i g h t  i s  
t h e  beam l e v e l  p l o t  f o r  a  near  p e r f e c t  a r r a y  i n  deep wate r .  Beam 17 i s  
f o rwa rd  e n d f i r e ,  which r ece i ves  t h e  d i r e c t  a r r i v a l  f rom t h e  towship .  The 
bottom-bounce a r r i v a l  i s  on beams 29 and 30. The v i r t u a l  beams, 1 t o  16 
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and 48 t o  64 , r e c e i v e  t h e  towsh ip  on t h e i r  s i de l obes  and show t h e  
e x c e l l e n t  s i de l obe  r e j e c t i o n  o f  t h e  a r ray .  The p l o t  on t h e  l e f t  shows a 
m a l f u n c t i o n i n g  a r ray .  I t  corresponds t o  t h e  l e f t  p l o t  o f  F i g .  4  which had 
t h r e e  bad hydrophones. The s i de lobe  r e j e c t i o n  i s  n o t  as good as i s  t h e  
p rev i ous  example. The s i m i l a r  l e v e l s  o f  v i r t u a l  and r e a l  beams suggest 
t h a t  t h e  system i s  see ing  t h e  towsh ip  on a l l  beams, and does n o t  see t h e  
ambient no i se  a t  a1 1. 

F i g u r e  7 shows t h e  median beam p l o t s  and t h e  rank  c o r r e l a t i o n  ma t r i xes  f o r  
two a c t i v e - r u d d e r  t e s t s .  The upper m a t r i x  corresponds t o  t h e  con t inuous  
curve;  t hey  show t h a t  t h e  s i de lobe  r e j e c t i o n  i s  o n l y  about  25 t o  30 dB. 
T h i s  cu rve  corresponds t o  t h e  case where hydrophones 6 and 9 had been 
in terchanged.  A f t e r  c o r r e c t i o n ,  t h e  lower  m a t r i x  shows no c o r r e l a t i o n  o f  
t h e  beams cor respond ing  t o  r e a l  space. They r e a l l y  measure ambient no i se ,  
w i t h o u t  be ing  c o r r u p t e d  by  towsh ip  no ise .  The v i r t u a l  beams a r e  s t i l l  
c o r r e l a t e d  w i t h  t h e  beam towards t h e  towsh ip ,  b u t  t h e i r  l e v e l s  a re  w e l l  
below t h e  ambient no i se ,  as can be seen on t h e  d o t t e d  curve.  The s i de lobe  
r e j e c t i o n  c a p a b i l i t y  o f  t h e  a r r a y  a t  t h a t  f requency i s  45 t o  50 dB. 

I n  t h e  example o f  F i g .  7 ,  t h e  e r r o r  was found and t h e  performance o f  t h e  
a r r a y  f u l l y  r es to red .  When t h e  a r r a y  i s  damaged, r e p a i r  would  sometimes 
t ake  t o o  much t i m e  and i t  i s  necessary t o  dec ide  whether 'to con t inue .  The 
v i r t u a l  beams can be used t o  e v a l u a t e  t h e  degree o f  t h e  degrada t ion .  I f  
t h e  performance o f  t h e  a r r a y  i s  n o t  s u f f i c i e n t  t o  ensure good da ta  q u a l i t y ,  
t hen  t h e  bad channels can be rep laced  by a  comb ina t ion  o f  t h e i r  ne ighbours ,  
p r o v i d i n g  s u f f i c i e n t ,  i f  n o t  optimum performance. T h i s  i s  i l l u s t r a t e d  i n  
F i g .  8.  The phone p l o t s  showed two bad channels,  14  and 37. Channel 14 was 
dead due t o  a  bad c o n t a c t  i n  one o f  t h e  v i b r a t i o n - i s c l a t i o n  modules i n  t h e  
a r r a y .  Repai r  would  have taken  a t  l e a s t  one day o f  work a t  sea, and would 
have p rec l uded  measurement a t  t h a t  s i t e .  The r e s u l t i n g  beam p l o t  appears 
a t  t h e  c e n t r e  and shows o n l y  20 dB o f  s i de l obe  r e j e c t i o n ,  n o t  enough t o  
d e s t r o y  t h e  measurement, b u t  marg ina l  f o r  t h e  r e s t  o f  t h e  exper iment ,  as 
any c loseby  source would b low up t h e  e n t i r e  f i e l d .  Hydrophone 14 was 
t h e r e f o r e  r ep laced  by t h e  average o f  13 and 15,  and t h e  beam p l o t  on t h e  
r i g h t  r e s u l t e d ,  showing 35 dB s i de lobe  suppress ion,  adequate f o r  con t i nued  
measurement. 

I n  sha l l ow  wate r ,  t h e  phase i s  d i f f i c u l t  t o  measure d i r e c t l y ,  because t h e  
towsh ip  no i se  reaches t h e  a r r a y  th rough  many pa ths  and t h e  phase p l o t s  a r e  
o f t e n  scrambled. An i n d i r e c t  e s t i m a t i o n  o f  t h e  phase q u a l i t y  can s t i l l  be 
per formed by  measur ing t h e  dynamic range o f  t h e  beams. F i gu re  9 shows t h e  
beam p l o t s  f o r  an a c t i v e - r u d d e r  t e s t  i n  sha l l ow  water .  Sound f rom t h e  
towsh ip  reaches t h e  a r r a y  th rough  many pa ths ,  as e v i d e n t  on t h e  p o l a r  p l o t  
( t h e  f o rwa rd  beams a r e  contaminated by  t h e  towship) .  The l i n e a r  p l o t  on t h e  
l e f t  shows t h e  v i r t u a l  beams t o  be down by 45 dB. I f  t h e  s i de lobe  r e j e c t i o n  
o f  t h e  system i s  45 dB, i t  must have good phase match between channel s. 

Wh i le  good s i de lobe  r e j e c t i o n  i s  necessary i t  i s  n o t  t h e  o n l y  c r i t e r i o n  by 
which t o  judge da ta  q u a l i t y .  The system must a l s o  have low s e l f - n o i s e .  
T h i s  s e l f - n o i s e  comes f rom two sources. One i s  t h e  towsh ip ,  whose no i se  i s  
coheren t ,  and can be c a n c e l l e d  by  t h e  s p a t i a l  t r a n s i e n t  e l i m i n a t i o n  
techn iques  desc r i bed  i n  <1,2,7>. The o t h e r  i s  t h e  a r r a y  s e l f - n o i s e ,  which 
can be o f  e l e c t r i c a l  o r  mechanical  o r i g i n ,  and t h e  f l o w  no ise .  Th i s  t y p e  
o f  no i se  i s  u s u a l l y  i ncohe ren t  f rom hydrophone t o  hydrophone and i s  spread 
even l y  among t h e  d i f f e r e n t  beams by t h e  FFT beamformer. Thus t h e  no ises  
f rom t h e  d i f f e r e n t  channels always sum i n  energy;  however t h e y  a r e  de layed 
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b e f o r e  t h e  summation. To es t ima te  t h i s  self-noise i n  t h e  presence o f  noise 
o f  a c o u s t i c  o r i g i n  i s  t r i v i a l  i f  t h e  v i r t u a l  beams a r e  avai lable ,  and if 
t h e  s i de lobe  suppress ion o f  t h e  system i s  su f f i c ien t .  Figure 10 
i 1 l u s t r a t e s  such a  s i t u a t i o n .  The sidelobe-suppression capab i l i t y  o f  the 
system i s  over  40 dB and t h e  Spearman's rank corre lat ion matrix shows no 
c o r r e l a t i o n  between beams. The l e v e l  of the virtual beams looks reasonably 
f l a t  and i s  f r e e  f rom con tamina t ions  f rom t h e  a c o u s t i c  space. The energy 
p resen t  on t h e  v i r t u a l  beams i s  t h e  system's  i ncohe ren t  no ise ,  which i s  
e l e c t r o n i c  no i se  a t  t h a t  f requency. F i gu re  11 shows a  d i f f e r e n t  case. The 
rank  c o r r e l a t i o n  matr i x  shows a  h i g h  l e v e l  o f  c o r r e l a t i o n  between a1 1  t h e  
v i r t u a l  beams. The beam l e v e l  p l o t s  show t h e  power average l e v e l  o f  t h e  
v i r t u a l  beams t o  be 1 0  t o  12 dB h i ghe r  than  t h e  median and dB-average 
l e v e l s .  Th i s  was due t o  mechanical impulse no i se  o c c u r r i n g  randomly on t h e  
hydrophones, p robab l y  due t o  l a c k  o f  o i l  i n  t h e  a r r a y  =and o s c i l l a t i o n s  
caused by  rough sea c o n d i t i o n s .  

The v i r t ua l - beam no i se  l e v e l s  a t  low frequency can be used t o  monitor and 
measure f l  ow-noi se. The a r r a y  used by SACLANTCEN i s  e l e c t r a n i c a l  ly noisy 
a t  low f requenc ies  because i t  has p rewh i t en ing  high-pass f i l t ers .  A t  4 k n ,  
t h e  e l e c t r o n i c  no i se  i s  dominant a t  a l l  frequencies, b u t  a t  8 kn, the 
f l ow -no i se  component begins t o  be clearly apparent, as shown i n  Fig. 12. 
The n o i s e  measurements were a l l  conducted a t  4 t o  5 kn t o  minimize the flow 
no ise .  A t  300 Hz, t h e  50 dB l e v e l  i s  below sea-s ta te  0 no i se ,  and t h e  
v i r t u a l  beams p e r m i t  measurement o f  t h e  f l o w  no i se  d u r i n g  ambient -no ise 
measurements i n  20 t o  25 kn winds (Force 6) .  

The e x c e l l e n t  q u a l i t y  of t h e  towed-array system has demonstrated a  c u r i o u s  
a r t i f a c t ,  as shown i n  F i g .  13 .  A t  1460 H z ,  d u r i n g  t h e  a c t i v e - r u d d e r  t e s t ,  
t h e r e  i s  always a  t a r g e t  f o l l o w i n g  t h e  towship ,  25 dB down i n  l e v e l  a t  114O 
r e l a t i v e  t o  t h e  towship .  Th i s  i s  b e l i e v e d  t o  be due t o  p a r t  o f  t h e  towsh ip  
n o i s e  be ing  gu ided i n  t h e  a r r a y .  I n  t e s t s  a t  o t h e r  nearby f requenc ies  t h e  
r e l a t i v e  l e v e l  s tayed  cons tan t  w h i l e  t h e  d i r e c t i o n  s l i g h t l y  r o t a t e d ,  
i n d i c a t i n g  i t  c o u l d  be caused by a  g r a t i n g  l o b e  f o r  a  sound speed o f  
940 m/s i n  t h e  a r ray .  A t  l ower  f requenc ies  no such phenomenon has been 
observed, b u t  t h e  waveguide e f f e c t ,  i f  r e a l ,  would  o b v i o u s l y  va ry  w i t h  t h e  
r a t i o  o f  t h e  wavelength t o  t h e  a r r a y  d iameter .  I n  t h i s  a r r a y  no measure 
was taken  t o  a t t e n u a t e  a c o u s t i c  p ropaga t i on  i n  t h e  f i l l i n g  l i q u i d .  

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

The r e a l - t i m e  c a l i b r a t i o n  and t e s t  system i n t e g r a t e d  i n  t h e  ambient -no ise 
measurement system has proven very  u s e f u l  d u r i n g  t h e  s i x  ma jo r  no i se  
measurement exe rc i ses  conducted i n  t h e  l a s t  20 months. W i t hou t  i t , i t  
would have been imposs ib l e  t o  keep t h e  array i n  good working condition. 
The cons tan t  m o n i t o r i n g  a l s o  gave a  very high confidence l e v e l  i n  t h e  data 
c o l l e c t e d  d u r i n g  these  no i se  measurements. A new system is being prepared, 
which w i l l  expand t h e  e i g h t  f requency measurements t o  256 frequencies on a 
f requency/wavenumber d i  s p l  ay , w i t h  au tomat i c  t e s t s  i n  the system t o  give 
warn ings when t h e  da ta  have anomalies. Users o f  towed-array systems m igh t  
w ish  t o  i n t e g r a t e  s i m i l a r  t e s t s  i n  t h e i r  systems i n  o r d e r  t o  m o n i t o r  t he  
qua1 i t y  o f  t h e i r  data .  
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DEEP WATER 

SHALLOW WATER 

FIG.  2 THE TOWSHIP-NOISE PROBLEM: ARRIVAL ANGLES OF TOWSHIP 
NOISE AT THE ARRAY 

SHALLOW WATER 
OEEP WATER 

FREQUENCY ( Hz J 

FIG. 3 TOWSHIP NOISE LEVELS I N  NORMAL OPERATION, AND WITH THE ACTIVE 
RUDDER IDLING,  I N  DEEP AND SHALLOW WATER 
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PHONE NUMBER 
FREQUENCY 750 Hz 

F I G .  4 HYDROPHONE LEVEL PLOTS AT 750 Hz 
a )  Array w i t h  3 bad c h a n n e l s  
b) Proper1 y f u n c t i o n i n g  a r r a y  

PHONE NUMBER 

TOP CURVES: nEn I ar- fly& ...-.- --.. 

PHONE NUMBER PHONE NUMBER 
FREQUENCY 750 Hz 

F I G .  5 HYDROPHONE PHASE PLOTS AT 750 H Z  
a )  Array w i t h  c h a n n e l s  6 and 9 in terchanged  
b )  P r o p e r l y  connec ted  channels 
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F I G .  6 BEAM LEVEL PLOTS 
a )  A r r a y  w i t h  3 b a d  h y d r o p h o n e s  
b )  P r o p e r 1  y f u n c t i o n i n g  a r r a y  

BEf lM NUMBER 

F I G .  7 BEAM LEVEL vs BEAM NUMBER PLOTS AND RANK CORRELATION MATRIXES 
FOR THE TWO C A S E S  OF F I G .  5 
T o p  curve a n d  m a t r i x :  C h a n n e l s  6 a n d  9 i n t e r c h a n g e d  
B o t t o m  curve a n d  m a t r i x :  A r r a y  a f t e r  correction 
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PHONE BE.FIM NUMBER BERM NUMBER 

FIG. 8 PHONE LEVEL AND BEAM LEVEL PLOTS 
a )  Hydrophone p l o t  showing  m a l f u n c t i o n i n g  channels 1 4  and 37 
b )  C o r r e s p o n d i n g  beam p l o t s  
c )  Beam p l o t  a f t e r  r e p l a c e m e n t  o f  c h a n n e l  1 4  b y  the 

a v e r a g e  o f  1 3  and 1 5  

BERM NUMBER 
FREQUENCY 750 Hz 

FIG. 9 BEAM LEVEL PLOTS FOR AN ACTIVE-RUDDER TEST I N  SHALLOW WATER 
a )  Beam level vs beam number p l o t  
b )  P o l a r  beam level p l o t  
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BERM NUMBER 

F I G .  10 BEAM LEVEL PLOT AND SPEARMAN'S RANK CORRELATION MATRIX FOR A 
MEASUREMENT AT 4 8 0  H z ,  SHOWING ELECTRONIC NOISE ON THE 
V I R T U A L  BEAMS 
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F I G .  11 BEAM LEVEL PLOT AND SPEARMAN'S RANK CORRELATION MATRIX FGR A 
MEASUREMENT AT 4 8 0  Hz, SHOWING THE EFFECTS OF RANDOM 
MECHANICAL HYDROPHONE IMPULSE NOISE ON THE V I R T U A L  BEAMS 
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FIG.  1 2  SELF-NOISE LEVEL VERSUS TOW SPEED AT 100 Hz, 150 Hz AND 3 0 0  Hz 
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FIG.  13 POLAR BEAM LEVEL PLOTS FOR TWO ACTIVE-RUDDER TESTS AT 1 4 6 0  Hz, 
SHOWING AN ARTIFACT AT 114O FROM FORWARD ENDFIRE 
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