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VIRTUAL BEAMS FROM AN FFT BEAMFORMER AND THEIR USE 
TO ASSESS THE QUALITY OF A TOWED-ARRAY SYSTEM 

Jean-Louis Berrou and Ronald A. Wagstaff 

SACLANT ASW Research Centre 
La Spezia, Italy 

ABSTRACT are sent up a cable to the towship and processed to 
extract the desired information. 

Linear towed arrays with sophisticated signal 
processing systems hav; become pbpular for pas;ive To achieve good performance, such systems make 
sonar and seismic prospecting. This is due to the use of a large number of channels and complex 

ease of and the large gains processing equipment; faults of any kind can happen 
achievable. However, because these systems are at any time and a constant monitoring of the 
mechanically and electronically complex and not system,s performance is important to detect the 
constrained to remain linear, the potential for times of any resulting degradations. degraded performance is a constant problem. An 
onboard data-processing system has been developed A system in excellent condition should have to assess the performance of towed-array systems. low self-noise and sidelobes suppressed 40 to This paper discusses an extension to that s) 50 dB. This can be monitored in real time through 
in which the beams steered beyond endfire (virtual the use of virtual beams. If the systa is not in 
beams) can be used to determine the sidelobe excellent condition the virtual can be used 
suppression capability and self-noise of the sonar to help "debug" it. This has been the case for the and to flag system degradation. This is recent SACLANTCEN ambient-noise measurement illustrated by examples from recent ambient-noise exercises. measurement exercises. 

VIRTUAL BFAns 

INTRODUCTION 

The information available from virtual 
(non-acoustic) beams has enabled the Ambient Noise 
Group of the SACLANT ASW Research Centre to 
measure undersea ambient noise with a towed-array 
system having sidelobe suppression levels 
consistently of the order of 50 dB. Twenty to 
25 dB is usually considered normal for a towed 
array; 30 is considered excellent; 40 to 50 is 
unbelievable and is generally considered out of 
the .realm of possibility. This paper describes 
techniques that cap be used to achieve 40 to 50 dB 
sidelobe suppression levels and gives examples to 
illustrate the utility of the techniques and the 
reality of the improved performance. 

BACKGROUND 

The towed array is an important tool for 
undersea acoustic measurements. It has been 
widely used by the petroleum industry for seismic 
prospecting and by acousticians for undersea 
acoustic-propagation and ambient-noise measure- 
ments. It consists of a line array of hydrophones 
enclosed in a soft plastic oil-filled tube of up 
to 10 cm in diameter. The electrical response to 
the acoustic signals received at each hydrophone 

Figure 1 illustrates the data acquisition and 
processing systems used by the Centre for ambient- 
noise measurements. Signals from 40 hydrophones in 
the array are digitized at 5 kHz (12 bits A/D). A 
fast fourier transform (m) is performed on each 
series to obtain complex frequency spectral 
components by a HAP-300 array processor. The 40 
sets of complex spectral components are augmented 
by 24 zeroes and a second (spatial) FET performed 
to produce 64 sets of complex spatial spectral 
components. The magnitudes squared of these latter 
spectra are proportional to the output powers of 64 
beams. Such a beamformer was proposed by Williams 
<1> and at present enjoys popular acceptance. 

Fig. 1 Towed array data acquisition and processing 
system for ambient noise msuremnts 

At frequencies below design frequency (which 
is 1500 Hz for the following figures), virtual 
beams will be produced automatically by the FET 
beamformer. These are the beams that are formed by 
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time de lay ing  ( i n  a  time-domain beamformer) o r  
phase s h i f t i n g  ( i n  a  frequency-domain beamformer - 
FFT beamformer f o r  example) t h e  s i g n a l s  from t h e  
a r r a y  of hydrophones more than  i s  necessary t o  
form an endf i r e  beam. 

Since t h e  v i r t u a l  beams do no t  have main 
lobes  i n  r e a l  a cous t i c  space,, they  a r e  u sua l l y  
ignored. However, it w i l l  be i l l u s t r a t e d  below 
t h a t  they  conta in  energy from var ious  incoherent  
sources  of s e l f - n o i s e  and coherent  a cous t i c  energy 
through s ide lobes  i n  t h e  acous t i c  domain. Simple 
s t a t i s t i c s  ca l cu l a t ed  from t h e  outputs  of t he se  
v i r t u a l  beams can be used t o  he lp  determine t h e  
l e v e l s  and sources  of s e l f  no ise ,  t h e  opera t ing  
condi t ion  of t h e  system, and t h e  l e v e l s  of 
s i de lobe  suppression.  These s t a t i s t i c s  can a l s o  
be used t o  s i g n a l  t h e  ex i s t ence  of problems and t o  
guide i n  l oca t i ng  them. 

For a  given frequency t h e  FFT beamformer 
computes t he  beam d a t a  from t h e  hydrophone da t a  
according t o  t h e  formula: 

B.  1s t h e  complex amplitude of beam number J a t  
3 

frequency f  . 
An is an  amplitude weight app l i ed  t o  hydrophone 

number n. 

Hn is t h e  complex amplitude of  hydrophone number n 

a t  frequency f  . 
$ ( j )  is t h e  d i f f e r e n c e  i n  phase between ad j acen t  

phones t o  s t e e r  beam j a t  d i r e c t i o n  a: $ is  given 
J' 

by : 
2nd j = = c o s .  ) (modulo 2n) ,  (2)  

J 
which can be s imp l i f i ed  a s :  

d r; cos (0 . )  = & (modulo 1 ) .  
J 

d is  t h e  d i s t ance  between success ive  hydrophones, 
A is  t h e  wavelength a t  frequency f .  

A t  low f requencies ,  d/A can be small  and some 
of t h e  beams may have a cos(0 , )  ou t s ide  t h e  window 

J 
(-1,+1). These a r e  t h e  v i r t u a l  beams. 

The FFT beamformer produces beams wi th  
s t e e r i n g  angles  t h a t  vary  wi th  frequency and have 
beam spacings t h a t  i nc r ea se  away from broads ide .  
F igure  2 i l l u s t r a t e s  t h e  e f f e c t  and t he  s epa ra t i on  
between r e a l  and v i r t u a l  beams. The s t e e r i n g  
angle  r e l a t i v e  t o  t he  a x i s  of t h e  a r r a y  i s  
i nd i ca t ed  on t h e  diagram; t h e  beams corresponding 
t o  numbers ou t s ide  t he  c i r c l e  a r e  v i r t u a l  beams. 
Note t h a t  a t  t h e  des ign  frequency of t h e  a r r a y ,  
t h e  wavelength is twice t h e  in te r -e lement  spacing 
and t h e r e  a r e  no v i r t u a l  beams. 

In  F ig .  3 and subsequent f i g u r e s  beams have 
been renumbered so  t h a t  beam 32 i s  broads ide ;  beams 

d = DISTANCE BETYEEN SUCCESSIVE MYDROPMONES 
a(= STEERING ANGLE O f  BEAN N 0 . 6  

Fig. 2 Simple diagram to determine beam steering 
and whether the beam are real or virtual 

with  lower numbers a r e  forward of broads ide ,  those  
wi th  higher numbers a r e  a f t .  

There a r e  a t  l e a s t  t h r e e  ways i n  which t h e  
v i r t u a l  beams rece ive  energy. 

1. V i r t u a l  beams, l i k e  r e a l  beams, have 
s ide lobes  t h a t  extend i n t o  r e a l  space.  I f  
t h e  s i de lobe  r e j e c t i o n  of t h e  beamformer i s  
poor, s t r ong  sources  from acous t i c  space can 
"leak" acous t i c  energy i n t o  t h e  v i r t u a l  
beams 

i There could be energy propagation In t h e  
a r r a y  a t  a  speed lower than  t h e  speed of 
sound i n  t h e  s ea .  This  energy would appear 
on one v i r t u a l  beam. 

3. There is  energy on t h e  hydrophones t h a t  is  
no t  coherent  from one hydrophone t o  another .  
This  energy may be of acous t i c  (flow n o i s e ) ,  
e l e c t r o n i c ,  o r  mechanical (shocks,  
v i b r a t i o n s )  o r i g i n .  These incoherent  no i s e s  
a r e  spread among a l l  t h e  beams, r e a l  and 
v i r t u a l .  However they a r e  most e a s i l y  
s p o t t e d  i n  t h e  v i r t u a l  domain because t he re  
is  normally l e s s  energy t h e r e  t o  mask them. 

The energy i n  t h e  v i r t u a l  beams can t he re fo re  be 
inva luable  f o r  q u a l i t y  checking and "grooming" t h e  
towed-array system. 

STATISTICS 

Five  s t a t i s t i c s  of t h e  r e a l  and v i r t u a l  beam 
power time s e r i e s  i l l u s t r a t e d  i n  Fig.  3 a r e  used i n  
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Fig. 3 Example output of quality assessment 
statistics for a test using a high level 
source when the system was in excellent 
condi tion 



the quality assessment and grooming of the sonar 
system. They are the following: 

For each beam 
O average beam power level 
O median level 
O geometric mean power level (dB 

average) 
standard deviation 

For beam pairs 
o Spearman's rank correlation 

coefficient with associated 
confidence levels <2>. 

Spearman's method estimates the degree of 
association between two series of measurements. 
Because ~t operates on the ranks of the observa- 
tions (the ~rder of occurrence in magnitude of the 
spectral estimate! and not on the magnitude. ~t is 
4 distrlbutlon-free inon-parametric) statistic 
The -0efficlents are entered into a matrix with 
-ows and :nlumns defined by beam numbers, such as 
,a Fig. > This correlation matrix contains the 
correlation coefficients above the main diagonal 
and the significance levels on and below the main 
diagonal for a beam of the given column correlated 
with the beam of that row. Because of display 
limitations, only the even-numbered beams have 
been used in the matrix. If the significance 
levels are below three standard deviations 
(corresponding to a level of confidence of 99.73%) 
the values are replaced by zeroes. At the 
reduction level used- on the figures, the areas of 
high correlation appear dark, below the main 
diagonal. Such a display facilitates rapid 
recognition of possible system problems, since it 
is generally desirable to have independence among 
the various beam power time series. The area 
above the main diagonal, which contains the 
correlation coefficient, is unimportant for the 
present discussions. 

The rationale for choosing the above set of 
five statistics for monitoring system performance 
is the following. The average power detects 
high-level transients, the dB average detects 
drop-outs; the median is insensitive to any of 
these transients; the standard deviation measures 
the scatter in the beam output - too much or too 
little scatter indicates possible problems. 
Because these statistics are sensitive to 
different types of malfupctions, anomalous 
behavior of the system can be readily detected by 
monitoring their values and their differences. 
Finally, as mentioned previously, the correlation 
matrix indicates possible problems if there are 
large regions of correlation among the beams (a 
significant part of the area below the main 
diagonal is dark). Also, as will be illustrated 

The three power estimates for the beams 
(median, geometric, and power averages) all show an 
excellent dynamic range. The virtual beams are 43 
to 53 dB lower than the maximum beam. The rank 
correlation matrix shows that all the virtual beams 
are correlated with that maximum beam, which means 
they are dominated by the strong source near 
forward endfire. It also shows no correlation 
between that source and the other real beams, which 
means that the real beams were dominated by the 
ambient noise received from azimuths within their 
main lobes, without interference from the high- 
level source. High variation from beam to beam in 
the virtual space, which is evident in this figure, 
is a characteristics of sidelobe domination. 

BEAH NUHBER 

Pig. 4 Representative o u t p l t  o f  q u a l i t y  a s s e s a u n t  
s t a t i s t i c s  for  n o m l  ambient nofee masure- 
m ~ t s  whan the system was i n  errcellant 
condf ti on 

Figure 4 is a representative output from a 
normal ambient-noise measurement. The high-power 
source has been shut off; the matrix shews no 
correlations at all. The virtual part of the beam 
plot is flat. Here the self-noise of the system is 
incoherent from hydrophone to hydrophone and is 
spread uniformly over all the beams. The real 
beams are much higher in level, which means that 
they are dominated by the ambient noise since their 
self-noise is at the same level as that in the 
virtual beams: This illustrates that examination 
of the virtual beam levels is a fast way of 
determining whether self-noise is interfering with 
the measurement. 

The average self-noise of a single hydrophone 
can be calculated from the average virtual beam 
level, which in this case is dominated by 
electronic and flow noise. The component due to 
flow can be easily determined by varying the tow 
speed and hence, the level of the flow noise. 

below, the correlation matrix is useful in helping Figures 3 and 4 were obtained with the sonar 
to determine the actual sidelobe suppression system in excellent condition, i.e. after the 
levels of the system. information from an analysis of the virtual beams 

had been used to debug it. This has always been 
RESULTS ANTI DISCUSSION necessary at the start of a measurement exercise. 

There have always been errors in the system. Some 
Figure 3 was obtained during a test of the are difficult to detect even when it is obvious 

sidelobe suppression of the system. A high-level from the virtual beams that they exist. The next 
source was used so that the virtual beams would be two examples illustrate the use of virtual beams as 
dominated by that source on their sidelobes. a diagnostic tool. 



BEAM NUMBER 

Fig.  5 Examples o f  q u a l i t y  a s s e s s m n t  s t a t i s t i c s  
w i t h  a n o i s e  s o u r c e  when t h e  s y s t e m  has a 
f a u l t  ( c h .  6 and 9 swi tched - s o l i d  curve  
and t o p  m a t r i x )  and a f t e r  f a u l t  c o r r e c t i o n  
(dashed c u r v e  and bot tom m a t r i x )  

Figure 5 compares two cases, one bad and one 
good. They correspond to a similar situation as 
in Fig. 3: a strong source near forward endfire. 
The continuous plot illustrates a problem. Here, 
the virtual beams are only 25 to 35 dB down and 
have a peculiar pattern. The real beams aft of 
broadside are not significantly different from the 
virtual ones. The problem is also evident from 
the upper rank correlation matrix, where most 
beams are correlated with the source near forward 
endfire. In this condition the sidelobe 
suppression level of the system was 25 to 30 dB. 
For some measurements this may be acceptable 
performance. After extensive "trouble shooting" 
it was discovered that during a reconfiguration of 
the system the coaxial cables for channels 6 and 9 
had been exchanged at the input to the beamformer. 
The sidelobes were 45 to 50 dB down once the 
cables were switched back to their correct 
positions, as is evident from the dashed curve in 
Fig. 5. The lower rank correlation matrix for 
this corrected case shows correlation only between 
the virtual beams and the main arrival, as would 
be expected from a perfect system. 

The last case takes advantage of not only the 
virtual beam display but also the different 
statistical outputs of the system. 
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Figure 6 shows a beam-output plot obtained 
from time series of 50 successive noise samples 
acquired during a normal measurement period without 
a noise source. The power average is the top 
dashed curve followed by, in turn, the solid curve 
of the median levels, the dashed curve of dB 
averages and the solid curve of standard 
deviations. The large differences between the 
power averages and the median and dB averages of 
the virtual beams are indications of problems. The 
abnormally high standard deviations of the virtual 
beauus also indicate that a problem exists. The 
corresponding rank correlation matrix shows that 
all virtual beams are correlated and their levels 
are approximately equal. 

The source of the problem was mechanical 
shocks on the hydrophones. When listened to on the 
aural output the hydrophones had sounds that might 
be described as "clonks". They occurred on every 
hydrophone, but were not frequent enough to disturb 
the hydrophone statistics. This is because the 
hydrophone levels are dominated by ,the ambient 
noise most of the time. This form of self-noise 
was due to lack of oil in the array and became 
worse when bad sea conditions caused too much 
transverse motion of the cable and array. After 
the sea-state and subsequent array motion 
decreased, the hydrophones went back to normal. 

Towed-array sonar systems for undersea 
acoustic measurements are necessarily very complex. 
There is an almost unlimited number of possible 
faults that could degrade their performance. This 
might mean that the system could achieve only a 
maximum of 20 to 30 dB sidelobe suppression level. 
It has been shown that the virtual beams can be 
used to monitor system performance without inter- 
fering with normal operation; they can also provide 
clues to the possible sources of degradation. Once 
faults are found and corrected the measurements may 
continue with the system in- nearly perfect 
operating condition. The utility of the virtual 
beams and the reality of such high-level 
performance have been demonstrated by results from 
recent ambient-noise measurement exercises by 
SACLANTCEN's Ambient Noise Group. Others could use 
the same techniques and expect improved system 
performance. In many cases their ' systems could 
achieve 40 to 50 dB sidelobe suppression levels as 
did the Centre's towed array system, which was not 
in any way particularly special. 
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F i g .  6 Example o f  q u a l i t y  assessment s t a t i s t i c s  
f o r  a t ime per iod  o f  mechanical shocks 
(sounds l i k e  "c lonks")  on t h e  hydrophones 



SACLANTCEN SM-164 

INITIAL DISTRIBUTION 

Copies Copies 

MINISTRIES OF DEFENCE 

MOD Belgium 
DND Canada 
CHOD Denmark 
MOD France 
MOD Germany 
MOD Greece 
MOD Italy 
MOD Netherlands 
CHOD Norway 
MOD Portugal 
MOD Turkey 
MOD U.K. 
SECDEF U. S. 

NATO AUTHORITIES 

Defence Planning Committee 
NAMILCOM 
SACLANT 
SACLANTREPEUR 
CINCWESTLANT/COMOCEANLANT 
COMSTRIKFLTANT 
COMIBERLANT 
CINCEASTLANT 
COMSUBACLANT 
COMMAIREASTLANT 
SACEUR 
C INCNORTH 
CINCSOUTH 
COMNAvSoUTH 
COMSTRIKFORSOUTH 
COMEDCENT 
COMMARAIRMED 
CINCHAN 

SCNR FOR SACLANTCEN 

SCNR Belgium 
SCNR Canada 
SCNR Denmark 
SCNR Germany 
SCNR Greece 
SCNR Italy 
SCNR Netherlands 
S C M  Norway 
SCNR Portugal 
SCNR Turkey 
SCNR U.K. 
SCNR U.S. 
SECGEN Rep. SCNR 
NAMILCOM Rev. SCNR 

NATIONAL LIAISON OFFICERS 

NLO '~anada 
NLO Denmark 
NLO Germany 
NLO Italy 
NLO U.K. 
NLO U.S. 

NLR TO SACLANT 

NLR Belgium 
NLR Canada 
NLR Denmark 
NLR Germany 
NLR Greece 
NLR Italy 
NLR Netherlands 
NLR Norway 
NLR Portugal 
NLR Turkey 
NLR UK . . 

NLR US 

Total initial distribution 238 
SACLANTCEN Library 10 
Stock - 32 

Total number of copies 280 


	SM-164
	Abstract
	Introduction
	Background
	Virtual beams
	Statistics
	Results and discussion
	Summary
	References




