
The Acoustical Society of Japan (ASJ)

NII-Electronic Library Service

TheAcoustical  Society  of  Japan  {ASJ)

Acousn  Sci. &  7lech, 25, l <2004)

1:::::::::::::::::::::::::::::::;:::::::::::;:::::;:;:::::;:;:::;:;:
1:::::::::::::::::::::::::::::::::::::::::::;:::::::::::::::::::::::     ---J--i---------L---------},#'sN

High-resolution broadband  beamforminganddetection  methods  with  real  data

Shefeng Yan  and  Yuanliang Ma

fnstitute qfAcou,ytie Engineening, MJrrhi･t,estern Pol.v. techi!icai Universit.v, Xi'an, P,R, China

(Receii'ed 29 April 2003, Accepted.tbr pubticativn 12 Jttne 2003  )

                                  Keywords:  Passive sonar,  High-reso]ution, MVDR  Beamforming,  SPED,  Real data

                                                          PACS  number:  43.30.-k  IDOI/ 10.12501ast.25.731

1. Introduction

   As  the  acoustic  noise  sources  become quieter andi  qL-cter,
detection and  localization of  the acoustic  source  become  more

and  more  difiicult. The noise  sources  are  often  many  dB

quieter than the acoustic  noise  floor and  the source  noise  field

is unknown  in that thc  signal  strength  and  spectra  of  the

source  are  unknown,  In addition,  the target is often  submerged

in multiple  noise  sources,  On the other  hand, spatial

discrimination capabMty  (the abMty  to separate  two  plane-
wave  signals  whose  arrival  angles  are  closely  spaced)  depends
on  the size  uf  the spatial aperture. We  are  construined  by the

geometric and  performance limitations of  the available

acoustjc  array.  It is necessary  to find good  beamformcr  and

broadband deteclion methods  with  high resolution  to detect

and  track ]ow signal-to-noise  ratio  (SNR) multiple  tars,ets.

   High-resolutien adaptive  beamt'orming techniques  for
underwater  appllcations  have been extensively  studied  for

past severa]  decades [1]. Hewevcr, not many  applicalions

have been reported  in the public domain. Furthermore, most

of  the works  reported  in the literaturcs were  for narrowband

array  processing. Although broadband beamforming  imple-

ment  procedure has been reported  [2-4], most  of  them  are  for

conventional  beamforming.

   The  goals of  broadband detection ure  to condense  the

information contained  in an  array's  bearnformer output  and

aid  operators  in detecting acousric  targets. Conventiona]
Energy  Detection (CED) is often implemented as optimaj

signal  detection in uncon'elated  noise  fields. It provides good
detection abi]ity with  unc]uttered  targets and  the best

theoretical Minimum  Detectab[e Lcvcl <MDL) than  a]1 other

energy  detectors. However,  it has wide  blurry traces for ]oud

targets and  poor bearing resolution.  It also  has impaired
deteetion ahility  in real  world  (ctuttered) noise  envirenments.

   Subband  Energy Detection is another  new  class  of

important broadband processing method  that provides im-

proved performance to sonar  systems  [5], One  of  them  is

calLed Subband Peak Energy  Detection (SPED). SPED  can

provides thinner target traces, improved  bearing resolution,

and  better detection advantage  in real  world  (ciuttered)
acoustic  envirunments,  The  author's  group have givcn thc

princip]e and  simulation  results  tbr SPED  earlier  in reference

[6], rcsults  on  real  data wi[1  be presented in the  paper.

2. High  resotution  beamforming
   A  beamformer  is a  proccssor used  in conjunction  with  an

arruy  of  sensors  that collects  spatial  samp]es  of  propaguting
wave  fields to provide a versati]e  t'orm of spatia] filtering, lt is
emp]oyed  to resolve  or separatc  signuis  eeming  to the  sensor

array from different directions. By  providing a  speeified  gain
at the looking direction and  attenuation  for other  directions, a

beamfermer  enhances  the desired signa]s  and  in the same  time

suppresses  the  undesired  interferences.

   Beamformers  can  be classified as  either  data independent

or  statisticully  optimum  depending on  how  the wcights  are

chosen.  Thc weights  in a statistically optimum  beamfomier

are  choscn  ba:,ed on  the statistics  of  the array  data tu
'`optimize'7

 the  array  response.  In general, the statistics

optimum  heamfomner  uttempt  to maximize  the signal  to noise

ratio  at the  beamformer  output.  Among  them  the Minimum

Variance Distortion]ess Response (MVDR)  beamformer
shows  significant  advantages.  MVDR  maintains  u  constrain(

of  beam  response  at a look  direction being unit  while

minimizes  the total power output  of  the  weighted  sum  ef  the

received  sensor  data. The  minimization  suppresscs  a]l the

discrete sourccs  in spatial  domain  except  the  signal  at  the ]ook

directionl and  therefore  resu]ts  in maximum  output  signal  to

noise  ratio  and  hLgh-resolurion.

   The  beamforrriing procedure changes  with  the bandwidth

of  the signa]s  to be received:  the signal  bandwidth is roughly
divided into narrowband  and  breadband, depending on

whether  the  signal can  be adequateLy  chtiracLerized by a

single  frequeney (i,e,, components  with  band-'idths small

compared  to  their center  frequency).

   If the signa] is narrowband  with  central  frequeney f, the
narrowband  beamformer output  is

h(f, t) =  w"cf)x(t) (1)

where  tv(f) =  [zvT(f),tv2(f),...,wM(f)IT stands  for the

weight  vector  nt  frequency f, x(t)  =  lxi(t),x2{t). . , , ,x,vct)]'i

the observed  nat'rowband  data vector  whose  central  fi'equency
is f, M  the number  of  elements,  superscript  H  denotes
transpose  conjugale  of matrix,

   The weight  vector  for MVDR  beamformer cun  be
obtained  as

R.-td(e, f)
w  ==
    d(e, f)HR.-idce, f)

where  R.  =  ELX(t)XH{t)1 is the M  ×  M  array  output

riunce  matrix.  d(e, f) the  steering  vector.

   The  uutput  power  of  the beamformer  is

                            1
            p(e, f) =

                    d(e, f)"R.-id(/e, f)

(2)

cova-

The  estimate  of  sample  covanance  matrix  is obtained  by/

(3)
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                kr =  t tL],il x(k)x"  (k) (4)

Translate ]]arrowband  signal  x  from the  sensor  array  to its

buseband through  complex  demodulation, get

      :p(n) =  x(n)e'i!""fiL  or  x(n)  =  :F(n)e･i2""Y','JL <s)

whcrc  fL is sumpling  frequeney. Then

 k= =  k il.ii,l .v{k)E"nJ" 
t/f･
 ),H<k)e-nnntt 

f･
 =  k tll.l:,i y(k)))H(k)

                                               (6)

that is. we  can  obtain  the sample  covariuncc  inatrix through
the  baseband complex  sigr]al  of  the narrewband  signal,  so  do

the  weight  veetor  and  beamt'orrncr output  power.

   If the signal  x  received  from a  scnsor  array  is broadband,
it can  be subdivided  into subbands.  Eaeh  subband  is then

translated to baseband through  complex  demodulation. Sub-
sequently,  pass a  FIR Low-Pass  Filter (LPF) h,Ni with  a  length
of  Al. The  band  shifting  and  filtering are performed on

consecutive  subbands.  For the sampled  sequence,  x.(rt).

derived from t]ie mth  element,  the output  signal  of  thc

subband  filter, .v.,(n), can  be expressed  as

                 l-l

         .VnT(i) =  E  h,y(l -  n):v.,(ft)e-･i2n"･b',SL (7)
                et=.t-N

Sincc its bttndwidth is greatly reduced.  the baseband signal

can  bc dccimutcd to improi'e the computational  eraciency.

For dccimation factor N, ]et l =  n'N  and  f =  .fi ･ (klN). the

output  signal for input raw  data x.,(n)  (n =  O, 2, . , . .N  
-
 1 ) is

                k,x,-e

       .YJn'(n') =  E  h,N,(kN 
-
 n)x,.(n)e-JL'Mt,Li,V  (g)

               H=tlA･-11),v

the demodulation and  summatlon  operutiens  in thc  above

equation  has the same  fortn as  the Discrete Fourier Transform

(DFT) and  thus  can  be implemented by FFI'.

   The  broadband beamforming for MVDR  can  bc imple-
tnented  as  follows. The  broadband  signa]s received  from arruy
sensors  are  subdivided  into many  segments  with  a  length ofN,

The  data are  then  lransl'o'rmed bv Shert Time  Fourier                              J
Transform (STFT) proceeded by the datu windewing.  h,v.

Subsequenlly, Lhe data vcctors  eoming  from STFT  are  used  to

estimatc  covariance  matrix  R. and  MVDR  weight  vector,

thcn beamformcd for all subbands  data and  linally energy

detection.

   MVDR  bearnforming outperforms  its codiventional  coun-

terpart. The  MVDR  beamt'orming rcsults  t'or reu]  duta has
been  presented reference  r71 and  will  not  discussed in this

paper.

3. High resolutien  detection

   In a  multibeam  sonar  system,  a CED  broadband processor
block diagram is given in Fig. 1. The  outputs  of  heamformer

['or ever.v  frequency bin is furthcr proccsscd using  a Square-
Luw-Dctcctor (SLD) function. After that. the outputs  are

averaged  eN,er  tirne (Time Average. TA)  then  normatized

r8-1Ol and  weighted  usually  by  Eckart weighting.  To  match
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Fig. 1 Block diagram of  CED.
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between the observation  time  and  the signal stationnrity.  a

number  of  different averaging  time  arc  provided. The

normalization  is accomplished  in the frequency domain

geparate]y  at each  bcam. '1'he
 Eckarl weightins  factor is

obtained  based on  thc shape  of  signal  power  spectrum  and

noise  spec(runi. Subsequently. sum  the output  data over

frequencies for cach  single  azimuth  bin (single beamformer)
Io proi,ide a bin energy  cstimate.  Final]y, broadband deteetion
in a  multibeani  sonur  system  is accomplished  by viewing  the

BTR  data on  u 
"watcrfall"'

 disp]ay. A  horizonta] line of  data
consists  of  outputs  from the beams, and  it is availablc  fur

disp]ay each  time  a  sequence  of  eutputs.  From  the  BTR
`:waterfafl"

 diagram. we  can  detect the souree  in a  partieular
bcaring. Mu]tiple targets  are distinguished by their separation

in bearing on  the  display.

   SPED  is an  important broadband preeessing method  that

provides improved  perfo]'mancc to sunar  systems  whose  block
diagram is given in Fig. 2. The  data from  the  beamformer for
ea¢ h frequency bin is just the same  wlth  CED  while  the

energy  detection algorithm  is ditTerent.'

   Acoustic energy  from a  target signal  or  random  noise

generates 
[`peaks"

 und  
t`valleys"

 in beth time  and  frequenc>,.
I.ooking at  the frequcncy spectrum  of a low SNR  target, the

baekground  noise  eecasionaaly  drops below  the  leyel of  the
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Fig. 2 B}uck ditis,rum of  SPED.
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target signal.  When  this happens. there isa peak due to the

target signal. Now.  Iooking at one  frequency bin ot' the beam
nolse  versus  azimuth  spectrum  (inultibeam output) there may

be several  peaks due to the signal  but still rnany  more  due to
nolsc.

   Instead of  summing  the energ.y in a single azimuth  bin for

all frequency bin, SPED  utilizes only  thc 
"peak"

 information

to cstimute  the detection probability. It looks for peaks (pcak

picking) in the azimuth  spectrum  for every  single  frequency

bin. U]timately, a weighted  sum  of  the 
Lenergy'

 values  of  the

peaks is calcu]ated  over  all frequency bins for each  Time  scan

and  azimuth  bin, then  display in a  BTR  
'`waterfa]]"

 diagrarn.

   Peaks due to the  dircctional source  will  occur  in the sanie

azimuth  bin for each  frcquency bin. These pcaks have spatial

coherence  and  can  Eidd  
``constructive]y"'

 when  summed  over

the entire  range  of  frequency bins. On the other  hand, peaks
due to random  noise  wM  occur  in difi'erent azimuth  bin t'or
different t'requency bin. They  wil]  net  exhibit  spatial  coher-

ence  and  will  not add  
"constructivcLy."

 That makes  low SNR
tarEets can  be detected.

  
"'In

 cED. the inhercn( beam  width  makes  display strongcr

in the beatn near  the source  azimuth  than other beams. This
makes  CDE  wide  biurry traces t'or loud targeLs and  poor
bearing resolution.  In SPED,  huwever, the 

`'peak-picking"

effectively  reduces  the bearing ambiguity  betwecn adjacent

beams  and  provides sharper,  more  clear[y  defined target traces

thus improved  sparial resolution  ol' the ucoustic  environment.

4. Resutts on  simulated  Hnd  reat data

   Suppese  two  signals  arrive  from 106C and  126" with

SNR=-  1S dB  at  a  24-e}ement circular hydrophone  array.  The

beams  output  powers  (with 5 second  of  time  avcras,e)  of

MVDR  beamformer for 23 frequency bins (eenter.at 704 Hz,,
768 Hz, ･ ･ ･, 2.l 12 Hz) and  72 aziniuth  bins (OO. 5", ･ ･ ･, 355U)
are computed  and  display in Fig. 3 as  FRAZ  (frequency v.s.

azimuth)  dias,rum. The  corresponding  peak energy  is shown  in

Fig. 4. Sum  the output  energy  over  frequencies for each  single

uLimuth  bin to get azimuth  energy  spectrum.  Beam  azimuth

energy  values  ft)r 72 steering  angles  are  interpoLated to 360

for display, which  is shown  in Fig. 5. The  corresponding

azimurh  peak energy  spectvum  is shown  in Fig. 6. It can  be
seen  from Fig. 5 and  Fig. 6 that SPED  has highcr bearing
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resojutien  than  (]DE.

   In our  experiment,  the experimcntal  data was  recorded

using  a  24-elemcnt ctrcular  hydrophone  array.  The  sampling

frcqucncy, i'or the real  data sig'as 8,192 Hz. Using a 128 peint
STFT  to get 128 subbands  and  23 subbands  (center at 704 Hz,

768Hz,  ･-･, 2,1]2H7)  of  them  are  uscd.  180 beams in
O -- 360[' azimuth  ang]e  ure  formed for each  of  thc 23                  .
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subbands,  beam  output  energy  is then  computed,  Energy  sum

and  peak energy  sum  of  5 second  data are employed

rcspectively  by  combining  the 23 subband  results.  CED
output  energy  yalues  and  SPED  output  energy  va]ues  for ]80
azimuth  angles  v,s.  timc  ure  shown  in Fig. 7 and  Fig, 8
respectively.

   Comparing Fig. 8 to Fig, 7, as  we  have cxpected.  tlie

SPED  shows  far bettcr resolution  than the conventional  one.

Tracks of  noise  sources  arc  thin and  bright in the SPED  resuit.

Therefore, the SPED  dctection and  tracking capability  for
weak  sources  with  the  presence of  strong  sourccs  arc  far
enhanced.

5. Conclusion

   The  broadbantl high-resolution bearnforming and  high-
resolution  detection methods  are  presentcd in this paper. The
broadband benmforming  procedure is discussed for MVDR.
SPED  is also  introduced its a  high-reselution detection
method.  The results  on  simulution  and  real  data show  that

SPED  can  obtain  higher bearing reso]ution  and  detcction

abi]ity coinpared  Lo CED.  The presented approachcs  have al.go

been shown  to be sinipie and  practieal as  verified  by an

experimcntu]  data set collected  in sha[]oN-･  wttter.
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