
IS S N  1063-7710, Acoustical Physics, 2011, Vol. 57, No. 3, pp. 411—419. © Pleiades Publishing, Ltd., 2011.

OCEAN ACOUSTICICS. 
UNDERWATER ACOUSTICS

An Alternative Approach for Measuring the Scattered Acoustic 
Pressure Field of Immersed Single and Multiple Cylinders1

Sina Sodagar", Farhang Honarvar" b, Amin Yaghootian", and Anthony N. Sinclair*
a NDE Lab., Faculty o f Mechanical Engineering, K.N. Toosi University o f Technology, Tehran, Iran 

b Department o f Mechanical and Industrial Engineering, University o f Toronto, Toronto, Canada
e-mail: honarvar@mie.utoronto.ca 

R e c e iv e d  A u g u s t  2 7 , 2 0 1 0

Abstract—The form function of an elastic target can be obtained from the scattered signal through a decon
volution process. The deconvolution process uses the signal measured from an acoustically hard target (ref
erence signal) to compensate for the impulse response of the measurement system. In this paper, it is shown 
that this approach limits the usable frequency range of the signal and leads to inaccuracies in the final results. 
An alternative approach is proposed in which the reference signal is replaced by the specular echo. A  proce
dure is described for extracting the specular echo from the measured signal even in cases where it is not com
pletely isolated from the resonant components. Modifications are made to the existing deconvolution formu
lation and it is further extended to be applicable to multiple scattering measurements. Experimental results 
show that the new approach provides improved accuracy and wider usable frequency range in both single and 
multiple scattering experiments.
D O I: 10.1134/S1063771011030201

1. IN T R O D U C T IO N

R eso n an ce  S cattering  T h eo ry  (R ST ) show s th a t 
th e  b ack sca tte red  am p litu d e  sp ec tru m  o f  a n  elastic 
sca tte re r is a  c o m b in a tio n  of re so n an t co m p o n en ts  
su perim posed  o n  a  sm o o th  back g ro u n d  [1—4]. I t  also 
provides m a th em a tica l too ls fo r separa ting  these  two 
co m p o n en ts . R eso n an ce  A coustic  S pectroscopy  
(R A S), w h ich  is a n  o u tco m e  o f  RST, focuses o n  th e  
re so n an ce  effects p re sen t in  acoustic  echoes o f  a n  elas
tic  ta rg e t w h e n  th e  ta rg e t is excited  by  a n  in c id en t 
acoustic  wave. F o r m an y  years, RAS a n d  o th e r aco u s
tic  sca ttering  tech n iq u es have b een  used  fo r rem o te  
classifica tion  o f  subm erged  targets. In  re c e n t years, 
th is te ch n iq u e  has also b e e n  u tilized  fo r m a te ria l c h a r
ac te riza tio n  an d  nondestru c tiv e  evaluation  purposes 
[5, 6].

T ogether w ith  th eo re tica l developm ents o f  RST 
an d  RA S, exp erim en ta l aspects o f  these  p rocesses have 
also b een  co n sid ered  by m an y  researchers. M aze e t al. 
[7] p resen ted  th e  first exp erim en ta l qu asi-lin e  sp ec 
tru m  o b ta in ed  by  th e  M e th o d  o f  Iso la tio n  an d  Id e n ti
fica tio n  o f  R esonances (M IIR )  [8]. M IIR  provides 
exp erim en ta l verifica tion  an d  illu stra tio n  o f  RST. 
A lth o u g h  to n e  bursts o f  long  d u ra tio n  w ere used  in  
early  M IIR  studies, it  was la te r  show n th a t sh o rt-p u lse  
M IIR  is less tim e  con su m in g  an d  m o re  co n v en ien t [9].

S ince  th e  in tro d u c tio n  o f  R ST  a n d  its co rre sp o n d 
ing exp erim en ta l tech n iq u es, m an y  researchers have 
used  th e m  to  study  various aspects o f  wave scattering .

1 T h e  a r t i c le  is  p u b l i s h e d  i n  its  o r ig in a l  fo r m .

M aze an d  R ip o ch e  [10] discussed th e  use o f  M IIR  fo r 
RAS o f  elastic objects. Brill e t al. [11, 12] used  RAS fo r 
ch a rac te riza tio n  o f  th e  geo m etry  o f  fluid scatterers. 
H o n arv ar an d  S incla ir [13, 14] used  th e  sh o rt-p u lse  
M IIR  to  m easu re  th e  sca tte red  pressure  field o f  long 
solid  elastic c lad  rods a t b o th  n o rm a l an d  ob lique in c i
d en t angles an d  show ed th e  p o ten tia l o f  RAS fo r the  
p u rp o se  o f  nondestru c tiv e  evaluation  (N D E ) o f  cy lin 
d rical co m p o n en ts . M ath ieu  e t al. [15] used  th e  back - 
sca tte red  echo  received fro m  a  w ire ta rg e t to  evaluate 
its size. S c ip ion i e t al. [16] used  two d ifferen t m eth o d s 
fo r estim ating  th e  d iam e te r o f  a  m eta llic  w ire based  on  
RAS.

Besides stud ies based  o n  sca ttering  fro m  ind iv idual 
targets, researchers have also b een  in te rested  in  m u lti
p le  sca ttering  fro m  a  g roup  o f  targets. A n  experim en ta l 
study o f  th e  A-wave was con d u cted  by K hedd iou i et al., 
w here  two id en tica l im m ersed  shells w ere inson ified  by 
a n  acoustic  wave in  a n  eclipsed co n fig u ra tio n  [17]. 
A -waves are  c ircu m feren tia l su rface waves p ropagating  
in  th e  su rro u n d in g  m e d iu m  a ro u n d  a n  im m ersed  
cy lindrica l shell. L eth u illie r e t al. s tud ied  th e  re so 
n an ce  sca ttering  by  two elastic cy lind rica l shells 
im m ersed  in  w a te r [18]. T h e ir  s tudy  in c lu d ed  b o th  
th eo re tica l analysis an d  experim en ta l m easu rem en ts. 
Later, th ey  co n d u c ted  experim en ta l an d  th eo re tica l 
studies o n  acoustic  wave sca ttering  fro m  a  fin ite  lin ea r  
g rating  o f  elastic cy lind rica l shells [19].

T h e  a im  o f  th is p a p e r is to  in tro d u ce  a n  a lternative 
a p p ro ach  to  c o n d u c t sh o rt pu lse  M IIR  m easu rem en ts. 
In  th e  sh o rt pu lse  M IIR  tech n iq u e , a  re fe rence  signal
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Fig. 1. B a c k s c a t te r e d  e c h o  f r o m  a  c o p p e r  c y l in d e r  
im m e r s e d  i n  w a te r  [2 3 ] .

is used  to  co m p en sa te  for th e  im pulse response o f  th e  
m easu rem en t system . T his reference  signal is usually  
o b ta in ed  from  an  acoustically  h a rd  ta rg e t such  as a 
tu n g sten  fiber. We show  th a t by using such  a reference  
ta rg e t, th e  accu racy  o f  th e  m easu rem en ts  is reduced  
an d  lim ita tio n s are im posed  o n  th e  usable range o f  th e  
frequency  spectrum . T he p ro p o sed  ap p ro ach  does n o t 
suffer from  these  lim ita tions.

2. S IN G L E  S C A T T E R IN G  E X P E R IM E N T S

2.1. Short Pulse MIIR Method
In  th e  sh o rt-p u lse  M IIR  tech n iq u e , th e  sca tte re r is 

inson ified  by  sho rt, b ro ad b an d  pulses. A  typ ical echo  
back sca tte red  from  a co p p er ro d  is show n in  Fig. 1. 
T h e  first b ack sca tte red  echo  o f  th e  pulse re tu rn in g  
back  to  th e  receiver co rresponds to  th e  specu lar reflec 
tio n . T h e  subsequen t echoes are due to  resonances 
gen era ted  by surface an d  subsurface waves encircling  
th e  b ody  o f  th e  sca tte re r a n d  p ro d u c in g  leaky stand ing  
waves. T he frequency  sp ec tru m  o f  th e  b acksca tte red  
echo  is a co n v o lu tio n  o f  th e  wave sca tte red  from  th e  
cy linder an d  th e  im pulse response o f  th e  m easu rem en t 
system . By com p en sa tin g  for th e  im pulse response o f  
th e  m easu rem en t system , an d  p lo ttin g  th e  resulting  
sp ec tru m  as a fu n c tio n  o f  th e  n o rm alized  frequency, 
ka, th e  fo rm  fu n c tio n  | f  |, o f  th e  cy linder is o b ta ined .

T h e  p rocessing  schem e consists o f  two parts: 
(a) m easuring  th e  frequency  sp ec tru m  o f  th e  b ack sca t
te red  wave (see Fig. 2a), an d  (b) rem oving  th e  fre
q uency  charac teristics o f  th e  m easu rem en t system . 
T h is process is cu rren tly  carried  o u t by  rem oving th e  
frequency  charac teristics o f  th e  tran sd u cer an d  system  
e lec tron ics by a decon v o lu tio n  tech n iq u e  w h ich  uses a 
reference  frequency  sp ec tru m  th a t is free from  reso 

x10-4

Frequency, 105 H z

Fig. 2. F r e q u e n c y  s p e c t r a  o f  t h e  (a )  b a c k s c a t te r e d  e c h o  o f  
t h e  c o p p e r  r o d ,  a n d  (b )  b a c k s c a t te r e d  e c h o  o f  a  t u n g s t e n  
f ib e r  [2 3 ] .

nances; see Fig. 2b [20—24]. F o r th is  pu rpose , a sm all 
d iam ete r cy lindrical co m p o n e n t o f  a m ateria l w ith  
h igh  stiffness, such  as tu n g sten , is used  for p ro d u c in g  a 
reference  spectrum . A t low  ka values, n o n e  o f  th e  res
o n an ce  frequencies o f  th e  tu n g sten  fiber are excited  
an d  its frequency  sp ec tru m  is sm o o th , see Fig. 2b. T h e  
experim en ta l fo rm  fu n c tio n  can  th e n  be o b ta in ed  from  
th e  follow ing eq u a tio n  [24]:

w here S(ro) is th e  frequency  sp ec tru m  o f  th e  specim en , 
S '(ro) is th e  frequency  sp ec tru m  o f  th e  tu n g sten  fiber,
If®| is th e  fo rm  fu n c tio n  o f  th e  tun g sten  fiber, an d  a 
an d  a ’ are d iam eters o f  th e  sam ple ro d  an d  tu n g sten  
fiber, respectively. In  E q. (1), S(ro) an d  S '(ro) are
experim en ta lly  m easu red  an d  |f* | is num erica lly  c a l
cu la ted .

2.2. Effect of Target Diameter
T h e desired  frequency  range o f  th e  fo rm  fu n c tio n  

shou ld  be sm all eno u g h  so th a t n o n e  o f  th e  reso n an ce  
freq u en c ies  o f  th e  tu n g s te n  fiber appear. In  F ig . 3, it 
c a n  be  seen  th a t  in  o rd e r  n o t to  have an y  o f  th e  re so 
n an ces  o f  th e  tu n g s te n  fib er ex c ited , a ll m e a su re 
m e n ts  sh o u ld  be  p e rfo rm e d  in  th e  freq u en cy  ran g e  o f  
0 < ka < 4, as designated  by  a  th ick  solid  line. T his 
re s tric tio n  forces th e  use o f  a th in  tu n g sten  fiber an d  a 
tran sd u ce r w ith  a relatively low  frequency. F o r ex am 
ple, fo r a 500 k H z  u ltraso n ic  tran sd u ce r having a u se 
ful b an d w id th  o f  200—800 k H z, th e  d iam ete r o f  th e  
tu n g sten  fiber shou ld  be less th a n  1.17 m m . T his is 
usually  qu ite  d ifferen t from  th e  d iam ete r o f  th e  test
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Fig. 3. N u m e r i c a l  f o r m  f u n c t io n  o f  a  tu n g s t e n  fib e r.

sam ple w h ich  is typ ically  a t least several m illim eters. 
T his d ifference in  d iam eters o f  th e  spec im en  an d  ref
e rence  sam ple cou ld  have sign ifican t effect o n  th e  final 
results. To investigate th e  effects o f  th is  d ifference, we 
m easure  th e  back sca tte red  ech o  from  th ree  steel rods 
w ith  d ifferen t d iam eters. T hese rods have d iam eters o f  
0.38 m m , 1.60 m m  an d  6.34 m m  an d  are tes ted  by a 
500 kH z im m ersio n  u ltraso n ic  transducer.

T h e  frequency  spec tra  o f  th e  th ree  rods are show n 
in  F ig . 4 an d  th e  ce n te r  frequencies an d  m ax im u m  
am plitudes o f  th e ir  spec tra  are listed  in  Table 1. 
A ccord ing  to  Table 1, as th e  d iam ete r increases, the  
ce n te r  frequency  o f  th e  sp ec tru m  decreases w hile its 
co rrespond ing  m ax im u m  am p litu d e  increases. T h e re 
fore, th e  ce n te r  frequencies o f  th e  signals o b ta in ed  
from  a  sm all d iam ete r tu n g sten  fiber an d  th e  large 
d iam e te r sam ple cou ld  be qu ite  d ifferent. Increase  in  
th e  m ax im u m  am p litu d e  o f  th e  sp ec tru m  cou ld  be 
a ttrib u ted  to  th e  larger reflecting  surface o f  th e  th ick e r 
rods. M oreover, since h igh  frequency  co m p o n en ts  are 
m o re  a ttenua tive , it is specu la ted  th a t w ith  th e  
increase o f  th e  d iam ete r o f  th e  rod , th e  ce n te r  fre
q uency  o f  th e  signal w ould  decrease [25, 26]. C o n se 
quently, one  w ould  have d ifferen t frequency  spectra  
for th e  th ick  an d  th in  rods.

W hen  th ere  exists a  sign ifican t d ifference betw een  
d iam eters o f  th e  sam ple an d  reference  ta rge t (tungsten  
fiber), th e  signals reflec ted  back  from  th e m  have d if
feren t c e n te r  frequencies an d  am plitudes. T h is d iffer
ence  will n o t lead  to  accu ra te  results w h en  these sig
nals are im p lem en ted  in  th e  decon v o lu tio n  process o f  
Eq. (1). To d em o n stra te  th is, experim en ts co n d u c ted  
in  [13] are rep ea ted  here . F igures 5a an d  5b show  th e  
frequency  spectra  o f  a 0.25 m m  d iam ete r tu n g sten  
fiber an d  an  18.30 m m  d iam e te r c o p p e r-c lad  a lu m i
n u m  ro d , respectively. C onsiderab le  d ifference is 
observed in  b o th  th e  ce n te r  frequency  an d  m ax im u m  
am plitudes o f  th e  two frequency  spectra. T h e  u ltra 
sonic tran sd u ce r used  has a b an d w id th  o f  200—

Amplitude

Fig. 4. F r e q u e n c y  s p e c t r a  o f  t h e  s c a t t e r e d  e c h o  f r o m  
(a )  0 .3 8  m m  d ia m e te r  s te e l  r o d ,  (b )  1 .6  m m  d ia m e te r  s te e l  
r o d ,  ( c )  6 .3 4  m m  d ia m e te r  s te e l  r o d  o b ta in e d  b y  a  5 0 0  k H z  
tr a n s d u c e r .

800 k H z , a n d  th e re fo re , it is e x p e c te d  th a t  th e  
e x p e rim e n ta l re su lts  w ould  be valid  w ith in  th e  ran g e  
o f  8 < ka < 31. By com paring  th e  ex p erim en ta l fo rm  
fu n c tio n  o f  Fig. 6a w ith  its co rrespond ing  ca lcu la ted  
fo rm  fu n c tio n  show n in  Fig. 6b, we observe th a t th e  
experim en ta l an d  n u m erica l results on ly  m a tc h  in  th e  
frequency  range o f  10 < ka < 20. M oreover, in  Fig. 6a

Table 1. Centre frequencies and maximum amplitudes of 
the frequency spectra of the signals scattered from different 
steel rods

Rod diameter, 
mm

Center frequency, 
kHz

Max. normalized 
amplitude

0.38 5.25 15
1.60 5.18 116
6.34 4.80 237
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Fig. 5. (a) Frequency spectrum of the backscattered echo 
from a 0.25 mm diameter tungsten fiber, and (b) the back- 
scattered echo from an 18.30 mm diameter copper-clad 
aluminum rod obtained by a 500 kHz transducer.

Fig. 6. (a) Experimental and (b) numerical form func
tions of the copper-clad aluminum rod for the frequency 
range of 8 < ka < 31.

th e  m easu red  fo rm  fu n c tio n  show s a  descend ing  p a t
te rn  as th e  n o rm alized  frequency  ka increases. 
A lthough , th e  ( a '/ a ) 1/2 te rm  in  Eq. (1) is supposed  to  
com pensa te  for th e  d ifference in  d iam eters o f  th e  tw o 
targets, n o ticeab le  d ifference can  still be seen  in  m ax 
im u m  am plitudes o f  experim en ta l an d  n u m erica l 
spectra  in  Figs. 6a an d  6b.

2.3. Alternative Approach
In  any  b acksca tte ring  m easu rem en t, th e  first ech o  

in  th e  b ack sca tte red  pulse is th e  specu la r re flec tion  
co rrespond ing  to  reflec tion  from  a  rigid target. E choes 
perta in in g  to  reso n an ce  effects follow  th is  echo . I f  th e  
specu lar ech o  cou ld  be iso lated  from  th e  rest o f  th e  sig
nal, it c an  th e n  be used  as th e  reference  signal for 
deco n v o lu tio n  purposes. In  m ost cases th is iso la tion  is 
very difficult if  n o t im possib le. In  w hat follows, we 
p ropose  a tech n iq u e  for ex trac ting  th is ech o  from  th e  
back sca tte red  signal even if  it is overlapping w ith  re so 
n an ce  echoes.

T h e  iso la tio n  o f  th e  sp ecu la r  e ch o  c a n  be  d o n e  
e ith e r  d u rin g  th e  m e a su re m e n t p ro cess  o r  th ro u g h  
p o s t-p ro cess in g . D u rin g  th e  m e a su re m e n t p ro cess , 
th is  co u ld  be  d o n e  by  using  a d ig ita l o sc illo sco p e  th a t 
c o u ld  s im u ltan eo u sly  show  th e  a c q u ire d  signal an d  
its c o rre sp o n d in g  sp ec tru m . We s ta r t w ith  a signal 
th a t  o n ly  in c lu d es  p a r t o f  th e  sp ecu la r  ech o . By g ra d 

u a l in c rease  o f  th e  h o riz o n ta l ran g e , we m o n ito r  th e  
freq u en cy  sp e c tru m  o f  th e  e c h o  a n d  d ec id e  w here  
th e  signal p ro d u c e s  a sm o o th  freq u en cy  sp ec tru m . 
T h is  p a r t  o f  th e  signal is th e n  saved as th e  re fe ren ce  
signal.

A lternatively, during  th e  p o st-p rocessing  phase , a 
co m p u te r code can  gradually  reduce  th e  n u m b er o f  
d a ta  p o in ts  considered  in  th e  tim e -d o m a in  signal u n til 
th e  co rrespond ing  sp ec tru m  becom es very sm o o th  (no  
resonances p resen t). T h e  resu lting  signal w ould  th e n  
co rresp o n d  to  th e  reference  echo . As a n  exam ple, th e  
frequency  spec tra  o f  th e  received signal from  th e  c o p 
p e r-c lad  a lu m in u m  rod  an d  its co rrespond ing  specu lar 
reflec tion  are p lo tted  in  Fig. 7. C om paring  Fig. 7 w ith  
Fig. 5 , we observe th a t in  Fig. 7, th e  tw o spec tra  m a tch  
very well excep t fo r th e  reso n an ce  frequencies. H o w 
ever, sign ifican t d ifferences are observed in  b o th  th e  
am plitudes an d  peak  frequencies o f  th e  spec tra  show n 
in  Figs. 5 a  an d  5b.

To use th e  specu lar ech o  as th e  reference  signal, 
som e m o d ifica tio n  needs to  be p erfo rm ed  to  Eq. (1).

T h e  fo rm  fu n c tio n  o f  th e  tu n g sten  fiber, | / ^ | , shou ld  
be rep laced  w ith  th e  fo rm  fu n c tio n  o f  th e  specu lar 
echo . S ince th e  frequency  sp ec tru m  o f  th e  specu lar
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Fig. 7. F r e q u e n c y  s p e c t r a  o f  t h e  c o p p e r  c l a d - a lu m in u m  
r o d  ( s o l id  l in e )  a n d  i ts  c o r r e s p o n d in g  s p e c u la r  r e f le c t io n  
( d a s h e d  l i n e ) .

Amplitude

Fig. 8. E x p e r i m e n ta l  f o r m  f u n c t io n  o f  t h e  c o p p e r - c l a d  a l u 
m in u m  r o d  o b ta in e d  b y  u s in g  th e  s p e c u la r  e c h o  a s  t h e  r e f 
e r e n c e  s ig n a l .

echo  co rresponds to  th e  fo rm  fu n c tio n  o f  a rigid cy lin 
der, we have [1]:

f l  = f l  = -г—  У  enAn(ka)co snф , (2)
n  ika n = 0

l

w here en is th e  N e u m a n n  fac to r (en =  1 for n =  0, and  
en =  2 for n > 0), ф is th e  receiv ing angle, an d  An are 
co n stan t coeffic ien ts o b ta in ed  from :

An
Jn(M  

H n)'( ka)
(3)

S ubstitu tio n  o f  Eq. (2) in to  Eq. (1) gives,

| / l |
S(to )
S"(o>)

/
R|
l  9 (4)

w here S(o) is th e  frequency  sp ec tru m  o f  th e  signal 
received from  th e  spec im en  an d  S ’(ro) is th e  frequency  
sp ec tru m  o f  th e  specu lar reflection .

U sing  th e  above fo rm u la tio n , th e  experim en ta l 
fo rm  fu n c tio n  o f  th e  clad  rod  was reca lcu la ted  an d  re 
p lo tted  in  Fig. 8. C o m p ariso n  o f  th e  nu m erica l an d  
experim en ta l fo rm  func tions in  Figs. 6b an d  8 shows 
excellen t ag reem en t be tw een  the  two curves th ro u g h  
th e  w hole usable b an d w id th  o f  th e  transducer. M o re 
over, it c an  be seen  th a t th e  varia tions o f  th e  experi
m en ta l fo rm  fu n c tio n  is sm o o th  and  does n o t show  a 
descend ing  p a tte rn  as before .

3. M U L T IP L E  S C A T T E R IN G

W hen  an  in c id en t wave im pinges o n  a grating  o f  
cy linders, each  cy linder g enera tes a sca tte red  field. 
T he sca tte red  field resu lting  from  each  cy linder 
im pinges o n  o th e r cy linders an d  resu lts in  a secondary  
sca tte red  field. T his process co n tin u es indefinitely, 
an d  is referred  to  as “m ultip le  sca ttering  o f  cy linders” 
an d  inc ludes th e  in te rac tio n s  o f  th e  cy linders’ sca t
te red  fields. T herefo re , b o th  th e  p ro p erties  an d  g eo m 
etry  o f  th e  ind iv idual cy linders p lus th e  g rating  geo m 
etry  affect th e  resu lting  sca tte red  field.

In  single sca ttering , th e  fo rm  fu n c tio n  yields th ree  
types o f  in fo rm ation : th e  reso n an ce  frequencies o f  th e  
elastic  cylinder, th e  profile  an d  w id th  o f  each  reso 
n an ce , an d  th e  sm o o th  b ackground  profile.

T he p ro ced u re  and  fo rm u la tio n  p ro p o sed  for m e a 
suring the  fo rm  fu n c tio n  o f  a single cy linder can  be 
ex tended  to  a g rating  com posed  o f  a n u m b er o f  elastic 
cylinders. O nce again , th e  sm o o th  b ackground  am p li

tu d e , | / l |  , is ca lcu la ted  fo r a  single rigid cy linder and  
used  for deconvolving th e  experim en ta l signal in  
Eq. (4). T he wave in te rac tio n s  betw een  cy linders are

n o t in c lu d ed  in  | / l | , b u t w ould  be in c lu d ed  in  th e  
experim en ta l signal, S (o ) . In  th e  m e th o d  p ro p o sed  for 
single sca ttering  experim en ts, we rep laced  th e  tu n g 
sten  fiber signal w ith  its specu la r reflec tion . We also 
rep laced  th e  th eo re tica l fo rm  fu n c tio n  o f  th e  tu n g sten
fiber, | / l | , w ith  th e  nu m erica l fo rm  fu n c tio n  o f  a rigid 
cylinder. T h e  sam e ap p ro ach  cou ld  be used  in  m ultip le  
sca ttering  experim en ts. In  th e  case o f  m u ltip le  sc a tte r
ing, we can  w rite ,

S ( o )
S-'(co)

f Rl (5)
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Amplitude

Fig. 9. F r e q u e n c y  s p e c t r u m  o f  t h e  s ig n a l  o b t a i n e d  f r o m  
a  6 .3 4  m m  d i a m e t e r  s t e e l  r o d  ( s o l id  l i n e )  a lo n g  w i th  t h e  
f r e q u e n c y  s p e c t r u m  o f  i t s  s p e c u l a r  r e f l e c t i o n  ( d a s h e d  
l i n e ) .

w here S(rn) is th e  frequency  sp ec tru m  o f  th e  signal 
received from  th e  g rating , S '(ю) is th e  frequency  sp ec 

tru m  o f  th e  specu la r reflec tion  o f  th e  grid , an d  | / f |  is 

defined  as

/ a - 2

л/л ika

aI
n = 0

8n
H 1 ’ (ka)

cos n ф . (6)

I t sh o u ld  be n o te d  th a t  th is  m e th o d  is o n ly  a p p lic a 
b le  w h en  all cy lin d ers  in  th e  g ra tin g  have id e n tic a l 
d ia m e te rs .

To d e m o n s tra te  th e  v a lid ity  o f  th e  p ro p o se d  
a p p ro a c h , we have te s te d  a  g rid  m ad e  fro m  tw o 
id e n tic a l s tee l ro d s. B efo re  te s tin g  th e  g rid , a re fe r 
en c e  signal w as ta k e n  fro m  o n e  o f  th e  s tee l ro d s. T h e  
ro d  h a d  a d ia m e te r  o f  6 .34  m m  a n d  w as illu m in a te d  
by  a  1 M H z , 0 .5  in  d ia m e te r  im m e rs io n  tra n s d u c e r  
a t n o rm a l in c id e n c e . T h e  fre q u e n c y  sp e c tra  o f  th e  
rece iv ed  signal a n d  its c o rre sp o n d in g  sp e c u la r  
re f le c tio n  are  sh o w n  by so lid  a n d  d ash ed  lin e s  in  
F ig . 9, respectively . T h e  re su lta n t fo rm  fu n c tio n  o f  
th e  s tee l ro d  is sh o w n  in  F ig . 10 in  th e  fre q u e n c y  
ran g e  o f  4 < ka < 21.

T h e  co n figu ra tion  o f  th e  tw o rods an d  tran sd u ce r is 
show n in  Fig. 11. T h e  c e n te r - to -c e n te r  d istance  
betw een  th e  two rods is d 12 =  30 m m . T he sam e 1 M H z 
tra n sd u c e r  was used  fo r illu m in a tin g  th e  g ra tin g  in  
p u lse -e c h o  m o d e . T h e  in c id e n t wave was d irec ted  
a long  th e  c e n te r - to -c e n te r  line  o f  th e  tw o rods an d  
n o rm a l to  th e  z-ax is. T h e  freq u en cy  sp ec tra  o f  th e  
received  signal an d  its co rre sp o n d in g  sp ecu la r re flec 
tio n  are  sh ow n  in  F ig. 12. T h e  sam pling  freq u en cy  
was 50 M S /s  in  b o th  single a n d  m u ltip le  sca tte rin g  
ex p erim en ts . U sing  E q. (5), th e  m easu red  sca tte red  
sp ec tru m  o f  th e  g ra tin g  was deconvo lved , see F ig. 13. 
To verify th is  fo rm  fu n c tio n , we co m p are  it w ith  th e  
th e o re tic a l fo rm  fu n c tio n  o f  th e  sam e g ra tin g  d is
cussed  in  [27] an d  sh ow n  in  F ig. 14. I t  c a n  be 
observed  th a t th e  ex p e rim en ta l a n d  th e o re tic a l 
resu lts agree very well.

C om paring  th e  m easu red  fo rm  func tions o f  a single 
steel rod  show n in  Fig. 10 an d  a  g rating  o f  tw o id en tica l 
steel rods show n in  Fig. 13, we observe th a t th e  sca t
te red  sp ec tru m  o b ta in ed  from  th e  g rating  co n ta in s

Normalized amplitude

Fig. 10. M e a s u r e d  f o r m  f u n c t io n  o f  t h e  6 .3 4  m m  d ia m e te r  s te e l  r o d .
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Transmitter 
and receiver

a  •  •
d 12

Fig. 11. C o n f ig u r a t io n  o f  th e  m u l t ip l e  s c a t te r in g  m e a s u r e 
m e n t  c o n d u c t e d  o n  a  g r a t in g  o f  tw o  id e n t ic a l  6 .3 4  m m  
d ia m e te r  s te e l  r o d s  s e p a r a te d  b y  30  m m .

th ree  d is tin c t p ieces o f  in fo rm atio n . Two o f  th e m  p e r
ta in  to  th e  frequencies an d  w id ths o f  resonances o f  
ind iv idual steel rods, as show n by arrow s in  Figs. 10 
an d  13. T h e  th ird  p iece  o f  in fo rm atio n , show n in 
Fig. 13, features ad d itio n a l oscilla tions betw een  each  
tw o ad jacen t reso n an ce  frequencies. T hese osc illa 
tions cou ld  be a ttrib u ted  to  reverberation  o f  waves 
betw een  ad jacen t rods. T h is k ind  o f  wave in te rac tio n  is 
expected  an d  has a lready  b een  rep o rted  in  th e  lite ra 
tu re  [28].

Amplitude 
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Fig. 12. F r e q u e n c y  s p e c t r a  o f  t h e  s c a t t e r e d  s ig n a l  f r o m  th e  g r a t in g  ( s o l id  l in e )  a n d  i ts  s p e c u la r  r e f le c t io n  ( d a s h e d  l in e ) .

Normalized amplitude, x10 4

Fig. 13. M e a s u r e d  f o r m  f u n c t io n  o f  t h e  g ra t in g .
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Amplitude, x1Q 3

Fig. 14. C a lc u la te d  f o r m  f u n c t io n  o f  t h e  g ra t in g .

4. C O N C L U S IO N S

In  th is paper, an  a lternative ap p ro ach  for ob ta in ing  
th e  experim en ta l fo rm  fu n c tio n  o f  single an d  m u ltip le  
cy linders was p roposed . In  th is  ap p ro ach , th e  specu lar 
reflec tion  o f  th e  sca tte re r is ex trac ted  from  th e  signal 
an d  used  for deco n v o lu tio n  purposes. I t  was show n 
th a t th e re  is a m ism atch  betw een  th e  frequency  spectra  
o f  a reference  sam ple such  as a tu n g sten  fiber and  an  
elastic rod , w h en  th e ir  d iam eters are d ifferent. T his 
d ifference lowers th e  accu racy  o f  th e  deconvolved 
fo rm  fu n c tio n  an d  lim its its useful frequency  range. 
B ased o n  th e  ap p ro ach  used in  single sca ttering  ex p er
im en ts, a s im ilar p ro ced u re  was developed fo r m u ltip le  
sca ttering  cases. E xperim en ts w ere c o n d u c ted  to  show  
th a t th e  new  ap p ro ach  resolves th e  existing prob lem s 
an d  provides im proved accu racy  in  th e  m easu red  fo rm  
func tio n s in  b o th  single an d  m u ltip le  sca ttering  exper
im ents.
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