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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
ULTRASONICS – MEASUREMENTS  OF ELECTROACOUSTICAL 

PARAMETERS AND ACOUSTIC OUTPUT POWER OF SPHERICALLY  
CURVED TRANSDUCERS USING THE SELF-RECIPROCITY METHOD 

 
FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  questions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic  fi e l ds .  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC publ i shes  I n ternational  Standards,  Techn ical  Speci fi cations,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu i des  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC Nati onal  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati onal  
consensus  of opi n ion  on  the  rel evant  sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  content  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Comm i ttees  undertake  to  app ly I EC Pub l i cations  
transparentl y to  the  maximum  extent  poss ible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent  certi fi cati on  bod ies  provi de  conform i ty 
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent certi fi cation  bod i es .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ib i l i ty that  some of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
patent  ri gh ts.  I EC shal l  not  be  hel d  respons ibl e  for i denti fyi ng  any or a l l  such  paten t ri gh ts .  

The  main  task of I EC  techn ical  committees  i s  to  prepare  I n ternational  Standards.  I n  
exceptional  ci rcumstances,  a  techn ical  committee  may propose  the  publ ication  of a  techn ica l  
speci fication  when  

•  the  requ ired  support cannot be  obta ined  for the  publ ication  of an  I n ternational  Standard ,  
despi te  repeated  efforts,  or 

•  the  subj ect i s  sti l l  u nder techn ical  development or where,  for any other reason ,  there  is  the  
fu ture  bu t  no  immed iate  poss ib i l i ty of an  agreement on  an  I n ternational  Standard .  

Techn ical  speci fications  are  subj ect to  review wi th in  th ree  years  of publ ication  to  decide  
whether they can  be  transformed  in to  I n ternational  Standards.   

I EC  TS  62903,  wh ich  i s  a  Techn ical  Speci fication ,  has  been  prepared  by I EC  techn ica l  
committee  87:  U l trason ics.  
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The  text of th is  techn ical  speci fication  is  based  on  the  fol l owing  documents:  

Enqu i ry d raft  Report  on  voti ng  

87/652/DTS  87/659/RVDTS  

 

Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  techn ica l  speci fication  can  be  found  in  
the  report  on  voti ng  i nd icated  i n  the  above  table.  

Th is  document has  been  drafted  i n  accordance  wi th  the  I SO/IEC  D irecti ves,  Part 2 .  

I n  th i s  standard ,  the  fol lowing  prin t types  are  used :   

•  terms defined  in  C lause  3:  in  bold  type .  

The  committee  has  decided  that the  con ten ts  of th is  document wi l l  remain  unchanged  un ti l  the  
stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp: //webstore. iec.ch"  i n  the  data  re lated  to  
the  speci fic document.  At  th is  date,  the  document wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  rep laced  by a  revised  ed i tion ,  or 

•  amended .  

A b i l i ngual  vers ion  of th is  publ ication  may be  i ssued  at  a  l ater date.  
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INTRODUCTION  

An  u l trason ic  transducer i s  an  importan t acoustic device  that can  act as  a  transm i tter or a  
receiver i n  the  appl ications  of med ica l  u l trasound ,  non-destructi ve  testi ng ,  and  u l trason ic  
materia ls  process ing .  The  performance  of a  transducer i s  a  decis ive  factor that governs  the  
device's  range  of appl i cabi l i ty,  efficiency and  qual i ty con trol  i n  the  manufacturing .  The  
mechan isms,  transm i tti ng  fie lds ,  performances,  and  measurement methods  used  for these  
transducers  have  been  stud ied  over the  past few decades.  However,  the  e lectroacoustical  
characterization  and  measurement methods  appl ied  for spherica l l y curved  transducers  have  
not been  defined  in  standard  documents  for ei ther terms  or protocols.  

Th is  document defines  the  re levant e lectroacoustica l  parameters  for these  devices  and  
establ ishes  the  sel f-reciproci ty measurement method  for spherica l l y curved  concave  focusing  
transducers.  
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ULTRASONICS – MEASUREMENTS  OF ELECTROACOUSTICAL 
PARAMETERS AND ACOUSTIC OUTPUT POWER OF SPHERICALLY  
CURVED TRANSDUCERS USING THE SELF-RECIPROCITY METHOD 

 
 
 

1  Scope 

This  document,  wh ich  i s  a  Techn ical  Speci fication ,  

a)  establ ishes  the  free-fie ld  convergen t spherical  wave  sel f-reciproci ty method  for u l trason ic  
transducer cal i bration ,  

b)  establ ishes  the  measurement cond i tions  and  experimen tal  procedure  requ i red  to  
determ ine  the  transducer's  e lectroacoustic  parameters  and  acoustic  ou tpu t  power us ing  
the  sel f-reciproci ty method ,  

c)  establ ishes  the  cri teria  for checking  the  reciproci ty of these  transducers  and  the  l i near 
range  of the  focused  fi e l d ,  and  

d )  provides  gu id ing  i n formation  for the  assessment of the  overal l  measurement uncerta in ties  
for rad iation  conductance.  

Th is  document i s  appl icable  to:  

i )  ci rcu lar spherical l y curved  concave  focusing  transducers  wi thou t a  centric hole  working  i n  
the  l i near ampl i tude  range,  

i i )  measurements  in  the  frequency range  0 , 5  MHz to  1 5  MHz,  and  

i i i )  acoustic  pressure  ampl i tudes  i n  the  focused  fi el d  wi th in  the  l inear ampl i tude  range.  

2  Normative references  

The fol l owing  documents  are  referred  to  i n  the  text in  such  a  way that  some or a l l  of thei r 
con ten t consti tu tes  requ irements  of th is  document.  For dated  references,  on l y the  ed i tion  
ci ted  appl i es.  For undated  references,  the  l atest ed i tion  of the  referenced  document ( i nclud ing  
any amendments)  appl i es.  

I EC 60050-801 : 1 994,  International Electrotechnical Vocabulary – Chapter 801 : Acoustics and 
electroacoustics 

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  terms  and  defin i ti ons  g i ven  i n  I EC  60050-801 : 1 994  
and  the  fo l lowing  appl y.  

I SO  and  I EC main ta in  term inolog ical  databases  for use  i n  standard ization  at  the  fol lowing  
addresses:  

•  I EC  E lectroped ia:  avai lable  at  h ttp: //www.electroped ia. org /  

•  I SO  On l ine  browsing  p latform :  avai lable  at h ttp : //www. iso.org/obp  

 

3. 1   
pav  
average  acoustic pressure  
acoustic  pressure  averaged  over the  effective  area  of the  transducer 

Note  1  to  en try:  Average acoustic  pressure  i s  expressed  i n  pascal s  (Pa).  
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3.2   

rav(β)  

average  ampl i tude  reflection  coefficient  
ratio  of the  free-field  echo  average  acoustic  pressure  pav(β)  reflected  by the  reflector on  the  
geometric  focal  p lane  over the  space  area  coinciden t wi th  the  effective  area  of the  
spherical l y curved  transducer of focus  hal f-ang le  β,  i f the  transducer were  removed ,  to  the  
reference  acoustic  pressure  p0  on  the  effective area  of the  transducer i n  a  non-attenuation  
med ium  wi th  neg l ig ib le  d i ffraction ,  rav(β)  =  pav(β) /p0  

3.3   
Gsf  

diffraction  correction  coefficient  
ratio  of the  average  acoustic  pressure  over the  spherical  segment surface  of the  spherical l y 
curved  transducer's  vi rtual  image  at a  posi ti on  i n  the  d is tance  of twice  geometric  focal  
length  from  the  transducer,  i f an  i deal  refl ecti ng  m i rror were  l ocated  on  the  geometric  focal  
p lane,  to  the  reference  acoustic pressure  of the  transducer i n  the  free-field  of a  non -

attenuation  med ium  

3.4  
A  

effective  area  
<transducer>  area  of the  rad iating  surface  of a  theoretical l y pred icted  transducer wi th  speci fic  
fie l d  d is tribu tion  characteristics  that  are  approximatel y the  same  as  those  of a  rea l  transducer 
of the  same type  

Note  1  to  en try:  For a  spheri cal l y curved  transducer,  the  theoreti cal l y pred icted  acousti c  pressu re  d i s tri bu ti on  on  
the  geometri c  focal  p l ane  of a  transducer shou l d  be  approximately the  same as  that  of the  real  transducer wi th  the  
same geometric focal  l eng th  when  operati ng  at  the  same  frequency.  

Note  2  to  en try:  The  hal f-aperture  of an  effective  area  i s  a l so  named  the  effecti ve  hal f-aperture  or the  effecti ve  
rad ius .  

Note  3  to  en try:  The  effective  area  of a  transducer i s  expressed  i n  metres  squared  (m 2) .  

3.5   
ηa/e  

electroacoustic  efficiency 
ratio  of the  acoustic ou tput power to  the  e lectric  inpu t power 

3.6   
el ectroacoustical  reciproci ty principle  
electroacoustical  reciproci ty theorem  
princip le  that the  ratio  of the  free-field  vol tage (current)  sensi tivi ty  of a  reciprocal  
transducer  as  a  receiver,  to  the  transmitting  response  to  current (vol tage)  of the  
reciprocal  transducer  as  a  proj ector i s  constant  

Note  1  to  en try:  Th i s  pri ncip l e  i s  i ndependent of the  construction  of the  reciprocal  transducer.  

3.7   
free-field  
sound  fie l d  in  a  homogeneous  isotropic  med ium  whose  boundaries  exert  a  neg l ig ib le  effect  on  
the  sound  wave  

[SOURCE:  I EC 61 1 61 : 201 3,  3 . 2 ]  
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3.8   
M 

free-field  vol tage sensi tivi ty of a  spherical ly curved  transducer 
receiving  vol tage response of a  spherical ly curved  transducer 
ratio  of the  open-circu i t  ou tpu t vol tage  of a  spherical l y curved  transducer wi th in  the  fi el d  of a  
poin t source  at the  geometric focus  to  the  free-field  acoustic pressure  acting  on  the  space 
surface  where  the  transducer surface  was  present,  i f that transducer were  removed  

Note  1  to  en try:  Free-fi eld  vol tage  sensi tivi ty of a  spherical l y cu rved  transducer  i s  expressed  i n  vol ts  per 
pascal  (V/Pa).  

3.9   
geometric  beam  boundary 
surface  con tain ing  s tra ight l i nes  passing  through  the  g eometric focus  and  al l  poin ts  around  
the  periphery of the  transducer aperture  

Note  1  to  en try:  The  defi n i ti on  appl i es  to  transducers  of known  construction .  

[SOURCE:  I EC 61 828: 2006,  4 . 2 . 36]  

3. 1 0   
Fgeo  

geometric  focal  l ength  
d istance  from  the  geometric  focus  to  the  u l trason ic transducer's  focus ing  surface  

Note  1  to  en try:  The  defi n i ti on  appl i es  to  transducers  wi th  known  construction  and  i s  equal  to  the  rad i us  of 
curvatu re  of the  rad iati ng  su rface.  

Note  2  to  en try:  The  focusing  surface  i s  the  su rface  of constan t phase,  whose  periphery i s  coinciden t wi th  the  
transducer's  aperture.  

Note  3  to  en try:  Geometric  focal  l eng th  i s  expressed  i n  metres  (m ).  

3. 1 1   
geometric  focus  

point  for wh ich  al l  of the  effecti ve  path  lengths  i n  a  speci fied  l ong i tud inal  p l ane  are  equal  

Note  1  to  en try:  The  geometric  focus  i s  a l so  the  poi n t  for wh ich  a l l  waves  from  the  transducer have  the  same 
delay as  viewed  i n  the  approximation  of geometri cal  acousti cs  neg lecti ng  d i ffraction .  

[SOURCE:  I EC 61 828: 2006,  4 . 2 . 39,  mod i fied  – I n  the  defin i tion ,  the  added  explanation  for the  
defin i tion  "Also,  the  poin t  for wh ich  a l l . . . d i ffraction . "  has  been  moved  to  a  Note  to  en try. ]  

3. 1 2   
LMpe  

pulse-echo  sensi tivi ty l evel  
ratio  of the  received  open-circu i t  vo l tage  for the  fi rst echo  s i gnal  of the  spherica l l y cu rved  
transducer when  acti ng  as  a  receiver to  the  exci ti ng  vol tage  of the  transducer when  i t  i s  
transm i tti ng  a  tone  burst u l trason ic beam  i n  a  d i rection  perpend icu lar to  an  i deal  p lane  
reflector (r  =  1 )  at  the  geometric focal  p lane  

Note  1  to  en try:  The  ratio  i s  expressed  i n  deci bel s  (dB).  

3. 1 3   
G 

radiation  conductance  
ratio  of the  acoustic ou tpu t power and  the  squared  effecti ve  transducer i nput  vol tage  

Note  1  to  en try:  I t  i s  used  to  characteri ze  the  e l ectri cal  to  acousti cal  transfer of u l trason ic transducers.  

Note  2  to  en try:  The  frequency of the  i npu t  vo l tage  (or current)  shou ld  be  noted .  

Note  3  to  en try:  Radiation  conductance  i s  expressed  i n  s i emens  (S).  

[SOURCE:  I EC 61 1 61 : 201 3,  3 . 8 ,  mod i fied  – I n  the  defin i tion ,  "RMS"  has  been  replaced  wi th  
"effective" . ]  
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3. 1 4  
reciprocal  transducer 
l inear,  pass ive  and  reversible  transducer  

Note  1  to  en try:  An  example  of a  non -reciprocal  transducer  i s  one  that  m ixes  a  magneti c  fi e l d  device  wi th  an  
e l ectri c  fi e l d  device.  

[SOURCE:  I EC 60565: 2006,  3 . 24]  

3. 1 5   
J 

reciproci ty parameter 
<transducer>  ratio  of the  free-field  vol tage  sensi ti vi ty of a  transducer as  a  receiver to  the  
transmitting  response to  the  current  of the  transducer as  a  proj ector,  or the  ratio  of the  
free-field  current  sensi tivi ty of a  transducer as  a  receiver to  the  transmi tting  response  to  
the  vol tage of the  transducer as  a  projector 

Note  1  to  en try:  The  reciproci ty parameter  of a  spherical l y curved  transducer,  J =  J
sf
,  i s  equal  to  the  quoti en t  of 

twice  the  effective  area  of the  transducer d i vi ded  by the  acousti c  characteri sti c  impedance  of the  med ium ,  i . e.  

J
sf
 =  2A /(ρ  c)  

where  

A  i s  the  effective  area  of cu rved  su rface  of the  spherical l y cu rved  transducer;  

ρ   i s  the  (mass)  densi ty of the  med ium ;  

c  i s  the  speed  of sound  i n  the  med ium  (usual l y water).  

Note  2  to  en try:  The  reciproci ty parameter  i s  expressed  i n  watts  per pascal  squared  (W/Pa2) .  

3. 1 6   
p0  
reference  acoustic pressure  
product of the  un i form  normal  particle  ve loci ty on  the  spherical l y curved  surface  of the  
transducer and  the  characteristic  impedance of the  med ium  

Note  1  to  en try:   Reference  acousti c pressure  i s  expressed  i n  pascals  (Pa).  

3. 1 7   
reversible  transducer 

transducer capable  of acti ng  as  a  proj ector as  wel l  as  a  receiver 

[SOURCE:  I EC 60565: 2006,  3. 26,  mod i fied  – I n  the  defin i ti on ,  "hydrophone"  has  been  
replaced  wi th  "receiver". ]  

3. 1 8   
sel f-reciprocity method  
transducer cal ibration  method  based  on  the  reciproci ty princip le  that  uses  the  received  echo  
s ignal  from  the  p lane  reflector that i s  set  perpend icu lar to  the  i ncident beam  axis  of the  
transducer 

3. 1 9   
SI 

transmitting  response  to  current  
transmitting  current  response  
ratio  of the  reference  acoustic  pressure  on  the  rad iating  surface  of a  transducer i n  the  free-
field  i n  the  absence  of i n terference effects  to  the  curren t fl owing  through  the  e lectrical  

term inals  of a  projector at a  g iven  frequency 

Note  1  to  en try:  Transmi tting  response to  current i s  expressed  i n  pascals  per ampere  (Pa/A).  
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3.20   
SU 

transmitting  response  to  vol tage  
transmitting  vol tage  response  
the  ratio  of the  reference acoustic pressure  on  the  rad iati ng  surface  of a  transducer i n  the  
free-field  i n  the  absence of i n terference  effects  to  the  exci ti ng  vol tage  of a  projector at  a  

g iven  frequency 

Note  1  to  en try:   Transmi tting  response  to  vol tage  i s  expressed  i n  pascals  per vo l t  (Pa/V).  

4 Symbols  

a effective  hal f-aperture,  effecti ve  rad ius  of transducer 

A  effective  area  of transducer 

c  speed  of sound  i n  sound  propagating  med ium  usual l y i n  water 

d d istance  from  the  centre  of the  transm i tting  surface  of the  transducer to  the  
reflecti ng  p lane  of the  reflector i n  the  geometric focal  p lane  

f0  resonant frequency 

fc  cen tral  frequency 

Fgeo  (=  R)  geometric focal  l ength  

G  radiation  conductance  

Gsf diffraction  correction  coefficient  for spherica l l y curved  transducer i n  free-
fie l d  se l f-reciproci ty cal ibration  

h  he ight  (depth)  at the  centre  of a  spherica l  segment  

I acoustic  i n tens i ty 

IT,  ITrms  exci ti ng  current ampl i tude,  effecti ve  exci ti ng  current  

Ik  short-ci rcu i t current  ampl i tude  of the  generator 

Iecho  fi rst echo  curren t ampl i tude  

J reciprocity parameter  of transducer 

Jsf  reciprocity parameter  of spherical l y curved  transducer 

k (=  2π/λ) ,  ci rcu lar wave number 

km ratio  of the  acoustic  pressure  at  the  geometric  focus  to  the  reference 
acoustic pressure  on  the  rad iation  surface  of the  transducer 

l d istance  from  the  centre  of receiving  surface  of the  h ydrophone  to  the  cen tre  of 
the  transm itting  surface  of the  transducer a long  thei r common  axis  after 
a l i gnment 

LMpe  pulse-echo  sensi tivi ty l evel  

M free-field  vol tage sensi tivi ty (receiving  vol tage  response)  of a  spherical ly 
curved  transducer 

p0   reference  acoustic pressure  of a  rad iati ng  surface  

P acoustic  ou tpu t power 

Pe  electrical  i nput power 

q  (=(1  +  cosβ)/2) ,  ratio  of the  true  time-average  in tens i ty I to  the  time-average  
derived  i n tensi ty Ip  at the  geometric focus  

Qm  mechan ical  q ual i ty factor 

r ampl i tude  reflection  coefficien t  

rav(β)  average  ampl i tude  reflection  coefficien t  on  a  p lane  reflector i n  the  geometric 
focal  p lane  i n  water for a  spherica l l y curved  transducer 

R rad ius  of curvature  
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SI transmitting  response  to  current  

SIf transm i tting  response at  geometric  focus  to  curren t  

SU transmitting  response  to  vol tage  

SUf transm i tting  response at  geometric  focus  to  vol tage  

∆tF  acoustic  pu lse  trans i t time  

U0  open-ci rcu i t vo l tage  ampl i tude  of tone  burst  generator 

UT,  UTrms exci ting  vol tage  ampl i tude,  exci ting  effecti ve  vol tage  of the  transducer 

U1  maximum  of the  fi rst echo  vol tage  ampl i tude  received  by the  transducer to  be  
cal ibrated  i n  se l f-reciproci ty cal ibration  process  

UIT outpu t vol tage  of the  curren t probe  p icked  up  the  exi ting  curren t of the  
transducer 

UIecho  ou tpu t vol tage  of the  curren t probe  p icked  up  the  fi rst echo  curren t of the  
transducer 

UIk   ou tpu t vol tage  of the  cu rrent probe  picked  up  the  short-ci rcu i t  current of the  
tone  burst generator 

Urms  effective  vol tage  

v particle  veloci ty  

w3  –3  dB  beamwidth  on  geometric focal  p l ane  

w6  –6  dB  beamwid th  on  geometric focal  p lane  

YT  electric adm i ttance  of transducer 

Zi   e lectric ou tpu t impedance of generator 

ZT  electric impedance  of transducer 

α  acoustic  attenuation  coefficient i n  med ium  (usual l y i n  water)  

β  (=  arcs in (a/R)) ,  focus  hal f-ang le  

θe  e lectric impedance ang le  

ρ  (mass)  dens i ty of the  sound  propagating  med ium  (usual l y water)  

ηa/e  electroacoustic  efficiency  

λ  wavelength  

τ  pu lse  duration  

5 General  

The transducer characteristics  i nclude  the  u l trason ic  fi e ld  parameters  and  the  transm ission  
and  reception  performance parameters.  

The  focused  fi e ld  performance parameters  i nclude  the  effecti ve  hal f-aperture  (the  effecti ve  
rad ius) ,  the  beam  wid th ,  the  effective area ,  the  geometric focal  length ,  and  the  focus  

hal f-ang le  for spherical l y curved  transducers.  

The  transm ission  performance parameters  i nclude  the  rad iation  conductance ,  the  acoustic  
ou tpu t power,  the  free-field  transmitting  response to  current (vol tage) ,  the  
el ectroacoustic  efficiency,  and  the  e lectric impedance.  

The  reception  performance parameter i s  the  free-field  vol tage sensi tivi ty .  

The  transm ission-reception  parameter i s  the  pu lse-echo sensi tivi ty l evel .  

I n  th is  document,  the  beam  profi l e  method  us ing  a  hyd rophone is  defined  for the  
measurement of the  fie l d  performance  parameters ;  the  self-reciproci ty method  i s  defined  for 
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the  measurement of the  free-field  transmitting  response to  current  (vol tage) ,  the  free  field  
vol tage sensi tivi ty,  pu lse-echo sensi tivi ty l evel ,  and  the  acoustic ou tpu t power (see  Annex 
E);  the  radiation  conductance  i s  derived  from  the  acoustic power and  the  effective  exci ti ng  
vol tage;  the  electroacoustic  efficiency  i s  ca lcu lated  from  the  acoustic ou tpu t  power and  the  
detected  e lectrical  input  power.  Relations  between  these  electroacoustical  parameters  are  
g i ven  i n  Annex G .  

6 Requirements  of the measurement system  

6.1  Apparatus  configuration  

The e lectrical  system  of the  apparatus  consists  of a  tone  burst  generator,  a  curren t mon i tor 
(probe),  an  osci l l oscope and  two  swi tches.  The  acoustica l  system  consists  of a  water tank for 
the  measurements ,  a  measurement h ydrophone,  fixtures,  pos i ti on ing  and  orien tation  systems 
(for both  the  transducer and  the  h ydrophone),  d isp lacement sensors  or i nd icators ,  and  a  
sta in less-steel  reflector,  as  shown  i n  Annex F .  The  apparatus  for determ in ing  the  effecti ve  
rad ius  and  the  sel f-reciproci ty ca l ibration  are  shown  i n  F igures  F . 1  and  F. 2,  respectivel y.  

6.2  Measurement water tank 

The tank shal l  have  su fficient effecti ve  space of water bath  to  ensure  that the  maximum  
d istance  between  the  hydrophone and  the  transducer can  be  ach ieved  to  meet the  
requ i rements  for fixtu res,  pos i ti on ing  and  orien ti ng  the  devices.  The  m in imum  d imensions  of 
the  tank for the  tone  burst fie ld  measurement on l y shou ld  be   

(R  +  cτ)  ×  (2Rcτ  +  c2τ2)1 /2  ×  (2Rcτ  +  c2τ2)1 /2  ( l eng th  ×  wid th  ×  height) ,  where  R  i s  the  rad ius  of 
curvature,  c  i s  the  speed  of sound  i n  water,  τ  i s  the  pu lse  duration  and  l ess  than  or equal  to  
30  cycles .  Cons idering  other requ irements  the  tank shou ld  be  not smal l er than  
0 , 55  m  ×  0 , 32  m  ×  0 , 38  m  ( length  ×  wid th  ×  height) .  The  tank i s  fi l l ed  wi th  degassed  water,  
and  the  water temperature  i s  i nd icated  by a  thermometer.  

6.3  Fixturing,  posi tion ing  and  orientation  systems  

The transducer and  the  hydrophone shal l  be  fixed  on  fixtures  that a l l ow pos i tional  ad j ustmen t 
of the  devices  in  three  perpend icu lar d i rections  as  wel l  as  a l lowing  thei r ang les  of azimuth  
and  elevation  to  be  i ndependen tl y and  conti nuousl y being  ad j usted .  The  pos i tion ing  accuracy 
shou ld  be  better than  ±0 , 1  mm  in  the  axial  d i rection  z  and  ±0, 01  mm  in  the  l atera l  d i rections  x  
and  y,  wh i le  the  orientation  accuracy shou ld  be  better than  ±0, 05° .  The  resolu tion  of the  

d isplacement sensor shou ld  be  0 , 01  mm  or less .  

6.4 Reflector 

The reflector i s  a  th ick p late  or cyl i nder made  of s ta in less  steel .  One  of the  p lanes  or term inal  
surfaces  of the  reflector i s  used  as  a  reflection  p lane  that  shou ld  be  flat  to  ±1 0  μm  and  shou ld  
a lso  show a  surface  fi n ish  good  to  ±5  μm.  The  th ickness  of the  reflector shal l  be  large  enough  
to  ensure  that the  fi rst  echo  from  the  rear surface  does  not  i n terfere  wi th  that from  the  fron t  
surface  at  the  lowest frequency used .  The  reflector d iameter shal l  be  suffi cien t to  reflect the  
en ti rety of the  u l trason ic beam  energy.  The  reflector d iameter shou ld  be  at  least  twice  the  
−26  dB  beam  wid th  or greater than  the  aperture  of transducer wh ichever is  the  greater.  The  
average  ampl i tude reflection  coefficient  rav(β)  i s  a lmost a  constan t 0 , 973  at the  in terface  
between  water and  sta in less  s teel  when  the  focus  hal f-ang le  β  i s  l ess  than  1 3° .  For other β  
va lues,  rav(β)  can  be  picked  up  from  the  data  of Table  A. 2  i n  Annex A.  

6.5  Current  moni tor (probe)  

The frequency response  of the  curren t sensi ti vi ty of the  mon i tor shou ld  be  constan t up  to  
1 , 4  times  of the  frequency of the  current to  be  measured .  The  maximum  detectable  current 
shou ld  be  greater than  1 , 5  times  of the  curren t  to  be  measured .  The  ri se  time  shou ld  be  
shorter than  or equal  to  20  ns.  The  accuracy shou ld  be  better than  or equal  to  ±1  % .  
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6.6  Osci l loscope  

The  bandwid th  of the  osci l loscope  shou ld  be  greater than  or equal  to  70  MHz.  The  resolu tion  
of vol tage  shou ld  be  better than  1  mV.  The  error of vol tage  measurement shou ld  be  l ess  than  
or equal  to  ±2  %.  

6.7  Measurement hydrophone  

The  maximum  rad ius  ah ,max  of the  hyd rophone acti ve  e lement shou ld  satisfy Formu la  (1 ) :  

 22
max,h

8
al

a
a +=

l
 (1 )  

where  l  i s  the  d is tance  between  the  h ydrophone  and  the  transducer,  a  i s  the  effecti ve  hal f-  
aperture  of the  transducer,  and  λ  i s  the  wavelength .  The hyd rophone used  for the  procedure  

does  not  need  to  be  cal ibrated .  

7 Measurement of the effective hal f-aperture of the spherical ly curved  
transducer 

7. 1  Setup  

The  transducer and  the  hydrophone  are  arranged  i n  the  water tank  as  shown  in  F igure  F . 1 .  A 
tone  burst generator i s  used  to  exci te  the  transducer d i rectl y or us ing  a  match ing  network.  
The  hyd rophone  is  used  to  detect the  acoustic  pressure  in  the  fie ld .  The  osci l loscope  i s  used  
to  detect the  exci ting  vol tage  of the  transducer,  the  ou tpu t vol tages  of the  hydrophone  and  the  
curren t mon i tor.  

7.2  Al ignment and  posi tion ing  of the  hydrophone in  the  field  

IEC 61 828: 2006  i s  the  measurement gu idel ine  of th is  section .  On l y the  geometric  focal  
length  i s  used  i n  th is  document.  

F i rstl y,  the  exci ti ng  vol tage  and  frequency of the  transducer shal l  remain  constan t.  Then ,  the  
maximum  sensi ti vi ty d i rection  of the  h ydrophone shal l  be  a l igned  wi th  the  beam  axis  of the  
transducer to  maxim ize  the  ou tpu t vol tage  of the  h ydrophone.  I n  the  th i rd  step,  the  axia l  
d istance  between  the  h ydrophone  and  the  transducer a long  the  beam  axis  shal l  be  ad j usted  
to  make the  acoustic pu lse  transi t  time  ∆tF  between  the  transm itted  pu lse  and  the  d i rectl y 
received  pu lse  of the  hydrophone  equal  to  R/c ,  where  R  i s  the  rad ius  of transducer surface  
curvature,  i . e .  the  geometric  focal  length ,  and  c  i s  the  speed  of sound .  i . e .  

 ∆tF  =  R/c .  (2)  

General l y,  R  i s  known  by the  designer or manufacturer.  c  i s  the  speed  of sound  i n  water (see  

Annex D) .  

7.3  Measurements  of the  beamwidth  and  the  effective hal f-aperture  

Scann ing  of hydrophone  a long  the  x  axis  and  the  y  axis  across  the  geometric  focus  i n  the  
focal  p lane  (x, y,R)  a l l ows  two  pa irs  of −3  dB  and  −6  dB  beamwid th  (w3x,  w3y and  w6x,  w6y)  to  
be  detected ,  respectivel y.  The  effecti ve  hal f-aperture  or the  effecti ve  rad ius  of the  transducer 
is  ca lcu lated  from  the  average  beamwid ths  w3  and  w6  i n  two  d i rections  as  

 







+=

63

22,262,1

2 ww

R
a

π

l   (3)  

where  w3  =  (w3x  +  w3y)/2;  w6  =  (w6x  +  w6y)/2 .  
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7.4  Calcu lations  of the  focus  half-ang le  and  the  effective  area  

The  focus  hal f-ang le  β  of the  spherica l l y curved  transducer is  g i ven  as  fo l l ows  

 β  =  arcsin (a   /R) .  (4)  

The  effective  area  of the  spherical l y curved  transducer i s  g i ven  as  fol lows:  

 
( )βcos12 2 −= RA π

 
(5)  

8 Measurements  of the electroacoustical  parameters  and  the acoustic output 
power 

8. 1  Sel f-reciproci ty method  for transducer cal ibration  

8. 1 . 1  Experimental  procedures  

The transducer and  the  reflector are  arranged  i n  the  water tank as  shown  i n  F igure  F. 2.  The  
working  frequency of the  tone  burst generator i s  set at a  frequency f,  and  the  ou tput vol tage  is  
kept  constant.  The  pu lse  duration  i s  equal  to  or l ess  than  30  cycles ,  and  the  du ty cycle  factor 
i s  approximatel y 1 /30 .  The  open-ci rcu i t vol tage  U0  and  the  short-ci rcu i t  curren t Ik of the  
generator are  detected  using  the  osci l loscope  and  the  curren t mon i tor.  I f U0  i s  very l arge,  Ik  
shou ld  not  be  detected  to  avoid  damage  to  the  generator.  The  transducer to  be  measured  i s  
then  exci ted  and  the  pos i tion  and  d i rections  of the  transducer shal l  be  ad j usted  precisel y so  
that the  fi rst  echo vol tage  U1  i s  maxim ized  when  the  beam  axis  i s  perpend icu lar to  the  
reflector,  and  the  reflector d is tance  from  the  transducer d  remains  equal  to  the  geometric  
focal  l ength  Fgeo  by keeping  the  pu lse  trans i t  t ime  equal  to  2R/c .  

F i nal l y,  the  osci l l oscope  and  the  current mon i tor are  used  to  detect the  exci ti ng  vol tage  UT,  
the  exci ti ng  curren t IT ,  the  phase  d i fference  θe  between  UT  and  IT,  the  echo  vol tage  U1 ,  and  
the  echo  curren t Iecho .  

I f the  s i gnal -to-noise  ratio  of the  echo current  s ignal  i s  too  low to  preven t excessive  d istortion ,  
then  noise  reduction  process ing  is  requ i red .  The  root-mean-square  (RMS)  echo  cu rrent after 
noise  reduction  i s  equal  to  the  square  root of the  d i fference  between  the  mean  square  value  
of the  detected  echo  curren t wi th  noise  and  that of the  detected  net background  noise.  

8. 1 .2  Cri terion  for checking  the l i neari ty of the  focused  field  

The  reversible  properties  of the  transducer can  eas i l y be  confi rmed  by the  des igner and  
manufacturer based  on  i ts  usage  and  the  transfer characteristics.  I n  the  ca l ibration  procedure  
the  ratio  of the  echo  vol tage  to  the  exci ti ng  vol tage  U1 /UTrms  shou ld  approximatel y be  
constan t to  wi th in  ±5  %.  The  cri terion  for the  upper l im i t  of the  l i near range  of the  focused  
fie ld  i s  determ ined  empi rical l y by i ncreas ing  the  exci tation  vol tage con ti nuousl y and  fi nd ing  
the  poin t where  U1 /UTrms  decreases  down  by 5  %  or more.  Because  the  acoustic pressure  at  
the  focus  is  much  greater than  that on  the  rad iating  su rface,  the  non l inear effects  occur eas ier 
i n  the  focal  reg ion  than  i n  the  transducer i tse l f.  The  upper l im i t  of the  l i near working  range  of 
the  transducer i s  general l y greater than  that of i ts  l i nearl y focused  fi e ld .  The  non l inear effects  
and  the  cavi tation  i n  the  focused  fie ld  l im i t  the  appl ication  of the  sel f-reciproci ty cal ibration .  

8. 1 .3  Cri terion  for checking  the reciproci ty of the  transducer 

The  l i neari ty of the  transducer can  be  checked  by p icking  up  the  vibration  s ignal  UV  from  a  

smal l  p iece  of PVDF  sensor g l ued  on  the  rad iati ng  surface.  Then ,  i ncrease  the  exci ti ng  
vol tage  UT  con tinuousl y and  determ ine  UV  and  UT  simu l taneousl y.  The  checked  change value  
of UV/UT  shou ld  be  kept  wi th in  the  requ ired  to lerance,  such  as  ±5  % ,  where  the  maximum  

exci ti ng  vol tage  represen ts  the  upper l im i t  of the  l i near working  range  of the  transducer.  
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A passive  and  reversible  transducer  working  wi th in  the  l i near range  i s  a  reciprocal  
transducer.  

8.2  Calcu lations  of the  transmitting  response  to  current (vol tage)  and  vol tage 
sensi tivi ty 

Accord ing  the  e lectroacoustic reciproci ty pri ncip le  deta i led  i n  Annex E  the  transmitting  
response  to  current (vol tage)  i s  g iven  by 

 d
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Tsfav
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 d
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and  the  vol tage  sens i ti vi ty i s  g iven  by 

 d
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IUA
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2

2
Tsfav

k1=  (8)  

where  

d   i s  the  d is tance  between  the  reflector and  the  transducer,  and  d = Fgeo  for a  spherical l y 
curved  transducer;  

α   i s  the  acoustic  attenuation  coefficient i n  water (see  Annex D) ;  

rav(β)  i s  the  average ampl i tude reflection  coefficien t  on  the  reflector for the  spherical l y 

curved  transducer during  the  sel f-reciproci ty cal ibration  (see  Annex A) ;  

Gsf  i s  the  d iffraction  correction  coefficient  of  the  spherical l y curved  transducer during  

the  free-field  se l f-reciproci ty cal i bration  (see  Annex B  and  Annex C) .  

When  the  exci ting  vol tage  i s  very h i gh ,  U1 Ik  shou ld  be  replaced  wi th  U0Iecho .  

8.3  Calcu lations  of the  transmitting  response  at geometric  focus  to  current (vol tage)  

The transmitting  response at geometric focus  to  current  (vol tage)  i s  g iven  by 

 d
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Tsfav

k1
mf =   (1 0)  

where  km  i s  the  ratio  of the  acoustic  pressure  at  the  geometric  focus  to  the  reference  
acoustic  pressure  on  the  rad iation  surface  of the  spherical l y curved  transducer 

)cos1(m β−== kRkhk ,  k =  2π/l ,  and  h  i s  the  heigh t (depth)  at  the  cen tre  of the  spherica l  
segment.  
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8.4  Calcu lation  of the  pu lse-echo sensi tivi ty level  

The pulse-echo  sensi tivi ty  l eve l  i s  g iven  by 

 







=

TTav

k1
1 0pe

)(
log20

IU

IU
L

r
M β

 (1 1 )  

8.5 Measurements  of the  radiation  conductance and  the mechan ical  qual i ty factor Qm  

8.5. 1  Calcu lations  of the  acoustic  output power and  the rad iation  conductance  

The pu lse  average  ou tpu t power for a  tone  burst wave equal  to  the  temporal  average  output 
power of a  con tinuous  wave  wi th  the  same acoustic pressure  ampl i tude  is  g iven  by 

 d

G

IU
P

r

α

β
2

sfav

k1 e
)(4

=  (1 2)  

The  radiation  conductance  i s  g i ven  as  

 d

UG

IU
G

r

α

β
2

2
Trms sfav

k1 e
)(4

=  (1 3)  

8.5.2  Measurement of the  frequency response  of the  rad iation  conductance  

When  chang ing  working  frequency ad j acen t to  the  maximum  rad iation  conductance  
frequency  f0 ,  the  frequency response  G(f)  of the  radiation  conductance  shou ld  be  measured .  
The  resonant  frequency  f0  and  the  edge  frequencies  f1  and  f2  of the  −3  dB  bandwid th  i n  the  
G(f)  curve  are  detected ,  where  f1  and  f2  are  the  nearest frequencies  wi th  a  ha l f-maximum  
radiation  conductance  values,  and  f2  >  f0  >  f1 .  Then  the  mechan ical  qual i ty factor Qm  i s  
ca lcu lated  by Formu la  (1 4),  where  the  bandwid th  i s  ∆f =  f2  −  f1  

 ffQ ∆= 0m  (1 4)  

For transducers  wi th  l ow Qm  where  detection  of the  resonant frequency f0  i s  d i fficu l t,  the  
cen tral  frequency fc  =  (f1  + f2) /2  shou ld  be  used  i nstead  of f0 .  

8.6  Measurement of the  electroacoustic  efficiency 

8.6. 1  Calcu lation  of the  electric  input power 

The e lectric i npu t power i s  ca lcu lated  as  

 eTTe cos5,0 θIUP = .   (1 5)  

8.6.2  Calcu lation  of the  electroacoustic efficiency 

The electroacoustic efficiency  i s  g i ven  by 

 %1 00e/ ×= PPeaη .  (1 6)  
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8.7  Measurement of the  electric impedance (admittance)  

A network ( impedance)  anal yzer shou ld  be  used  to  measure  the  e lectric impedance  
(adm i ttance)  of the  transducer i n  the  free-field  ( i n  an  echoless  water tank)  at  the  working  

frequency or wi th in  the  working  band .  

An  a l ternative  method  i nvolves  the  calcu lation  of e i ther the  e lectric  impedance  ZT  or the  
e lectric adm i ttance  YT ,  as  fo l l ows  

 ( )( )eeTTT sincos θθ jIUZ += ,
 (1 7)

 

 ( )( )eeTTT sincos θθ jUIY −= .  (1 8)  

When  the  impedance  is  set to  be  i n  a  frequency band ,  UT,  IT  and  thei r phase  d i fference  θe  i n  

Formu las  (1 7)  and  (1 8)  shou ld  be  measured  over th is  frequency band .  

9  Measurement uncertainty 

Over the  frequency range  from  0, 5  MHz to  1 5  MHz,  fi ve  spherical l y cu rved  transducers  wi th  
the  working  frequency range  0 , 532  MHz to  1 5  MHz were  measured  and  thei r values  of 
measurement uncertain ty were  evaluated .  The  fo l l owing  va lues  represen t the  expanded  
uncerta in ties  wi th  a  coverage  factor of two.  

•  The  measurement uncerta in ty of the  radiation  conductance  shal l  be  better than  1 7  %.  

•  The  measurement uncerta in ty of the  acoustic ou tpu t power shal l  be  better than  1 7  %.  

•  The  measurement uncertain ty of the  transmitting  response to  vol tage  shal l  be  better 
than  8, 5  %.  

•  The  measurement uncertain ty of the  vol tage  sens i ti vi ty shal l  be  better than  9  %.  

•  The  measurement u ncertain ty of the  electroacoustic efficiency  shal l  be  better than  1 8  % .  

More  in formation  on  uncertain ty determ ination  is  provided  in  Annex H .  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 



 – 20  – I EC TS  62903: 201 8    I EC 201 8  

Annex A 
(informative)  

 
Relation  of the  average ampl i tude reflection  coefficient on  a  plane 

interface of water-stain less  steel  and  the  focus  hal f-angle  for a  normal ly 
incident beam of a  circular spherical ly curved  transducer [1 ,  2] 1  

The average  ampl i tude  reflection  coefficien t  i s  a  function  of the  focus  hal f-ang le.  On  the  
i n terface  i ts  value  can  be  calcu lated  by Formu las  (A. 1 )  to  (A. 9)  or by i n terpolation  of the  data  
i n  Table  A. 2.  

The  average  ampl i tude reflection  coefficient  on  the  p lane  in terface  of water-stain less  steel  
i n  the  geometric focal  p l ane  for a  spherical l y curved  transducer i s  expressed  by Formu las  (A. 1 )  
to  (A. 9).  
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A ,  (A. 1 )  

where  θi  i s  the  inciden t ang le,  β  i s  the  focus  ha l f-ang le ,  and  r(θi )  i s  the  ampl i tude  reflection  
coefficien t of the  p lane  wave  wi th  an  i nciden t ang le  θi  on  the  p lane  reflector.  
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θ ,  (A. 2)  

where  θtL  and  θtT  are  the  refraction  ang les  for the  long i tud inal  wave  and  the  transverse  wave,  
respectivel y.  Z2L  and  Z2T  are  the  equ ivalen t characteristic impedances  in  propagation  

d i rection  of the  refraction  beam  i n  the  reflection  med ium  for the  long i tud ina l  wave  and  the  
transverse  wave,  respectivel y.  Z1 L  i s  the  equ iva len t characteristic impedance  i n  the  i nciden t 

l iqu id  med ium .  
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 (A. 3)  

 








= i

L 1

T2
tT sinarcsin θθ

c

c
 (A. 4)  

 tLL222L cosθr cZ =  (A. 5)  

 tTT222T cosθr cZ =  (A. 6)  

 iL111 L cosθr cZ =  (A. 7)  

where  ρ1 ,  c1 L  and  ρ2 ,  c2L ,  c2T  are  the  (mass)  densi ty,  speed  of sound  in  i ncident  l i qu id  

med ium  and  reflection  med ium  for long i tud inal  wave and  transverse  wave,  respectivel y.  

————————— 
1   Numbers  i n  square  brackets  refer to  the  B i bl i ography.  
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The  cri tica l  ang le  on  the  l i qu id -sol i d  i n terface  for the  l ong i tud ina l  wave  and  transverse  wave i n  
turn  are  

 ( )2L1 Lc1 arcsin cc=θ  (A. 8)  

and  

 ( )2T1 Lc2 arcsin cc=θ  (A. 9)  

Formu la  (A.2)  i s  the  express ion  of the  ampl i tude  reflection  coefficient  r(θi )  for a  p l ane  wave.  I f 
the  i nciden t  ang le  θi  i s  g reater than  the  second  cri tical  ang le  θc2  the  fu l l  i nner reflection  
happens  (r(θi )  =  1 ) .  The  parameters  used  in  a l l  ca lcu lations  are  l i sted  i n  Table  A. 1 .  

Table  A. 1  – Parameters  used  in  calcu lation  of  
the  average ampl i tude reflection  coefficient  

Med ium  
ρ   

(1 03  kg /m 3)  

c
1 L  

 

( 1 03  m /s)  

c
2L  

 

(1 03  m /s)  

c
2T  

 

(1 03  m /s)  

θ
c1  

 

(° )  

θ
c2   

( ° )  

s tain less  steel  7 , 91 0  – 5, 790  3 , 1 00  1 4, 93  28, 77  

water 1  1 , 492  – – – –  

 

The calcu lated  values  of the  ampl i tude  reflection  coefficien t  for d i fferen t  i nciden t ang les  of 
p lane  wave  are  l i sted  i n  Table  A. 2  and  shown  in  F igure  A. 1 .  

Table  A.2  – Ampl i tude reflection  coefficient r(θi )  on  a  plane  in terface  
of water-stain less  steel  for plane  wave  vs.  the  i ncident ang le  θi  

Incident ang le  Refl ection  
coefficient  

I ncident ang le   Refl ection  
coefficient  

I ncident ang le   Refl ection  
coefficient  

θ
i
 (° )  r(θ

i
)  θ

i
 (° )  r(θ

i
)  θ

i
 (° )  r(θ

i
)  

1  0 , 937  1 6  0 , 91 3  31  1  

2  0 , 937  1 7  0 , 901  32  1  

3  0 , 937  1 8  0 , 904  33  1  

4  0 , 937  1 9  0 , 909  34  1  

5  0 , 936  20  0 , 91 3  35  1  

6  0 , 936  21  0 , 91 6  36  1  

7  0 , 936  22  0 , 91 8  37  1  

8  0 , 936  23  0 , 91 9  38  1  

9  0 , 936  24  0 , 91 9  39  1  

1 0  0 , 936  25  0 , 91 9  40  1  

1 1  0 , 936  26  0 , 920  41  1  

1 2  0 , 937  27  0 , 923  42  1  

1 3  0 , 939  28  0 , 934  43  1  

1 4  0 , 945  29  1  44  1  

1 5  0 , 991  30  1  45  1  
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Figure A. 1  – Relation  curve  of the  ampl i tude reflection  coefficient r(θi )  on  the   
in terface  of water-stain less  steel  for a  plane wave with  the  incident angle  θi  

The values  of the  average ampl i tude reflection  coefficient  for d i fferen t  focus  ha l f-ang les  
are  l i sted  i n  Table  A. 3  and  shown  i n  F igure  A. 2.  

Table  A.3  – Average  ampl i tude  reflection  coefficient  rav(β)  on  p lane   
i n terface  of water-stain less  steel  in  the  geometric focal  plane  of  
a  spherical ly curved  transducer vs.  the  focus  hal f-angle  β  

Focus  
hal f-ang le  

Average  
ampl i tude 
reflection  
coefficient  

Focus   
(hal f-)ang le  

Average 
ampl i tude  
reflection  
coefficient  

Focus  hal f-
ang le  

Average 
ampl i tude  
reflection  
coefficient  

β  ( ° )  rav(β)  β (° )  rav(β)  β (° )  rav(β)  

1  0 , 937  1 6  0 , 941  31  0 , 695  

2  0 , 937  1 7  0 , 936  32  0 , 671  

3  0 , 937  1 8  0 , 933  33  0 , 589  

4  0 , 937  1 9  0 , 930  34  0 , 507  

5  0 , 937  20  0 , 928  35  0 , 429  

6  0 , 937  21  0 , 927  36  0 , 359  

7  0 , 937  22  0 , 926  37  0 , 293  

8  0 , 937  23  0 , 926  38  0 , 235  

9  0 , 937  24  0 , 925  39  0 , 1 85  

1 0  0 , 937  25  0 , 925  40  0 , 1 42  

1 1  0 , 937  26  0 , 924  41  0 , 1 1 1  

1 2  0 , 937  27  0 , 924  42  0 , 099  

1 3  0 , 937  28  0 , 924  43  0 , 1 06  

1 4  0 , 938  29  0 , 894  44  0 , 1 27  

1 5  0 , 940  30  0 , 776  45  0 , 1 54  
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Figure A.2  – Average ampl i tude reflection  coefficient rav(β)  on  the  plane  
in terface  of water-stain less  steel  in  the  geometric focal  p lane  of  
a  spherical ly curved  transducer vs.  the  focus  half-angle  β  
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Annex B  
(informative)  

 
Di ffraction  correction  coefficient Gsf  i n  the  free-field   

self-reciprocity cal ibration  method  for circular spherical ly  
curved  transducers  in  water neglecting  attenuation  [2,  3,  4]  

I n  se l f-reciproci ty cal i bration ,  Gsf (R/λ ,β)  i s  the  function  of the  ratio  of the  rad ius  of curvature  to  
the  wavelength  R/λ  and  the  focus  hal f-ang le  of the  rad iation  surface  of the  transducer.  The  
theoretic calcu lated  values  of Gsf (R/λ ,β)  are  shown  i n  Table  B. 1 .  The  calcu lation  formu la  of 

Gsf  i s  derived  i n  Annex C.  By i n terpolation  of the  data  provided  in  Table  B . 1 ,  the  su i table  

va lue  of Gsf  can  be  obtained .  The  beamwidth  of the  main  l obe  (d iameter of Rayleigh  speckle)  
on  the  geometric focal  p l ane  of the  spherica l l y curved  transducer 1 , 22  Rλ/a  shal l  be  smal ler 
than  the  hal f-aperture  a  of the  transducer ( the  m in imum  beamwid th  of the  ci rcu lar p l anar 
p iston  transducer wi th  the  same hal f-apertu re)  for focus ing ,  i . e .  R  <  0, 81 a2/λ  or β  >  arcs in(1 , 22  
λ/R)1 /2 .  The  Rayle igh  i n tegra l  i s  appl icable  for the  ca lcu lation  of Gsf for β  ≤  45° .  

NOTE  The  values  of G
sf
 i n  Table  B . 1  are  wi th  s l i gh t  osci l l ati ons  i n  both  d i rections  of R/λ  and  β,  which  l eads  to  an  

uncertain ty i n  the  i n terpolati on  (see  Tabl e  H . 2).  The  empty spaces  i n  the  l ow focus  ha l f-ang le  reg ion  i n  the  table  
show where  the  focusing  cond i ti on  i s  not  sati sfi ed .  Transducers  wi th  much  g reater  R/λ  and  β  are  l im i ted  by the  
effecti veness  of the  Raylei gh  i n teg ral  and  by manufactu re.  

Table  B . 1  – Di ffraction  correction  coefficients  Gsf  of a  ci rcu lar spherical ly  
curved  transducer in  the  sel f-reciproci ty cal ibration  method  [2 ,  3 ,  4]  

β   
(° )  

R /λ  

2 , 68  3, 35  5, 04  5, 36  6 , 70  8, 04  8 , 40  1 0, 1  1 0 , 7  1 1 , 8  1 3, 4  1 6 , 1  

5  – – – – – – – – – – – – 

1 0  – – – – – – – – – – – – 

1 5  – – – – – – – – – – – – 

20  – – – – – – – 0 , 739  0 , 741  0 , 755  0 , 791  0 , 81 4  

25  – – – – – 0 , 773  0 , 785  0 , 81 6  0 , 81 4  0 , 807  0 , 821  0 , 842  

30  – – 0 , 750  0 , 763  0 , 81 6  0 , 81 0  0 , 808  0 , 838  0 , 845  0 , 841  0 , 853  0 , 860  

35  – – 0 , 820  0 , 821  0 , 81 7  0 , 848  0 , 846  0 , 857  0 , 865  0 , 861  0 , 877  0 , 886  

40  – 0 , 793  0 , 81 5  0 , 826  0 , 845  0 , 865  0 , 867  0 , 876  0 , 879  0 , 880  0 , 887  0 , 897  

45  0 , 797  0 , 827  0 , 853  0 , 848  0 , 870  0 , 878  0 , 882  0 , 891  0 , 888  0 , 898  0 , 904  0 , 909  

 

β   
(° )  

R/λ  

1 6 , 75  1 8, 76  20, 1 0  21 , 44  23, 45  25, 1 2  26, 80  30, 1 5  32 , 1 6  33, 5  40, 2  41 , 87  

5  – – – – – – – – – – – – 

1 0  – – – – – – – – – – 0 , 737  0 , 738  

1 5  – 0 , 739  0 , 748  0 , 762  0 , 786  0 , 802  0 , 81 1  0 , 809  0 , 805  0 , 805  0 , 836  0 , 840  

20  0 , 81 1  0 , 806  0 , 81 2  0 , 826  0 , 841  0 , 841  0 , 838  0 , 852  0 , 860  0 , 859  0 , 873  0 , 872  

25  0 , 840  0 , 847  0 , 859  0 , 861  0 , 860  0 , 871  0 , 874  0 , 880  0 , 884  0 , 883  0 , 894  0 , 898  

30  0 , 864  0 , 875  0 , 875  0 , 884  0 , 884  0 , 892  0 , 892  0 , 899  0 , 902  0 , 905  0 , 91 3  0 , 91 3  

35  0 , 886  0 , 894  0 , 893  0 , 900  0 , 901  0 , 906  0 , 909  0 , 91 5  0 , 91 6  0 , 91 8  0 , 924  0 , 926  

40  0 , 902  0 , 907  0 , 907  0 , 91 2  0 , 91 6  0 , 91 9  0 , 920  0 , 924  0 , 927  0 , 929  0 , 935  0 , 936  

45  0 , 91 3  0 , 91 7  0 , 920  0 , 921  0 , 926  0 , 928  0 , 930  0 , 934  0 , 936  0 , 937  0 , 942  0 , 943  
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β   
(° )  

R/λ  

42 , 88  46, 9  50, 40  53, 60  60, 30  64, 32  67, 00  70, 35  75, 38  80, 40  83, 75  1 00, 5  

5  – – – – – – – – – – – – 

1 0  0 , 740  0 , 755  0 , 773  0 , 790  0 , 81 0  0 , 81 1  0 , 808  0 , 805  0 , 804  0 , 81 2  0 , 820  0 , 838  

1 5  0 , 841  0 , 837  0 , 840  0 , 852  0 , 857  0 , 858  0 , 864  0 , 871  0 , 871  0 , 874  0 , 880  0 , 890  

20  0 , 871  0 , 879  0 , 883  0 , 884  0 , 890  0 , 896  0 , 897  0 , 898  0 , 903  0 , 906  0 , 907  0 , 91 5  

25  0 , 898  0 , 903  0 , 904  0 , 908  0 , 91 2  0 , 91 6  0 , 91 7  0 , 91 9  0 , 922  0 , 924  0 , 926  0 , 932  

30  0 , 91 4  0 , 91 8  0 , 920  0 , 922  0 , 927  0 , 929  0 , 931  0 , 933  0 , 935  0 , 937  0 , 938  0 , 944  

35  0 , 927  0 , 930  0 , 932  0 , 934  0 , 939  0 , 940  0 , 941  0 , 942  0 , 944  0 , 946  0 , 947  0 , 952  

40  0 , 937  0 , 940  0 , 941  0 , 943  0 , 946  0 , 948  0 , 949  0 , 950  0 , 952  0 , 953  0 , 954  0 , 958  

45  0 , 944  0 , 946  0 , 948  0 , 950  0 , 952  0 , 954  0 , 955  0 , 956  0 , 958  0 , 959  0 , 960  0 , 963  

 

β   
( ° )  

R/λ  

1 07, 2  1 1 7, 3  1 20, 6  1 25, 6  1 34, 0  1 50, 8  1 60, 8  1 67, 5  1 75, 9  201  209, 4  234, 5  

5  – – – – – – 0 , 736  0 , 738  0 , 743  0 , 773  0 , 784  0 , 807  

1 0  0 , 836  0 , 847  0 , 852  0 , 857  0 , 857  0 , 864  0 , 872  0 , 871  0 , 871  0 , 881  0 , 881  0 , 889  

1 5  0 , 890  0 , 897  0 , 896  0 , 899  0 , 902  0 , 906  0 , 91 1  0 , 91 1  0 , 91 5  0 , 920  0 , 920  0 , 926  

20  0 , 91 8  0 , 921  0 , 922  0 , 924  0 , 926  0 , 930  0 , 932  0 , 933  0 , 935  0 , 939  0 , 940  0 , 944  

25  0 , 934  0 , 937  0 , 938  0 , 939  0 , 941  0 , 944  0 , 946  0 , 947  0 , 948  0 , 952  0 , 952  0 , 955  

30  0 , 945  0 , 947  0 , 948  0 , 950  0 , 951  0 , 954  0 , 955  0 , 956  0 , 957  0 , 960  0 , 961  0 , 963  

35  0 , 954  0 , 955  0 , 956  0 , 957  0 , 958  0 , 961  0 , 962  0 , 963  0 , 964  0 , 966  0 , 967  0 , 963  

40  0 , 960  0 , 962  0 , 962  0 , 963  0 , 964  0 , 966  0 , 967  0 , 968  0 , 968  0 , 971  0 , 971  0 , 973  

45  0 , 965  0 , 966  0 , 967  0 , 968  0 , 968  0 , 970  0 , 971  0 , 972  0 , 973  0 , 974  0 , 975  0 , 976  

 

β   
(° )  

R/λ  

251 , 3  268, 0  293, 1  301 , 5  335, 0  351 , 8  402, 0  450, 0  500, 0  550, 0  603, 2  650, 0  

5  0 , 81 0  0 , 808  0 , 803  0 , 804  0 , 820  0 , 830  0 , 838  0 , 840  0 , 857  0 , 856  0 , 864  0 , 8  71  

1 0  0 , 893  0 , 896  0 , 902  0 , 901  0 , 906  0 , 909  0 , 91 4  0 , 920  0 , 923  0 , 927  0 , 929  0 , 933  

1 5  0 , 928  0 , 929  0 , 933  0 , 934  0 , 937  0 , 939  0 , 942  0 , 946  0 , 948  0 , 951  0 , 953  0 , 955  

20  0 , 945  0 , 947  0 , 949  0 , 950  0 , 953  0 , 954  0 , 957  0 , 959  0 , 962  0 , 963  0 , 965  0 , 966  

25  0 , 957  0 , 958  0 , 960  0 , 960  0 , 963  0 , 963  0 , 966  0 , 968  0 , 969  0 , 971  0 , 972  0 , 973  

 

NOTE  β  =  arcsin (a/R),  h  =  R  (1  – cosβ),  λ  =  c/f,  c  =  1   492  m /s  i n  water at  23  °C,  f i s  the  frequency,  and  the  

approximation  and  focusi ng  cond i ti ons  are  45°  ≥  β  >  arcsin( 1 , 22λ/R) 1 /2 ) .   
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Annex C  
(informative)  

 
Calculation  of the d i ffraction  correction  coefficient Gsf(R/λ,β)  in  the  free-
field  sel f-reciproci ty cal ibration  in  a  non-attenuating  medium  for a  circular 

spherical ly curved  transducer [2,  3,  4,  7]  

The coord inate  system  wi th  the  ori g in  poin t (0 , 0 , 0)  at  the  focus  of the  self-reciprocity 
method  for a  ci rcu lar spherica l l y curved  concave  transducer i s  shown  in  F igure  C. 1  where  R  
i s  the  rad ius  of curvature  or the  geometrical  focal  l ength  Fgeo ,  a  i s  the  hal f-aperture  equal  to  
R  sinβ,  β  i s  the  focus  hal f-ang le .  A  i s  the  area  of rad iation  surface  of the  concave  spherical  
segment.  Suppose there  i s  a  spherical  segment area  A ′ of the  transducer's  vi rtual  image  at 
the  pos i ti on  of two  times  of the  geometric focal  l ength  from  centre  of the  transducer surface  
on  the  beam  axis  z,  wh ich  is  symmetrical  abou t  the  geometric focal  p lane  (x, y,0)  wi th  the  

transducer.  

 

Figure  C. 1  – Geometry of the  concave  rad iating  surface A  of  
a  spherical ly curved  transducer and  i ts  vi rtual  image  surface  A′ for their  
symmetry of m irror-images  about the  geometric focal  plane  (x,y, 0)  

Geometric  acoustics  supposes  that the  fi el d  i s  symmetrical  abou t the  geometric focal  p lane  
for m i rror effect  [1 , 1 8] ,  so  A  =  A ′.  The  wave  front  i s  convergent i n  front  of the  geometric  
focus  O  (0 , 0 , 0)  and  becomes  d ivergen t beyond  the  focus,  wh i l e  i t  i s  a lmost a  p l ane  wave at  
the  focus.  The  average  acoustic pressures  on  A  and  A ′ are  i dentica l  (neg lecting  d i ffraction  
effects  i n  a  non-attenuati on  med ium).  Th is  i s  because  the  rad ius  of cu rvature  R  i s  much  
greater than  the  wavelength  and  the  spherical  wave fie l d  i s  l im i ted  wi th in  the  geometric  beam 
boundary  of two  cones  wi th  the  same symmetry.  When  accoun ting  for the  d i ffraction  and  
attenuation ,  both  average acoustic  pressures  are  d i fferen t and  i t  becomes  necessary to  
ca lcu late  the  di ffraction  correction  coefficient Gsf for the  acoustic med ium .  

The  diffraction  correction  coefficient  i s  the  ratio  of the  free-field  average  acoustic  
pressure  pav(R)  on  A ′  to  the  reference  acoustic  pressure  p0  = ρcv0  ≈  pav(-R)  on  A  i n  a  
l ossless  med ium ,  where  v0  i s  the  ampl i tude  of the  un i form  normal  particle  ve loci ty on  A ,  i . e .  

 
( ) 0avsf pRpG =  (C. 1 )  

The  acoustic  pressure  at  fi e ld  poin t  p(x ,y, z)  and  the  average acoustic  pressure  pav(R)  on  A ′ 
are  calcu lated  by the  approximate  theory of O'Nei l  for Gsf  whose  approximate  cond i ti ons  are  
that the  depth  h  of the  concave surface  of the  rad iator and  the  wavelength  λ  both  be  smal l  
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compared  wi th  the  rad ius  a ;  the  value  of h /λ  i s  not restricted .  The  approximation  theory i s  
based  on  the  Rayle igh  i n tegral .  Recentl y,  researches  have  shown  the  appl icabi l i ty of the  
Rayleigh  i n tegra l  and  the  resu l t depends  on  the  posi ti on  i n  the  fie ld  [6 ,  7 ,  8 ,  9 ] .  These  stud ies  
l ead  to  the  observation  that the  Rayle igh  i n tegra l  shou ld  be  appropriate  for the  purposes  of 
the  present sel f-reciproci ty cal ibration  method  i f the  focus  ha l f-ang le  β  i s  not greater than  45°  

and  the  reflector rad ius  i s  not smal l er than  the  transducer rad ius .  
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where  

ρ   i s  the  (mass)  densi ty of med ium  (usual l y water);  

c   i s  the  speed  of sound  in  med ium ;  

v0   i s  the  ampl i tude  of un i form  normal  particle  ve loci ty on  the  surface  of the  transducer;  

λ   i s  the  wavelength ;  

dS  i s  the  e lement area  on  concave  spherical  segment A ;  

dS'  i s  the  e lement area  on  m i rror image  surface  A';  

( ) ( ) ( )222
zzyyxx ′−+′−+′−=x i s  the  d is tance  between  (x,y, z)  on  dS and  (x',y', z')  on  dS'.  

Because  of the  axia l  symmetry of the  segment su rface  wi th  area  A  and  a lso  A'  about  the  beam  
axis  z,  Formu la  (C. 3)  can  be  s impl i fied  based  on  the  spherical  coord inates .  

The  d i ffraction  correction  coefficient  becomes  

 ( ) ( )
∫∫∫ ′′
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−
== θθϕθθ
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sf

jR
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G  (C. 4)  

where  

 ( ) ( ) ( )222
coscossinsinsincossin θθϕθθϕθx ′′ +++−= R  (C. 5)  

φ  i s  the  azimuth  ang le  i n  the  spherica l  coord inates  (R ,θ,φ) ;  

θ  i s  the  polar ang le  i n  the  spherical  coord inates  (R ,θ,φ) ;  

θ' i s  the  polar ang le  i n  the  spherical  coord inates  (R ,θ',φ) .  

The  i n tegral  ranges  are  ( )π∈ 2,0ϕ , ( )βθ ,0∈ ,  ( )βθ ,0∈′  i n  rad ians.  

The  e lement area  of the  d ivi ded  source  surface  shou ld  be  smal l  enough  i n  the  i n tegral  for 
accuracy requ i rements  i n  a  way that  the  number of the  e lement areas  shou ld  be  such  that the  
l engths  of the  m icro-elements  R∆φ ,  R∆θ  and  R∆θ′ are  less  than  λ/2.  I t  i s  advisable  to  perform  a  
series  of ca lcu lations  wi th  decreasing  i n tegration  e lement s i ze,  to  check the  convergence of 
the  resu l ts  and  to  stop  when  the  convergence is  good  enough.  

A detai led  l i s t  of Gsf(R/λ ,β)  va lues  i s  g i ven  i n  Annex B.  The  needed  value  of Gsf  may be  

obtained  by i n terpolation  of the  data  of Table  B . 1 .  
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Annex D  
(informative)  

 
 Speed  of sound  and  attenuation  in  water 

D.1  General  

Speed  of sound  and  acoustic attenuation  coefficien t i n  water are  the  main  propagation  
parameters  re levant for the  methods  described  i n  th is  document that  depend  on  the  
temperature.  

D.2  Speed  of sound  for propagation  in  water 

Values  of speed  of sound  i n  water dependent on  temperature  are  g iven  i n  Table  D . 1 .  

Table  D . 1  – Dependence of speed  of sound  i n  water on  temperature  [5]  

Temperature  Speed  of sound  Temperature  Speed  of sound  Temperature  Speed  of sound  

(°C)  (m /s)  (°C)  (m /s)  (°C)  (m /s)  

5  1 427  1 6  1 470  27  1 502  

6  1 431  1 7  1 473  28  1 505  

7  1 435  1 8  1 476  29  1 507  

8  1 439  1 9  1 480  30  1 509  

9  1 444  20  1 483  31  1 51 2  

1 0  1 448  21  1 486  32  1 51 4  

1 1  1 452  22  1 489  33  1 51 6  

1 2  1 455  23  1 492  34  1 51 8  

1 3  1 459  24  1 494  35  1 520  

1 4  1 463  25  1 497  36  1 522  

1 5  1 466  26  1 500  37  1 524  

 

D.3  Acoustic attenuation  coefficient for propagation  in  water 

The value  of α   i n  the  megahertz frequency range  is  proportional  to  f  2  and  shou ld  be  taken  
from  the  fol l owing  pol ynom ia l  fi t  as  a  function  of temperature  T (va l i d  i n  the  range  0  °C  to  

60  °C)  (taken  from  [1 0] ,  s impl i fi ed):  

α/f  2  =  (56, 85  −  3, 025  {T}  +  1 , 1 74  ×  1 0− 1  {T}2  −  2,954  ×  1 0−3  {T}3  + 3,970  ×  1 0−5  {T}4  

−  2 , 1 1 1  ×  1 0−7  {T}5)  ×  1 0−1 5  H z−2m−1   (D. 1 )  

NOTE  {T}  d enotes  the  numeri cal  val ue  of the  temperature  i n  °C.  

I f the  ampl i tude  attenuation  coefficien t i n  m −1  i s  to  be  g i ven  i n  dB  m −1 ,  i ts  numerica l  value  

shal l  be  mu l tip l i ed  by 20  l og 1 0(e)  ≈  8 , 69.  
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Annex E  
(informative)  

 
Principle  of reciprocity cal ibration  for spherical l y  

curved  transducers  [2,  3,  4]  

E.1  Principle  of reciproci ty cal ibration  for an  ideal  spherical ly focused  field  of 
a  transducer 

I n  geometric  acoustics ,  suppose  that  an  i deal  concave  spherica l l y curved  transducer exci ted  
by a  current  IT  transm its  the  sound  wave  i n  a  non-attenuating  med ium  wi thout  d i ffraction  
effects,  where  the  normal  ve loci ty v  over i ts  rad iation  surface  i s  un i form .  On  the  other s i de,  
imag ine  that a  poin t  sou rce  at  the  geometric focus  of the  transducer transm its  a  d i vergent 
spherical  wave  whose  wave  front  reaches  and  coincides  wi th  the  space  surface  of the  
transducer wi th  the  same free-field  normal  ve loci ty as  i f the  transducer were  removed .  
Theoretica l l y,  i n  ideal  se l f-reciproci ty cal ibration  where  the  tone  burst generator exci tes  the  
transducer wi th  pu lse  curren t ampl i tude  IT  and  an  ideal  p l ane  reflector wi th  ampl i tude  
reflection  coefficient  of 1  i s  p l aced  on  the  geometric focal  p l ane,  the  reflected  echo  fie ld  i s  j ust  
the  fi e ld  of the  imag ined  poin t  source.  When  the  surface  of the  transducer as  a  receiver is  
b locked ,  the  tota l  acting  force  over the  surface  i n  the  echo  fi e ld  i s  F and  the  open  ci rcu i t  
vol tage  i s  U.  

Accord ing  to  the  electroacoustical  reciproci ty principle ,  Formu la  (E. 1 )  i s  appl icable  [6 ,  1 9] :  

 
F

U

I

v
==

T

 (E . 1 )  

For i deal  symmetry of a  spherical  wave  in  a  non-d i ffracting  and  non-attenuation  fie ld  and  an  
i deal  p lane  reflector,  the  reference acoustic  pressure  on  the  rad iating  surface  of the  
transducer p0  =  ρcv  i s  approximatel y equal  to  the  acoustic  pressure  ampl i tude  averaged  over 
the  surface  pav,  i . e.  p0  ≈ pav.  The  free-field  echo  acoustic  pressure  p2  on  the  former space  
surface  of the  transducer i n  the  fie ld  of the  imag in ing  poin t  source  i s  a lso  un i form  and  equal  to  
p  =  ρcv  =  p2 ,  i f the  transducer were  removed .  The  ou tpu t power i s  equal  to  the  power through  
the  receiving  surface  where  the  acoustic  pressure  and  the  particle  veloci ty are  i n  phase  
because  the  rad ius  of cu rvature  R  i s  much  greater than  the  wavelength .  The  scalar sum  of the  
acti ng  force  components  normal  to  and  on  the  e lement areas  over the  blocked  ri g id  surface  of 
the  transducer F i s  double  that of the  free-field  echo  acoustic  pressure  mu l ti p l i ed  by the  
surface  area A ,  i . e.  F = 2p2A  =  2ρcvA ,  where  A  =  2πR2(1  − cosβ)  i s  the  effective area  and  β  i s  

the  focus  hal f-ang le.  

Substi tu te  previous  re lation  i n to  Formu la  (E. 1 )  and  cons ider the  free-field  transmitting  
response  to  current  of the  transducer SI =  p0/IT  and  the  free-field  vol tage  sens i ti vi ty 
M =  U/p2  =  U/p  =  U/p0 ,  so  that  the  reciprocity parameter  Jsf  and  SI as  wel l  as  the  free-field  
vol tage  sensi tivi ty of a  spherical ly curved  transducer  can  be  obtained  as  fo l l ows:  

 
( ) c

A

vc

vF

p

IU

S

M
J

I rr
2

22
T

sf ====  (E . 2)  

 
sfT JI

U
SI =  (E . 3)  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 



 – 30  – I EC TS  62903: 201 8    I EC 201 8  

 
T

sf

I

JU
M =  (E . 4)  

E.2  Principle  of reciproci ty cal ibration  of a  real  spherical ly focused  fi eld  of a  
transducer 

The d i ffraction  effect sha l l  be  taken  in to  account  i n  rea l  se l f-reciproci ty cal i bration .  A term  Gsf  
named  d iffraction  correction  coefficient  i s  i n troduced  to  calcu late  the  i n fl uence of 
d i ffraction .  I t  i s  defi ned  as  the  ratio  of the  average  acoustic  pressure  p2av on  the  imag ined  
spherical  segment surface  area  A ′  of the  transducer's  vi rtual  image at  the  pos i ti on  of two  
times  of the  geometric focal  length  from  the  transducer,  supposing  an  i deal  reflection  m i rror 
on  the  geometric  focal  p l ane,  to  the  reference acoustic  pressure  p0  on  transm itting  surface  
area  A  of the  transducer in  a  free-field  of a  non-attenuating  med ium :  Gsf  =  p2av/p0 ,  wi th  
p0  =  ρcv.  The  geometry of the  transducer surface  area  A  and  i ts  vi rtual  image  surface  area  A ′  
i s  shown  i n  F igure  C. 1 ,  where  the  rad ius  of cu rvature  R  i s  equal  to  the  geometric  focal  
l ength .  The  ori g in  of coord inates  i s  at  the  geometric focus  and  xy  p lane  i s  i n  the  geometric 

focal  p lane.  

The attenuation  coefficient α  i n  a  med ium  (usual l y water),  the  d i ffraction  i n  the  fie ld ,  and  the  
ampl i tude  reflection  coefficient r  (<  1 )  of a  rea l  reflector a l l  need  to  be  considered  i n  the  
cal ibration  s imu l taneously.  Therefore,  the  real  free-field  average  acoustic  pressure  p′2av  on  
the  receiving  spherica l  segment area  A ′ drops  equal  to  p0rGsfe

-2αd.  Then  the  real  open  ci rcu i t  
vol tage  U′ of the  transducer as  a  receiver a lso  d rops  equal  to  UrGsfe

-2αd  (<  U)  proportional l y,  
i . e .  U =  U′e2αd/(rGsf)  where  d  =  Fgeo  =  R  i s  the  geometric focal  l ength ,  i . e.  the  d is tance  
between  the  reflector and  the  transducer.  From  defin i tions  SI = p0 /IT,  M = U′/p ′2av  =  U/p0 ,  
therefore  the  real  free-field  reciprocity parameter  Jsf  i n  the  se l f-reciproci ty ca l ibration  for a  
spherica l l y curved  transducer i s  s ti l l  2A /(ρc) .  

E.3  Sel f-reciproci ty cal ibration  of a  spherical ly curved  transducer 

Substi tu ti ng  U =  U′e2αd/(rGsf)  in to  Formu las  (E . 3)  and  (E. 4) ,  the  fol lowing  formu las  are  derived :  

 d

I
GrJI

U

JI

U
S αe

sfsfTsfT

′
==  (E . 5)  

 d

GrI

JU

I

JU
M αe

sfT

sf

T

sf
′

==  (E . 6)  

The  free-field  reference  acoustic  pressure  on  the  rad iation  surface  of the  transducer is  

 d

I
GrA

cIU
ISp αr

e
2 sf

T
T0

′
==  (E . 7)  

The  free-field  transmitting  vol tage  response  SU i s  defi ned  as  the  ratio  of the  reference 
acoustic pressure  p0  on  the  rad iation  surface  of the  transducer to  the  exci ti ng  vol tage  on  i ts  

e lectric term inal :  

 d

U
GrA

cIU

U
S αr

e
2

1

sf

T

T

′
=  (E . 8)  
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The  true  i n tensi ty at the  geometric  focus  was  derived  as  fo l l ows  as  in  [7 , 8 ] :  

 2
p )()cos1(

4

1
khvcqII rβ+==  (E . 9)  

where  q  =  (1   +   cosβ)/2  i s  the  ratio  of the  true  temporal -average i n tensi ty I to  the  derived  
temporal -average  i n tens i ty Ip  (p lane-progress ive-wave  in tens i ty)  at  the  geometrical  focus ;  

q  =  ρcRe(v/p)  =  cos     θa  i s  a lso  the  real  part  of the  speci fic acoustic  adm i ttance  mu l ti pl i ed  by the  

characteristic  impedance  ρc ,  and  the  factor cos   θa  s im i l ar to  the  power factor cos   θe  i n  e lectrics;  
θa  i s  the  phase  d i fference of the  particle  veloci ty and  the  acoustic pressure  at the  geometric  

focus ;  Ip  =  ρc(khv)
2 /2  i s  a lso  the  p lane  wave  in tens i ty;  kh  i s  the  geometric  focal  ga in ;  h  i s  the  

depth  of the  spherical  segment surface  of transducer;  k i s  the  ci rcu lar wave number;  β  i s  the  

focus  hal f-ang le ;  v  i s  the  ve loci ty normal  to  and  on  the  transducer surface;  ρc  i s  the  

characteristic acoustic  impedance  of the  med ium .  

 

Figure  E.1  – Spherical  coord inates  

O'Nei l  derived  the  true  i n tensi ty i n  the  r d i rection  at poin ts  i n  the  spherica l  segment su rface  
wi th  the  constant polar ang le  θ  and  the  constan t rad ius  R  i n  the  spherical  coord inates  (R, θ,φ) ,  
where  the  ori g in  i s  at  the  cen tre  of the  transducer surface  O  (0 , 0, 0)  and  the  beam  axis  i s  the  
z  axis ,  see  F igure  (E. 1 ).  I n  a  certa in  reg ion  enclosing  the  central  part  of the  geometric  focal  
p lane,  h is  resu l t  i s  based  on  the  approximation  s im i lar to  the  far fi e ld  d i recti vi ty of a  fl at  
ci rcu lar p iston  i n  neg lected  attenuation  med ium  [7] ,  bu t  he  neg lected  q .  Withou t  neg lecting  
these  parameters ,  the  true  in tensi ty IR  i n  the  r  d i rection  at the  poin ts  i n  the  spherical  segment 

surface  is  th is  resu l t mu l ti pl i ed  by Rq α2-e  as  fo l lows:  

 2
0

2- )2/(e RvkAFcqI R
R π= rα  (E . 1 0)  

where  ( ) ( ) ( )θ/ kaθkaθkaF sinsinJ2sinJinc 10 == ;  J 1  i s  the  Bessel  function  of the  fi rst ki nd  and  of 

the  fi rst  order;  q  i s  assumed  to  be  constan t i n  the  focal  reg ion  rational l y as  the  wave  fronts  
near and  in  the  geometric  focal  p lane  are  approximatel y p lanar wi th  the  same phase  
d i fference  θa  and  the  acoustic  pressure  d istribu tion  J i nc(kas in   θ)  [7,  9 ] .  

The  power transm i tted  through  the  spherica l  segment surface  (R ,θ,φ)  or a  part of the  
geometric focal  p l ane  wi th in  a  polar ang le  θ  =  constant,  i . e.  wi th in  a  ci rcle  of rad ius  R   tanθ  i n  
the  geometric  focal  plane  Pf  (θ)  i s  

 ∫ =π=
θ

θrθθ αθ
0

fra
2-22

Rf )(e
2

1
sin2 d GcvARIP R

��  (E . 1 1 )  

IEC  

O  

R  

h  β  
z  

r  

θ  

R  tanθ  
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where  

)sind(sec
sin

)sin(J
2sin)sin()2/()(

0

2
1

0

2
0

2
fra d θθ

θ
θ

θθθθ
θθ

ka
ka

ka
kaFAkqG ∫∫ =π=  

Gfra   i s  approximatel y equal  to  the  fraction  of the  tota l  power transm i tted  through  the  part of 
the  geometric  focal  pl ane  wi th in  a  ci rcle  of rad ius  R   tanθ.  

I f θ  i s  very smal l  and  approximatel y equal  to  zero,  i . e.  sec θ  ≈  1 ,  the  fol l owing  approximate  

formu la  is  va l i d .  

 )sin(J)sin(J1)sin(d
sin

)sin(J
2 2

1
2
0

0

2
1

afra θθθθθ

θ
kakaka

ka

ka
GG −−==≈ ∫  (E . 1 2)  

where  J 0  i s  the  Bessel  function  of the  fi rst kind  and  of the  zeroth  order.  

I n  fact  θ  i s  g reater than  zero,  i . e .  secθ  >  1 ,  so  that afra > GG .  

 

Figure E.2  Function  Ga(kasinθ ) ,  d i ffraction  pattern  F0(kasinθ )  and  
F0

2(kasinθ)  i n  the  geometric focal  p lane  [7]  

Ga  i s  approximatel y equal  to  or less  than  the  fraction  Gfra  of the  tota l  power transm itted  
through  the  part of the  geometric  focal  p lane  wi th in  a  ci rcle  of rad ius  Rtanθ  correspond ing  to  

x  =  kasinθ  =  constant  [7] .  The  cu rve  of Ga(kas inθ)  function  i s  shown  i n  F igure  E .2 .  The  values  

x  (=  kasinθ)  re lati ve  wi th  the  typica l  va lues  Ga(x)  are  l i sted  i n  Table  E . 1 .  For example,  when  

Ga  =  0 , 94;  0 , 95;  0 , 96;  0 , 97;  0 , 98;  0 , 99  in  tu rn ,  correlative  x  =  1 0 ;  1 2 ;  1 5, 5;  21 , 2 ;  31 , 4;  64, 1 ;  

respective l y,  as  shown  i n  Table  E . 1 .  

Table  E. 1  – Ga  values  dependent  on  kasinθ  for β  ≤  45°  
where  x  =  kasinθ  (according  to  O'Nei l  [7] )  

x 6  7  8  9  1 0  1 2  1 5, 5  21 , 2  31 , 4  64, 1  

G
a
(x)  0 , 90  0 , 91  0 , 92  0 , 93  0 , 94  0 , 95  0 , 96  0 , 97  0 , 98  0 , 99  

 

IEC  

0  1  
x  =  ka  s i nθ   
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=

( ) xxxFxG
x

d
0 0

2
a )(

2

1
∫=
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The  acoustic  ou tput  power,  the  pu lse  average  power of the  burst wave  equal  to  the  temporal  
average  power of the  continuous  wave,  wi th  the  same acoustic pressure  ampl i tude  and  phase  
d i fference  can  be  ca lcu lated  by i n tegrati ng  the  true  i n tensi ty over the  enti re  sem i-spherica l  
surface  of the  fi e l d .  

For Gfra  =  1 ,  Pf  =  Pfm  =  RcvA αr 2-2e .  The  tota l  acoustic  ou tput power is  [1 1 , 1 2 , 1 3]  
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42

′
===  (E . 1 3)  

where  p0  i s  the  reference acoustic pressure  ρcv;  d =  R.   

For the  g iven  Ga(x)  ≥  constant  such  as  0 , 95,  0 , 96,  0 , 97, . . . etc. ,  the  fol l owing  i nequal i ty shou ld  
be  satisfied  for calcu lati ng  the  fraction  Pfra(θ)  of the  specia l  spherica l l y curved  transducer i f 

the  Rayleigh  in tegral  i s  used :  

θ  ≥  θGa
 =  arcs in  (x/ka)  =  arcsin (x/kRsinβ)  =  arcsin [x/(2πR /λ)s inβ] .  

where  θGa
 i s  the  m in imum  upper l im i t  of the  i n tegra l  in  Formu la  E . 2  for the  fraction  Gfra  more  

than  the  g i ven  Ga ;  x i s  the  re lative  variable  kasinθ  of the  g i ven  Ga ,  see  Table  E . 1 .  

Th is  i s  the  requ irement that ensures  the  accuracy of the  power ca lcu lation  for a  g iven  Ga(x)  
us ing  the  Rayle igh  i n tegral .  Because  ka  of transducers  is  much  greater than  1  i n  general  and  
θ  i s  smal l ,  the  i n tegra l  of Ga  converges  fast wi th  i ncreas ing  θ.  For example,  when  θ  ≥  θ0, 95  =  
arcsin(1 2/ka) ,  Ga  ≥  0 , 95.  

Recent research  has  shown  that  the  Rayle igh  i n tegra l  can  be  used  i n  the  geometric focal  
p lane  up  to  a  l im i ti ng  tanθ  val ue  that  in  the  case  of β  ≤  45°  for calcu lation  of Gsf  i s  g i ven  by 
1 /(2s inβ)  [1 4, 1 5, 1 6] ,  i . e .  when  θmax  =  arctan(1 /(2s inβ))  ≥  θGa

 the  Rayleigh  i n tegral  i s  
appl icable  for calcu lati ng  Pf(θ) ,  for example  θmax  =  35, 3°  for β  =  45° .  

Therefore,  the  va l id  cond i tions  of Formu las  (1 2) ,  (1 3) ,  (E. 1 3),  (E . 1 4),  (G . 3)  to  (G . 7) ,  
(G .9) ,  (G . 1 0)  and  (H . 1 )  shou ld  be  θmax  ≥  θGa ,  for  the  g i ven  Ga(x) ,  i . e .  
arctan(1 /(2sinβ))  ≥  arcs in [x/(2πR/λ)s inβ]  and  β  ≤  45° .  

The  (R /λ)min  values  dependent on  β  wi th in  the  l im i ti ng  cond i tions  θmax  ≥  θGa
 for d i fferent g iven  

values  of  Ga  are  l i sted  i n  Table  E. 2  

Table  E.2  – The  (R/λ)min  values  dependent on  β  when  θmax  ≥  θGa  and   
β  <  45°  for  Ga  =  0 , 94;  0 , 95;  0 ,96;  0 ,97;  0 ,98;  0 ,99  

β 

G
a
 

 β (° )   

5 1 0  1 5  20  25  30  35  40  45  

G
a
 0 , 94  1 8, 5  9, 70  6 , 92  5 , 64  4 , 93  4 , 50  4 , 22  4 , 03  3, 90  

0,95  22, 2  1 1 , 7  8 , 31  6 , 77  5, 92  5, 40  5, 07  4 , 84  4 , 68  

0,96  28, 7  1 5, 1  1 0, 7  8 , 74  7 , 65  6, 98  6 , 55  6, 25  6, 05  

0,97  39, 2  20, 6  1 4, 7  1 9, 9  1 0, 5  9, 54  8 , 96  8, 55  8, 27  

0,98  58, 1  30, 6  21 , 7  1 7, 7  1 5, 5  1 4 , 1  1 3, 3  1 2 , 7  1 2 , 2  

0,99  1 1 8, 6  62 , 5  44, 4  36, 2  31 , 6  28, 8  27, 1  25, 9  25, 0  

 

NOTE  (R/λ)m in  =  x/{2πsinβ·s i n [arctan(1 /(2s i nβ)) ] },  x  =  kas inθ  =  1 0 ;  1 2 ;  1 5, 5;  21 , 2 ;  31 , 4 ;  64 , 1  i n  tu rn  for Ga  =  0 , 94;  
0 , 95;  0 , 96;  0 , 97;  0 , 98;  0 , 99,  respecti vel y.  
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The  Ga  va lues  shou ld  be  the  reference for the  evaluation  of measurement uncerta in ty of the  
acoustic  power and  the  rad iation  conductance .  The  value  of Ga  can  be  obtained  by 
i n terpolation  i n  data  of Table  E. 2  us ing  the  known  values  of β  and  (R/λ) .  The  Ga  va l ue  may be  
seen  as  an  accuracy i ndex of the  acoustic power calcu lation  based  on  Rayle igh  i n tegral .  For 
example,  for a  1 , 92  MHz transducer wi th  β  =  1 0 , 3°  and  R/λ  =  51 , 5,  so  Ga  ≥  0 , 98  can  be  got 
from  Table  E. 2 .  I t  means  that more  than  98  %  of the  tota l  acoustic power calcu lated  by 
Formu la  (1 2)  or (E. 1 3)  i s  wi th in  the  effecti ve  appl icable  range  of the  Rayleigh  i n tegral .  

The  radiation  conductance  i s  [1 1 , 1 2 , 1 3]  
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===   (E. 1 4)  

I n  the  measurement when  the  i nciden t spherical l y focused  beam  is  normal  to  the  reflector,  the  
average ampl i tude reflection  coefficient  rav(β)  as  the  function  of the  focus  hal f-ang le  
shou ld  be  substi tu ted  for r  i n  the  previous  formu las.  The  value  of rav(β)  may be  p icked  up  
from  Table  A.2  by i n terpolation  or calcu lated  by Formu la  (A. 1 ).  Because  the  cable  end  pai r of 
the  transducer i s  connected  wi th  the  tone  burst generator to  act as  the  e lectric l oad  of the  
transducer when  detecting  the  open-ci rcu i t  vo l tage  U′,  the  real  detected  ou tpu t echo vol tage  
of the  transducer is  i ts  cable  end- loaded  echo vol tage  U1  rather than  U′,  and  then  U1  =  U′  |Zi  
/(Zi  +  ZT) |  where  Zi  i s  the  i nner e lectric impedance  of the  generator and  ZT  i s  the  e lectric  
impedance of the  transducer in  water.  The  exci ti ng  curren t of the  generator i s  IT  =  U0/|Zi  +  ZT| ,  
and  the  short  ci rcu i t  curren t i s  Ik  =  U0  /|Zi | ,  where  U0  i s  the  open-ci rcu i t  ou tput  vol tage  of the  
generator.  As  the  detected  fi rst  echo  curren t Iecho  i s  equal  to  U′/|Zi  + ZT | ,  U′IT = U1 Ik = U0Iecho  

i s  va l id .  

I n  experiment,  the  real  detectable  e lectric  parameters  are  U1 ,  IT ,  Ik,  U0 ,  UTrms  and  Iecho .  

U1 Ik  or U0Iecho  shou ld  be  substi tu ted  for U′IT  i n  the  previous  formu las.  
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Annex F  
(informative)  

 
Experimental  arrangements  

F.1  Experimental  arrangement for determining  the effective radius  of a  
transducer [2,  3,  4,  1 3]  

The scheme of the  measurement apparatus  for determ in ing  the  effecti ve  hal f-aperture  of a  
transducer is  shown  in  F igure  F . 1 .  

 

Figure F . 1  – Scheme of the  measurement apparatus  for determin ing   
the  effective hal f-aperture  of a  transducer 

F.2  Experimental  arrangement of the sel f-reciproci ty cal ibration  method  for a  
spherical ly curved  transducer [2,  3,  4,  1 3]  

The scheme of free-field  self-reciprocity method  appl i ed  to  a  spherical l y curved  transducer 
is  shown  i n  F igure  F . 2 .  
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Figure F .2  – Scheme of free-field  sel f-reciprocity method   
appl ied  to  a  spherical ly curved  transducer 
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Annex G  
(informative)  

 
Relationships  between  the  electroacoustical   
parameters  used  in  th is  appl ication  [1 3]  

G.1  Relations  between  the free-field  transmitting  response to  vol tage (current)  
and  the vol tage sensi tivi ty wi th  the radiation  conductance  

From  the  defin i ti on ,  the  transmitting  response  to  vol tage  i s  g i ven  by 

 rmsTrms0T0 UpUpSU ==  (G . 1 )  

where,  p0  and  p0rms  are  the  reference  acoustic  pressure  and  the  effecti ve  reference  
acoustic pressure  on  the  rad iation  surface  of the  transducer;  UT and  UTrms  are  the  exci ti ng  

vol tage  and  the  exci ti ng  effecti ve  vol tage  of the  transducer.  

The radiation  conductance  of transducer is  g iven  by 

 2
rmsTUPG = ,  (G .2)  

where  P  i s  the  acoustic ou tput  power of the  transducer.  

With  the  defin i ti on  of acoustic  ou tput  power 

 ( )cApP r2
rms0= ,  (G .3)  

the  rad iation  conductance  becomes  

 
( )cASG U r2= ,  (G . 4)  

and  
sf

2

J

G
SU = .  (G .5)  

The free-field  transmitting  response  to  current  of a  transducer i s  g i ven  by 

 T
T

T

sf

2
ZS

I

U

J

G
S UI =⋅=   

where  ZT  i s  the  e lectric impedance of the  transducer i n  water.  

The  free-field  vol tage  sensi ti vi ty  of the  transducer is  g iven  by 

 Tsfsf 2 ZJGJSM I ==  (G .7)  
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G.2  Relation  of the radiation  conductance and  the electroacoustic efficiency 

The electroacoustic efficiency  i s  g i ven  as  

 
TT

2
rmsTe

ea
G

G

GU

P

P

P
===η  (G .8)  

where  Pe  i s  the  e lectric  i nput power of transducer and  GT  =  cosθe/|ZT|  i s  the  e lectric  i npu t 
conductance  wi th  θe  denoting  the  e lectric impedance  phase  ang le  of the  transducer i n  water.  

G.3 Relation  of the transmitting  response and  vol tage and  acoustic output 
power 

 
( )

c

AUS
A

c

p
P

U

rr

2
rmsT

2
rms0 ==  (G .9)  

G.4 Relation  of the pulse echo sensi tivi ty and  the  radiation  conductance  
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Annex H  
(informative)  

 
Evaluation  and  expression  of uncertainty in   

the  measurements  of the  radiation  conductance  

H.1  Executive standard  

This  document fol l ows  I SO/I EC Gu ide  98-3: 2008  [1 7 ] .  

H.2  Evaluation  of uncertainty in  the measurement of the radiation  
conductance  

H.2. 1  Mathematical  expression  

The radiation  conductance  G  can  be  calcu lated  by  

 R

URG

IU
G

r

α

βlβ
2

2
Trmssfav

k1 e
),/()(4

=  (H . 1 )  

where   

U1  i s  the  vol tage  of the  fi rst  echo  from  the  reflector at  the  geometric  focal  p lane  of the  
spherica l l y curved  transducer;   

Ik  i s  the  short  curren t  of the  generator;  )(av βr  i s  the  average  ampl i tude  reflection  

coefficient  of reflector i n  water;   

R   i s  the  rad ius  of cu rvature  of transducer surface;   

λ   i s  the  wavelength  i n  water;   

β   i s  the  focus  hal f-ang le;
  

Gsf (R/λ ,β)  i s  the  d iffraction  corrective coefficient  i n  the  sel f-reciproci ty ca l i bration  for 
the  spherical l y curved  transducer;   

UTrms   i s  the  effecti ve  va lue  of the  exci ting  vol tage  of the  transducer;   

α   i s  the  attenuation  coefficien t i n  water.  

The  focus  ha l f-ang le  is  g i ven  by 

 β  =  arcsin (a /R)   (H . 2)  

The effecti ve  rad ius  (effective  hal f-aperture)  i s  g iven  by 

 







+=

63

geo 22,262,1

2 ww

F
a

π

l
  (H . 3)  

where  w3  and  w6  are  the  −3  dB  and  −6  dB  beamwidths  measured  in  the  geometrical  focal  

p lane.  
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H.2.2  Type A evaluation  of standard  uncertain ty 

The  ari thmetic  mean  or the  average  va lue  Gav  i n  n  t imes  repeated  measurements  can  be  

calcu lated  by 

 ∑ =
=

n

i iG
n

G
1av

1
,  (H . 4)  

where  Gi  i s  the  i-th  measured  value  of rad iation  conductance .  

The  type  A standard  uncertain ty uA(Gav)  i s  g i ven  by 

 ( ) ( ) ∑ =
−

−
==

n

i in GG
nn

GsGu
1

2
avavavA )(

)1(

1
,  (H . 5)  

where  Sn(Gav)  i s  the  pos i ti ve  root of the  variance  of the  mean .  To  m in im ize  uA(Gav) ,  n  shou ld  

be  chosen  as  large  as  poss ib le.  However,  a  reasonable  comprom ise  between  th is  
recommendation  and  a  reasonable  working  l oad  may be  ach ieved  for n  ≥  6 .  

H.2.3  Type B  evaluation  of standard  uncertain ty 

H .2.3. 1  Evaluation  of standard  uncertainty for d i fferent  input quanti ties  

Accord ing  to  the  measured  values  of the  i nput quan ti ties  i n  n  t imes  repeated  measurements  
and  the  i nstruments  used  for the  measurements ,  thei r combined  standard  uncertain ties  can  
be  evaluated .  

For example,  the  type  A evaluation  of s tandard  uncertain ties  for the  beam  wid ths  uA(w3)  and  
uA(w6)  can  be  calcu lated  by Formu la  (H .5) ,  where  G  was  replaced  wi th  w3  or w6 ,  respective l y.  

The  type  B  evaluation  of standard  uncertain ties  of w3  (or w6)  and  uB(w3)  (or uB(w6) )  can  be  
determ ined  from  the  resolu tion  δ1  (=  0 , 01  mm)  of the  d isplacement sensor and  supposing  that 
the  l eng th  is  described  by a  symmetric,  rectangu lar and  a  priori  probabi l i ty d istribution .  Then ,  

uB(w3)  (or uB(w6))  i s  set  to  be  equal  to  32/1δ (=  0 , 002  9 mm).  The  type  B  evaluations  of 

standard  uncerta in ties  for other i nput quan ti ti es  are  l i sted  i n  Table  H . 1 .  

Then ,  thei r combined  standard  uncertain ty can  be  ca lcu lated  by 

 ( ) ( ) ( )23B

2

3A3c wuwuwu +=  and  ( ) ( ) ( )26B

2

6A6c wuuwu w += .  (H . 6)  

F inal l y,  uA,  uB  and  uc;  uA(U1 ) ,  uB(U1 )  and  uc(U1 ) ;  uA(UTrms) ,  uB(UTrms)  and  uc(UTrms) ;  uA(IT) ,  

uB(IT  )  and  uc(IT) ;  uA(Ik) ,  uB(Ik)  and  uc(Ik) ;  uA(f  ) ,  uB(f  )  and  uc(f  ) ;  uA(α) ,  uB (α)  and  uc(α) ;  uA(β) ,  
uB(β)  and  uc(β)  can  be  determ ined  by us ing  data  i n  Table  H . 1  s im i larl y.  
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Table  H . 1  – Type B  evaluation  of the  standard  uncertainties  (SU)   
of i nput  quanti ti es  in  measurement  

Input quan ti ty 

x
i  

Proposing  symmetric,  rectangu lar probabi l i ty d istribu tion ,  

3=′k  
Relative  type B  
evaluation  of SU  

u
B
(x

i
) /x

i  Resolu tion  δ
x  

32/)( xxu δ=  

w
3
,  w

6
 

(mm)  

0 , 01  0, 002   9  0 , 002   9/w
3av

 

0 , 002   9/w
6av

 

R  (mm)  

23  °C  

0 , 1 49   2  

(transi t  t ime  0 , 1  μ s)  

0, 043   3  0, 043   3/R
av
 

U
1
,  U

Trms
 

(mV)  

1  (osci l l oscope)  0, 29  0 , 29/U
1 av

 

0 , 29/U
Trmsav

 

I
T
,  I

k
 

(mA)  

1  (current  mon i tor)  0, 29  0 , 29/I
Tav

 

0 , 29/I
kav
 

f (MHz)  1 0−4  (osci l l oscope)  2, 9  ×  1 0−5  2, 9  ×  1 0−5/f
av
 

θ
e
 ( ° )  0, 1  (osci l l oscope)  0, 029  0, 029/θ

eav
 

c  

(mm/μs)  

0, 001   4  

(temperature  change:  0 , 5  °C)  

4, 1  ×  1 0−4  4 , 1  ×  1 0−4/c  0 , 027  %  
(23  °C)  

α/f 2  

(MHz−2cm −1 )  

23  °C  

0, 025  ×  1 0−4  

( temperature  change:  0 , 5  °C)  

7, 3  ×  1 0−7  7 , 3  ×  1 0−7/(α/f 2 )  

0 , 31  %  (23  °C)  

 

The type  B  variance  of effective  rad ius  i s  

 ( ) ( )∑∑ == 
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222
B )(

i i

i
i ii xu

x

a
xucau  (H . 7)  

where  xi  ( i  =  1 ,  2 ,  3 ,  4)  represent R ,  λ ,  w3 ,  w6 .  and  ci  d enote  the  correspond ing  sensi ti vi ty 

coefficien ts.  

Accord ing  to  Formu la  (H . 3),  the  fol lowing  sens i ti ve  coefficients  can  be  derived :  
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Combin ing  (H . 3)  and  (H . 7),  one  can  get  
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 (H . 8)  

 
( ) ( )[ ] ( )[ ]2B

2

Ac /// aauaauaau +=  (H . 9)  

where  uc(a)  i s  the  combined  standard  uncertain ty of the  effecti ve  rad ius.  

H.2.3.2  Evaluation  of standard  uncertainty for the  focus  half-angle  of a  focusing  
transducer 

From  Formu la  (H .2),  the  fo l l owing  sensi ti ve  coefficien ts  can  be  derived :  

 a

R

a
R

a
c /tan2

1

2
)(

2
1 β

β
β −=





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
−
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 R
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a
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a

R
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1

2
)(

2

2

2 ββ
β

β −=









−

−=
∂
∂

=   

The  type  B  standard  uncerta in ty of the  focus  ha l f-ang le  i s  g i ven  by 

( ) )()()()( 22
2

22
1B Rucaucu βββ +=  

 ( ) ( )22
/)(tansin2/)(tan2 RRuaau ⋅+⋅= βββ  (H . 1 0)  

The combined  standard  uncertain ty of the  focus  hal f-ang le  i s  g i ven  by 

 ( ) ( )[ ] ( )[ ]2B

2

Ac /// ββββββ uuu +=   (H . 1 1 )  

H .2.4  Evaluation  of the  combined  standard  uncertain ty for the  rad iation  conductance  

H .2.4. 1  Type B  evaluation  of the  standard  uncertainty for the  rad iation  conductance  

H .2.4. 1 . 1  Type B1  component 

From  Formu la  (H . 1 ),  the  fo l l owing  sensi ti ve  coefficien ts  can  be  derived :  
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where 








∂

∂

β
avr

,  








∂

∂

β
sfG

 and  







∂

∂

R

Gsf  are  obtained  by i n terpolating  from  the  data  i n  Table  A.2  

and  Table  B . 1 ,  respectivel y.  For U1 ,  Ik  and  UTrms  the  average  values  measured  can  be  used .  

Because  the  echo  vol tage  U1  and  the  short  current Ik  are  dependent on  the  exci ti ng  vol tage  
UTrms ,  the  fol l owing  correlation  coefficien ts  shou ld  be  calcu lated :  
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where  ( )av1 ,1 , UU i − ,  ( )avk,k, II i − ,  ( )avTrms,Trms, UU i − ,  ( )kIs  and  ( )TrmsUs  are  ca lcu lated  from  the  

data  of n  t imes  repeated  measurements  of the  radiation  conductance ,  where  s(xi)  =  
(n)1 /2sn(xi) .  

The  covariance  term  i n  the  type  B 1  component of the  s tandard  uncertain ty i s  
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 (H . 1 2)  
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where  uB1 (G)  i s  the  square  root  of the  variance  of the  type  B 1  evaluation  of the  s tandard  

uncertain ty,  wh ich  i s  calcu lated  accord ing  to  I SO/I EC  Gu ide  98-3.  
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H.2.4. 1 .2  Type B  other components  and  Type  A of uncertainty 

Type B  and  Type  A components  and  typical  data  of the  re lati ve  uncertain ties  are  shown  i n  
Table  H .2  

Table  H .2  – Components  of the  standard  uncertain ty for the  measurement of  
the  rad iation  conductance  using  the  self-reciprocity method  

No.  Source  of the  uncertain ty component  Symbol  

Relative  
uncertain ty 

u
Bi
(G) /G  or 

u
A
(G
av
) /G

av  

1  Type  B  evaluation  of s tandard  uncertain ty by calcu lati on  from  
experimental  data  

u
B1  <  1 , 0  %  

2  I n troduced  by a l i gn ing  the  beamwid th  the  d i rection  of the  hyd rophone  
and  scann ing  i n  measurements  of the  effecti ve  rad i us  (ha l f-)ang le  

u
B2
 1 , 7  %  

3  I n troduced  by calcu lation  of the  d i ffracti on  correction  coeffi ci en t  G
s f
 i n  

Table  B . 1  
u
B3
 1 , 4  %  

4  Read  ou t  the  G
sf
 va l ue  i n  Tabl e  B . 1  by i n terpol ation  u

B4
 1 , 2  %  

5  I n troduced  by calcu lation  of r
av
(β)  val ue  i n  Table  A. 2  u

B5
 1 , 2  %  

6  I n troduced  by ad j usti ng  the  beam  d i rection  and  posi ti on  of the  
transducer 

u
B6
 1 , 4  %  

7  Low rati o  of s i gnal  to  noi se  i n  measurement  of cu rrent  u
B7
 1 , 2  %  

8  Calcu l ated  G
sf
 and  the  acousti c  ou tpu t  power based  on  Rayl e igh  

i n teg ral  d i fferent  to  thei r true  val ues,  where  the  focus  hal f-ang le  i s  not  
g reater than  45°  

u
B8  7, 0  %  

9  

Type  A evaluation  of s tandard  uncertain ty of measurement  for G  u
A
(G

av
)  <  3, 5  %  

 

NOTE  Data  g i ven  i n  Tabl e  H . 2  are  evaluated  from  experiments  us ing  seven  transducers  as  a  reference.  These  
transducers  were  used  wi th  frequencies  of 0 , 53  MHz,  1 , 52  MHz,  1 , 92  MHz,  5  MHz,  5 , 27  MHz,  1 0  MHz,  and  1 5  MHz,  
respecti vel y.  The  resu l ts  of fi ve  transducers  are  shown  i n  Table  H . 3.  

H.2.4.2  Combined  standard  uncertainty 

The combined  standard  uncertain ty i s  g i ven  by 

 ( ) ( ) ( )∑ =
+=

8

1

2
Bav

2

AavC i i GuGuGu  (H . 1 4)  

H.2.4.3  Expanded  uncertainty 

For the  coverage  factor k  =  2  the  expanded  uncertain ty is  

 ( )GuU C2=  (H . 1 5)  

F ive  spherical l y curved  transducers  were  measured  and  evaluated  for the  measurement 
uncertain ty.  Table  H . 3  l i s ts  the  resu l ts  of these  measurements  and  evaluation  of uncerta in ty.  
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Table.H .3  – The  measurement resu l ts  and  evaluated  data   
of uncertainty for five  transducers  

No.  f R  β a/λ  G Ga q  U(a)/a  u(β)/β uB1/G uA/G uC/G U 

 (MHz)  (mm)  (° )   (mS)  (<  G
fra

)   %  %  %  %  %  %  

1  0 , 532  30  1 9, 6  3 , 60  3, 30  0 , 96  0 , 971  0 , 444  1 , 74  0 , 250  1 , 69  7, 89  1 5, 8  

2  1 , 92  40  1 0, 3  22 , 3  5, 23  0 , 98  0 , 992  0 , 720  0 , 644  0 , 253  2 , 33  8 , 05  1 6 , 1  

3  5 , 0  50  1 0, 8  32 , 1  0 , 1 73  0 , 99  0 , 991  1 , 42  1 , 70  0 , 353  1 , 1 8  7 , 80  1 5, 6  

4  1 0 , 1  25  8, 8  25, 7  1 5, 1  0 , 99  0 , 994  3, 1 3  2 , 76  0 , 774  0 , 241  7 , 74  1 5, 5  

5  1 5, 0  60  5, 5  57, 3  3 , 05  0 , 99  0 , 998  1 , 25  1 , 1 3  0 , 41 2  0 , 988  7, 77  1 5, 5  
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