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INTERNATIONAL ELECTROTECHNICAL COMMISSION  
____________ 

 
ELECTROACOUSTICS –  

MEASUREMENT MICROPHONES –  
 

Part 2 :  Primary method  for pressure cal ibration  of laboratory  
standard  microphones  by the  reciproci ty technique  

 
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commission  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  nati onal  e l ectrotechn ical  commi ttees  ( I EC National  Commi ttees).  The  ob ject  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  questions  concern i ng  standard izati 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 tion  to  other acti vi ti es ,  I EC publ i shes  I n ternational  S tandards,  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 National  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti cipate  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 al so  parti ci pate  i n  th i s  preparati on .  I EC col l aborates  cl osely  
wi th  the  I n ternational  Organ ization  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by  
agreement  between  the  two  organ izati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possi b le,  an  i n ternational  
consensus  of opin ion  on  the  re l evant  sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  
i n terested  I EC National  Commi ttees.   

3)  I EC Publ i cati ons  have  the  form  of recommendati ons  for i n ternational  use  and  are  accepted  by  I EC National  
Commi ttees  i n  that  sense.  Wh i l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  conten t  of I EC  
Publ i cations  i s  accurate,  I EC  cannot  be  he l d  respons ibl e  for the  way i n  wh ich  they are  used  or for any  
m is i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternati onal  u n i form i ty,  I EC National  Commi ttees  u ndertake  to  app ly I EC Publ i cations  
transparen tl y  to  the  maximum  extent  poss ibl e  i n  thei r national  and  reg i ona l  publ i cati ons.  Any d i vergence  
between  any I EC Publ i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  sha l l  be  cl earl y  i n d icated  i n  
the  l atter.  

5)  I EC provi des  no  marking  procedure  to  i n d icate  i ts  approval  and  cannot be  rendered  responsi ble  for any 
equ i pment declared  to  be  i n  conform i ty wi th  an  I EC Publ i cation .  

6)  Al l  users  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,  servan ts  or agents  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  commi 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)  Attention  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  possib 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.  

This  consol idated  version  of the  official  IEC  Standard  and  i ts  amendment has  been  
prepared  for user convenience.  

IEC  61 094-2  ed i tion  2. 1  contains  the  second  ed i tion  (2009-02)  [documents  29/671 /FDIS  
and  29/676/RVD]  and  i ts  amendment  1  (2022-02)  [documents  29/1 1 08/FDIS  and  
29/1 1 1 2/RVD] .  

In  th is  Red l ine  version ,  a  vertical  l i ne  i n  the  marg in  shows  where  the  technical  content  
is  modified  by amendment 1 .  Add i tions  are  i n  green  text,  deletions  are  in  strikethrough  
red  text.  A separate  Final  version  with  al l  changes  accepted  i s  avai lable  in  th is  
publ ication .  
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I n ternational  Standard  I EC  61 094-2  has  been  prepared  by I EC techn ica l  committee  29:  
E lectroacoustics .  

Th is  second  ed i ti on  consti tu tes  a  techn ical  revis ion .  

Th is  ed i tion  i ncludes  the  fol lowing  s i gn i fican t techn ical  changes  wi th  respect to  the  previous  
ed i tion :  

•  an  update  of C lause  6  to  fu l fi l  the  requ irements  of I SO/IEC Gu ide  98-3 ;  

•  an  improvement of the  heat conduction  theory i n  Annex A;  

•  a  revis ion  of Annex F:  Physical  properties  of humid  a i r.  

Th is  publ ication  has  been  drafted  i n  accordance wi th  the  I SO/IEC  D i rectives,  Part 2 .  

A l i st  of a l l  parts  of the  I EC  61 094  series,  publ ished  under the  general  t i t l e  Electroacoustics – 
Measurement microphones,  can  be  found  on  the  I EC  websi te.   

The commi ttee  has  decided  that the  con tents  of the  base  publ ication  and  i ts  amendment wi l l  
remain  unchanged  un ti l  the  stabi l i ty date  ind icated  on  the  I EC web  s i te  under webstore. iec. ch  
i n  the  data  re lated  to  the  speci fic publ ication .  At  th is  date,  the  publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

 

IMPORTANT – The 'colour inside'  logo on  the  cover page  of th is  publ ication  ind icates  
that  i t  contains  colours  wh ich  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore  print  th is  document using  a  
colour printer.  
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ELECTROACOUSTICS –  
MEASUREMENT MICROPHONES –  

 
Part 2 :  Primary method  for pressure cal ibration  of laboratory  

standard  microphones  by the  reciproci ty technique  
 
 
 

1  Scope  

Th is  part  of I n ternational  Standard  I EC  61 094  

– i s  appl icable  to  l aboratory standard  m icrophones  meeting  the  requ i rements  of 
I EC 61 094-1  and  other types  of condenser m icrophone  having  the  same mechan ica l  
d imensions;  

– speci fies  a  primary method  of determin ing  the  complex pressure  sens i tivi ty  so  as  to  
establ ish  a  reproducib le  and  accurate  bas is  for the  measurement of sound  pressure.  

Al l  quanti ties  are  expressed  in  SI  u n i ts .  

2  Normative references  

The  fo l lowing  referenced  documents  are  i nd ispensable  for the  appl ication  of th is  document.  
For dated  references,  on ly the  ed i ti on  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 61 094-1 : 2000,  Measurement microphones – Part 1 :  Specifications for laboratory standard 
microphones 

I SO/IEC Gu ide  98-3 ,  Uncertainty of measurement – Part 3:  Guide to  the expression  of 
uncertainty in  measurement (GUM:1995) 1  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  terms  and  defin i tions  g iven  in  I EC 61 094-1  and  
ISO/IEC Gu ide  98-3  as  wel l  as  the  fol l owing  apply.   

3. 1   
reciprocal  microphone  
l i near pass ive  m icrophone  for wh ich  the  open  ci rcu i t  reverse  and  forward  transfer impedances  
are  equal  i n  magn i tude  

3.2   
phase ang le  of pressure  sensi tivi ty  of a  m icrophone  
for a  g iven  frequency,  the  phase  ang le  between  the  open-ci rcu i t  vol tage  and  a  un i form  sound  
pressure  acti ng  on  the  d iaphragm  

NOTE  Phase  ang l e  i s  expressed  i n  d eg rees  or rad i ans  (°  or rad ) .  

___________ 

1   I SO/IEC Gu ide  98-3: 2008  i s  publ i shed  as  a  rei ssue  of the  Gu ide  to  the  expression  of uncertai n ty i n  
measurement  (GUM),  1 995.  
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3.3   
el ectrical  transfer impedance  
for a  system  of two acoustica l ly coupled  m icrophones  the  quotient  of the  open-circu i t  vol tage  
of the  m icrophone used  as  a  receiver by the  i npu t curren t  through  the  e lectrical  terminals  of 
the  m icrophone  used  as  a  transm itter 

NOTE  1  E lectri cal  transfer impedance  i s  expressed  i n  ohms  (Ω) .  

NOTE  2  Th i s  impedance  i s  d efi ned  for the  g round -sh ie l d  confi gu rati on  g i ven  i n  7 . 2  of I EC 61 094-1 : 2000.  

3.4  
acoustic transfer impedance  
for a  system  of two  acoustical ly  coupled  m icrophones  the  quotien t of the  sound  pressure  
acti ng  on  the  d iaphragm  of the  m icrophone  used  as  a  receiver by the  short-ci rcu i t  volume 
ve loci ty produced  by the  m icrophone used  as  a  transmi tter 

NOTE  Acousti c  transfer impedance  i s  expressed  i n  pascal -seconds  per cubic metre  (Pa ⋅s/m 3) .  

3.5   
coupler 
device  wh ich ,  when  fi tted  wi th  m icrophones,  forms  a  cavi ty of predetermined  shape and  
d imensions  acti ng  as  an  acoustic  coupl ing  e lement between  the  m icrophones  

4 Reference environmental  condi tions  

The  reference  envi ronmenta l  cond i ti ons  are:  

−  temperature   23 , 0  °C 

−  s tatic pressure   1 01 , 325  kPa  

−  re lative  hum id i ty  50  %  

5 Principles  of pressure cal ibration  by reciproci ty 

5. 1  General  principles  

5. 1 . 1  General  

A reciproci ty ca l ibration  of m icrophones  may be  carried  ou t by means  of three  m icrophones,  
two  of wh ich  shal l  be  reciprocal ,  or by  means  of an  auxi l i ary  sound  source  and  two  
m icrophones,  of wh ich  one  shal l  be  reciprocal .  

NOTE  I f one  of the  m icrophones  i s  not  reciprocal  i t  can  on ly  be  used  as  a  sound  receiver.  

5. 1 .2  General  principles  using  three  m icrophones  

Let two of the  m icrophones  be  connected  acoustical ly by a  coupler.  Us ing  one  of them  as  a  
sound  source  and  the  other as  a  sound  receiver,  the  e lectrical  transfer impedance  i s  
measured .  When  the  acoustic transfer impedance  of the  system  is  known ,  the  product of the  
pressure  sens i tivi ties  of the  two coupled  m icrophones  can  be  determined .  Us ing  pai r-wise  
combinations  of three  microphones  marked  (1 ) ,  (2)  and  (3) ,  three  such  mutual ly  i ndependent 
products  are  avai lable,  from  wh ich  an  expression  for the  pressure  sens i tivi ty  of each  of the  
three  m icrophones  can  be  derived .  

5. 1 .3  General  principles  using  two  m icrophones  and  an  auxi l iary sound  source  

First,  l et the  two m icrophones  be  connected  acoustica l ly by a  coupler,  and  the  product of the  
pressure  sens i tivi ties  of the  two  m icrophones  be  determined  (see  5. 1 . 2) .  Next,  l et  the  two  
m icrophones  be  presented  to  the  same sound  pressure,  set up  by the  auxi l i ary sound  source.  
The  ratio  of the  two ou tput vol tages  wi l l  then  equal  the  ratio  of the  two pressure  sensi tivi ties.  
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Thus,  from  the  product  and  the  ratio  of the  pressure  sens i tivi ties  of the  two m icrophones,  an  
express ion  for the  pressure  sensi tivi ty  of each  of the  two m icrophones  can  be  derived .  

NOTE  I n  order to  obtain  the  rati o  of pressure  sens i ti vi ti es ,  a  d i rect  compari son  method  may be  used ,  and  the  
auxi l i ary sound  source  may be  a  th i rd  m icrophone  havi ng  mechan ica l  or acousti cal  characteri sti cs  wh i ch  d i ffer from  
those  of the  m icrophones  bei ng  cal i brated .  

5.2  Basic  expressions  

Laboratory standard  m icrophones  and  s im i l ar m icrophones  are  considered  reciprocal  and  thus  
the  two-port  equations  of the  m icrophones  can  be  wri tten  as:  

 
pqziz

Uqziz

=+

=+

2221

1 21 1  (1 )  

where  

p  i s  the  sound  pressure,  un i form ly appl i ed ,  at the  acoustical  term inals  
(d iaphragm)  of the  m icrophone  in  pascals  (Pa) ;   

U i s  the  s ignal  vo l tage  at  the  electrica l  term inals  of the  m icrophone i n  vo l ts  
(V) ;  

q  i s  the  volume  veloci ty  through  the  acoustical  term inals  (d iaphragm)  of the  
m icrophone i n  cubic metres  per second  (m3/s) ;  

i  i s  the  curren t th rough  the  e lectrical  terminals  of the  m icrophone in  
amperes  (A) ;  

z1 1  =  Ze  i s  the  e lectrica l  impedance  of the  m icrophone when  the  d iaphragm  is  
b locked  i n  ohms  (Ω) ;  

z22  =  Za  i s  the  acoustic  impedance  of the  m icrophone  when  the  e lectrica l  
term inals  are  un loaded  i n  pascal -seconds  per cubic metre  (Pa ⋅s ⋅m–3) ,  

z1 2  =  z21  =  Mp  Za  i s  equal  to  the  reverse  and  forward  transfer impedances  in  vol t-seconds  
per cubic  metre  (V⋅s ⋅m–3) ,  Mp  be ing  the  pressure  sens i tivi ty  of the  
m icrophone i n  vol ts  per pascal  (V⋅Pa–1 ) .  

NOTE  Underl i ned  symbols  represent complex q uanti ti es.  

Equations  (1 )  may then  be  rewri tten  as:  

 
pqZiZM

UqZMiZ

=+

=+

aap

ape  (1 a)  

wh ich  consti tu te  the  equations  of reciproci ty for the  m icrophone.  

Let m icrophones  (1 )  and  (2)  wi th  the  pressure  sens i tivi ti es  
p,1

M  and  
p,2

M  be  connected  

acoustical ly by a  coupler.  From  Equations  (1 a)  i t  i s  seen  that  a  curren t i1  th rough  the  
e lectrical  term inals  of m icrophone  (1 )  wi l l  produce a  short-ci rcu i t volume ve loci ty (p  =  0  a t the  

d iaphragm)  of 1p,1 iM  and  thus  a  sound  pressure  
1p,1a,1 22
iMZp =  at  the  acoustical  

term inals  of m icrophone (2),  where  Za, 1 2  i s  the  acoustic transfer impedance of the  system.  

The  open-ci rcu i t vol tage  of m icrophone  (2)  wi l l  then  be:  

 
1a,1 2p,2p,12p,22
iZMMpMU =⋅=  

Thus  the  product of the  pressure  sensi tivi ti es  is  g i ven  by:  
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1

2

a,1 2
p,2p,1

1

i

U

Z
MM =  (2)  

5.3  Insert vol tage technique  

The  insert vol tage  techn ique  i s  used  to  determine  the  open-circu i t  vol tage  of a  m icrophone 
when  i t  i s  e lectrical ly  l oaded .  

Let  a  m icrophone  having  a  certa in  open-ci rcu i t  vo l tage  and  i n ternal  impedance  be  connected  
to  a  l oad  impedance.  To  measure  the  open-ci rcu i t  vo l tage,  an  impedance,  smal l  compared  to  
the  load  impedance,  i s  connected  i n  series  wi th  the  m icrophone and  a  ca l i brati ng  vol tage  
appl ied  across  i t.  

Let  a  sound  pressure  and  a  ca l ibrati ng  vol tage  of the  same  frequency be  appl ied  a l ternately.  
When  the  cal ibrating  vol tage  i s  ad justed  unti l  i t  g ives  the  same vol tage  d rop  across  the  l oad  
impedance as  resu l ts  from  the  sound  pressure  on  the  m icrophone,  the  open-ci rcu i t vol tage  
wi l l  be  equal  i n  magn i tude  to  the  ca l ibrati ng  vol tage.  

5.4  Evaluation  of the  acoustic  transfer impedance  

The acoustic transfer impedance  )/(
1p,12a,1 2
iMpZ =  can  be  evaluated  from  the  equ ivalent  

ci rcu i t i n  F i gure  1 ,  where  Za, 1  and  Za, 2  a re  the  acoustic impedances  of m icrophones  (1 )  and  
(2)  respectively.  

 

Za,1  Za,2  p2  

Mp,1  i1  

1  

IEC   260/09  

Key 

1  Coupler 

Figure  1  – Equ ivalent  ci rcu i t  for evaluating  the  acoustic transfer impedance  Za, 1 2  

I n  several  cases,  Za, 1 2  can  be  evaluated  theoretical ly.  Assume the  sound  pressure  to  be  the  
same  at any poin t  i ns ide  the  coupler ( th is  wi l l  take  p lace  when  the  phys ica l  d imensions  of the  
coupler are  very smal l  compared  to  the  wavelength).  The  gas  i n  the  coupler then  behaves  as  
a  pure  compl iance  and ,  from  the  equ ivalen t  ci rcu i t  i n  F i gure  2 ,  Za, 1 2  i s  g iven  by Z'a, 1 2  
(assuming  ad iabatic compress ion  and  expansion  of the  gas) :  
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Za,1  p2  

Mp,1  i1  

Za,V Za,2  

IEC   261/09  

Figure  2  – Equ ivalent  ci rcu i t  for evaluating  Z’a, 1 2  when  coupler 
d imensions  are  smal l  compared  wi th  wavelength  
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where  

V  i s  the  tota l  geometrical  volume of the  coupler i n  cubic  metres  (m3) ;  

Ve, 1  i s  the  equ iva len t volume  of m icrophone  (1 )  i n  cubic metres  (m3) ;  

Ve, 2  i s  the  equ ivalen t volume  of m icrophone  (2)  i n  cubic metres  (m3) ;  

V

p
Z

V ω
κ
j

s
a

=
,

 i s  the  acoustic impedance of the  gas  enclosed  in  the  coupler i n  pascal -seconds  

per cubic  metre  (Pa ⋅s/m3) ;  

ω   i s  the  angu lar frequency i n  rad ians  per second  (rad/s) ;  

ps   i s  the  static  pressure  i n  pascals  (Pa) ;  

ps, r   i s  the  static  pressure  at  reference cond i tions  i n  pascals  (Pa);  

κ   i s  the  ratio  of the  speci fic  heat  capaci ties  at  measurement cond i tions;  

κr   i s  κ  at  reference cond i ti ons.  

Values  for κ  and  κr  i n  humid  a i r can  be  derived  from  equations  g iven  i n  Annex F .  

At  h igher frequencies,  when  the  d imensions  are  not  sufficiently  smal l  compared  wi th  the  
wavelength ,  the  evaluation  of Za, 1 2  g eneral ly  becomes  compl icated .  However,  i f the  shape  of 
the  coupler i s  cyl i ndrical  and  the  d iameter the  same as  that  of the  m icrophone  d iaphragms,  
then ,  at  frequencies  where  p lane-wave transmiss ion  can  be  assumed ,  the  whole  system  can  
be  cons idered  as  a  homogeneous  transmission  l i ne  (see  F igure  3).  

 

Za,1  p2  

Mp,1  i1  

Za,2  Za,0 ,  y ,  l0  

IEC   262/09  

Figure 3  – Equ ivalent  ci rcu i t  for evaluating  Z’a, 1 2  when  plane wave  
transmission  in  the  coupler can  be  assumed  

Za, 1 2  i s  then  g iven  by Z'a, 1 2  (assuming  ad iabatic compress ion  and  expansion  of the  gas) :  
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where  

Za, 0   i s  the  acoustic impedance of p l ane  waves  i n  the  coupler.  I f l osses  i n  the  
coupler are  neg lected ,  then  0a,0 /Z c Sρ= ;  

ρ    i s  the  dens i ty  of the  gas  enclosed  in  ki l ograms  per cubic metre  (kg ⋅m–3) ;  

c    i s  the  free-space  speed  of sound  i n  the  gas  i n  metres  per second  (m ⋅s–1 ) ;  

S0    i s  the  cross-sectional  area  of the  coupler i n  square  metres  (m2) ;  

l0   i s  the  l eng th  of the  coupler,  i . e.  the  d is tance  between  the  two  d iaphragms  in  
metres  (m);   

γ  =  α  +  jβ   i s  the  complex propagation  coefficien t i n  metres  to  power m inus  one  (m–1 ) .  

Values  for ρ  and  c  i n  hum id  a i r can  be  derived  from  equations  g iven  i n  Annex F .  

The  real  part  of γ  accoun ts  for the  viscous  l osses  and  heat  conduction  at the  cyl indrical  
surface  and  the  imag inary part  i s  the  angu lar wave  number.  

I f l osses  are  neg lected ,  γ  may be  approximated  by pu tting  α  equal  to  zero  and  β  equal  to  ω/c  
i n  Equation  (4) .  

Al lowance  shal l  be  made  for any a i r volume  associated  wi th  the  m icrophones  that  i s  not  
enclosed  by the  ci rcumference  of the  coupler and  the  two  d iaphragms  (see  7. 3. 3 . 1 ) .  

5.5  Heat-conduction  correction  

The  evaluation  of Z'a, 1 2  i n  the  preced ing  subclause  assumes  ad iabatic  cond i tions  i n  the  
coupler.  However,  i n  practice,  the  i n fl uence  of heat conduction  at  the  wal ls  of the  coupler 
causes  departure  from  purely ad iabatic cond i ti ons,  especia l l y  for smal l  couplers  and  low 
frequencies.  

At  l ow frequencies,  where  the  sound  pressure  can  be  considered  the  same at any poin t  and  
under the  assumption  that the  wal ls  remain  at a  constant temperature,  the  i n fluence  of the  
heat conduction  l osses  can  be  calcu lated  and  expressed  i n  terms  of a  complex correction  
factor ∆H  to  the  geometrical  volume V i n  Equation  (3) .  Expressions  for the  correction  factor ∆H  
are  g iven  i n  Annex A.  

At  med ium  frequencies,  transmiss ion  l i ne  theory,  Equation  (4) ,  i s  appl i ed  to  account for p lane  
wave  propagation  i n  the  coupler,  bu t  the  i n fl uence  of heat conduction  at the  ends  of the  
coupler cannot be  model led  accurately  as  impedances  at  the  end  surfaces.  However,  i t  can  
be  demonstrated  that,  a t  frequencies  where  the  pressure  variations  in  the  l ength  d i rection  of 
the  coupler are  moderate,  the  usable  frequency range  of the  correction  factor ΔH  can  be  
extended  by appl ication  of ΔH  to  the  cross-sectional  area  of the  coupler,  S0 ,  for the  calcu lation  
of the  acoustic impedance  of the  p lane  waves  i n  the  coupler,  Za, 0  =  ρc/S0  and  setti ng  α  equal  
to  zero  and  β  equal  to  ω/c  i n  Equation  (4).  

At  h igh  frequencies,  wave-motion  wi l l  be  present i nside  the  coupler and  the  sound  pressure  
wi l l  no  l onger be  the  same  at a l l  poin ts .  For ri gh t-cyl i ndrical  couplers  where  the  transmiss ion  
l ine  theory can  be  appl i ed  (see  5. 4) ,  the  combined  effect  of heat  conduction  and  viscous  
l osses  a long  the  cyl ind rical  surface  can  be  accounted  for by the  complex propagation  
coefficien t and  acoustic  impedance  for p lane-wave  propagation  i n  the  coupler.  The  add i tional  
heat conduction  at the  end  surfaces  of the  coupler,  the  m icrophone d iaphragms,  can  be  
accounted  for by i nclud ing  further components  i n  the  acoustic  impedances  of the  
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m icrophones.  Expressions  for the  complex propagation  coefficien t  and  acoustic  impedance  for 
p lane-wave propagation  are  g iven  i n  Annex A.  

NOTE  1  At  the  l owest frequencies,  appl i cation  of the  correction  factor ΔH  to  the  cross-sectional  area  of the  
coupler i n  Equati on  (4)  i s  effecti vely the  same as  appl i cation  of the  factor to  the  vol ume  i n  Equati on  (3).  

NOTE  2  The  two methods  described  i n  th i s  s tandard  for accounti ng  for heat  conduction  and  vi scosi ty  are  not  
en ti re l y  consisten t  at  any frequency.  However,  a  trans i ti on  frequency range can  be  i den ti fi ed  for p l ane  wave  
couplers  used  for reciproci ty  cal i bration .  Estimates  for the  frequency range  of va l i d i ty  are  g i ven  i n  Annex A.  

5.6  Capi l l ary tube correction  

The coupler i s  usual ly fi tted  wi th  capi l l ary tubes  i n  order to  equal ize  the  static pressure  i ns ide  
and  outs ide  the  coupler.  Two  such  capi l l ary tubes  a lso  permi t  the  in troduction  of a  gas  other 
than  a i r.  

The  acoustic  i nput  impedance  of an  open  capi l l ary  tube  is  g iven  by:  

 Cta,a,C
tanh lZZ γ=  (5)  

where  

Za, t  i s  the  complex acoustic wave impedance of an  i n fi n i te  tube  i n  pascal -seconds  per cubic  
metre  (Pa ⋅s ⋅m–3) ;  

lC  i s  the  length  of the  tube  i n  metres  (m) .  

The  shunti ng  effect of the  capi l lary tubes  can  be  taken  in to  account by in troducing  a  complex 
correction  factor ∆C  to  the  acoustic transfer impedances  g iven  in  Equations  (3)  and  (4) :  

 
Ca,

a,1 2
C

1
Z

Z
n

?′′
+=∆  (6)  

where  

n  i s  the  number of i den tical  capi l l ary  tubes  used ;  

Z”
a, 1 2  i s  the  acoustic transfer impedance  Z'a, 1 2  corrected  for heat conduction  accord ing  

to  5 . 5.  

An  express ion  for the  acoustic i nput impedance  Za,C  of an  open  capi l l ary tube  is  g iven  i n  
Annex B .  

5.7  Final  expressions  for the  pressure  sensi tivi ty  

5.7. 1  Method  using  three m icrophones  

Let the  e lectrica l  transfer impedance  U2 /i1  (see  5. 2)  be  denoted  by Ze, 1 2  wi th  s imi l ar 
express ions  for other pa i rs  of m icrophones.  

Taking  in to  account the  corrections  g iven  i n  5 . 5  and  5. 6 ,  the  fi nal  expression  for the  modu lus  
of the  pressure  sensi tivi ty of m icrophone (1 )  i s :  

 

1
2"

e,1 2 e,31 a,23 C,1 2 C,31
p,1 " "

e,23 C,23a,1 2 a,31

Z Z Z
M

Z Z Z

 ∆ ∆ 
=  

∆  

 (7)  

S imi l ar expressions  apply for m icrophones  (2)  and  (3) .  
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The  phase  ang le  of the  pressure  sens i tivi ty for each  m icrophone  is  determined  by a  s im i lar 
procedure  from  the  phase  ang le  of each  term  i n  the  above express ion .  

NOTE  When  complex quanti ti es  are  expressed  i n  terms  of modu l us  and  phase,  the  phase  i n formati on  shou l d  be  
referred  to  the  fu l l  fou r-quad rant  phase  range,  i . e .  0  -  2π  rad  or 0  – 360° .   

5.7.2  Method  using  two microphones  and  an  auxi l i ary sound  source 

I f on ly  two m icrophones  and  an  auxi l i ary  sound  source  are  used ,  the  fina l  express ion  for the  
modu lus  of the  pressure  sens i tivi ty i s :  

 

1
2

p,1 e,1 2
p,1 C''

p,2 a,1 2

M Z
M

M Z
= ∆  (8)  

where  the  ratio  of the  two  pressure  sens i tivi ties  is  measured  by comparison  against the  
auxi l i ary source,  see  5. 1 . 3.  

6 Factors  influencing  the pressure sensi tivi ty of microphones  

6. 1  General  

The pressure  sens i tivi ty  of a  condenser m icrophone  depends  on  polarizing  vol tage  and  
environmental  cond i tions.  

The  bas ic mode  of operation  of a  polarized  condenser m icrophone  assumes  that the  e lectrical  
charge  on  the  m icrophone i s  kept constan t at a l l  frequencies.  Th is  cond i tion  cannot be  
maintained  at very l ow frequencies  and  the  product  of the  m icrophone capaci tance  and  the  
polarizing  res istance  determines  the  time  constant  for charg ing  the  m icrophone.  Wh i l e  the  
open-ci rcu i t sens i tivi ty  of the  m icrophone,  as  obta ined  us ing  the  i nsert  vol tage  techn ique,  wi l l  
be  determined  correctl y,  the  absolu te  ou tpu t from  an  associated  preampl i fier to  the  
m icrophone wi l l  decrease  at l ow frequencies  i n  accordance wi th  th is  t ime  constant.  

Further,  the  defin i tion  of the  pressure  sens i tivi ty  impl ies  that  certa in  requ irements  be  fu l fi l l ed  
by the  measurements .  I t  i s  essen tia l  during  a  ca l i bration  that these  cond i ti ons  are  con trol led  
su fficiently  wel l  so  that the  resu l ting  uncerta in ty components  are  smal l .  

6.2  Polarizing  vol tage  

The sensi tivi ty  of a  condenser m icrophone  is  approximately proportional  to  the  polarizing  
vol tage  and  thus  the  polarizing  vol tage  actual ly  used  during  the  ca l ibration  shal l  be  reported .  

To  comply  wi th  I EC 61 094-1  a  polarizing  vol tage  of 200,0  V i s  recommended .  

6.3  Ground-shield  reference configuration  

Accord ing  to  3 . 3  of I EC  61 094-1 : 2000,  the  open-circu i t  vo l tage  shal l  be  measured  at the  
e lectrica l  term inals  of the  m icrophone  when  i t  i s  attached  to  a  speci fi ed  ground-sh ie ld  
con figuration  us ing  the  i nsert  vol tage  techn ique  described  i n  5 . 3  above.  Speci fications  for 
ground-sh ie ld  configurations  for l aboratory standard  m icrophones  are  g iven  in  
I EC 61 094-1 : 2000.  

The  appropriate  ground -sh ie l d  configuration  shal l  apply to  both  transm itter and  receiver 
m icrophones  during  the  ca l i bration ,  and  the  sh ield  shou ld  be  connected  to  g round  potential .  

I f any other arrangement i s  used ,  the  resu l ts  of a  ca l i bration  shal l  be  referred  to  the  reference 
ground-sh ie ld  con figuration .  
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I f the  manu facturer speci fies  a  maximum  mechan ical  force  to  be  appl ied  to  the  centra l  
e lectrica l  con tact of the  m icrophone,  th is  l im i t  shal l  not be  exceeded .  

6.4  Pressure  d istribution  over the  d iaphragm  

The defin i ti on  of the  pressure  sens i tivi ty assumes  that the  sound  pressure  over the  d iaphragm  
is  appl i ed  un i form ly.  The  ou tpu t vol tage  of a  m icrophone presented  wi th  a  non-un i form  
pressure  d istribu tion  over the  surface  of the  d iaphragm  wi l l  d i ffer from  the  ou tput vol tage  of 
the  m icrophone when  presented  wi th  a  un i form  pressure  d istribu tion  having  the  same mean  
value,  because  usual ly  the  m icrophone  is  more  sens i tive  to  a  sound  pressure  at  the  cen tre  of 
the  d iaphragm.  Th is  d i fference  wi l l  vary for m icrophones  wi th  various  d i fferen t non -
un i formi ties  of tension  d i stribu tion  on  the  d iaphragm.  

For cyl indrical  couplers,  as  described  in  Annex C,  both  long i tud inal  and  rad ia l  wave  motions  
(symmetric as  wel l  as  asymmetric)  wi l l  be  present.  The  rad ia l  wave  motion  wi l l  resu l t i n  a  
non-un i form  pressure  d i stribu tion  over the  d iaphragm.  I t  wi l l  be  generated  when  the  source  
d i ffers  from  a  true  p iston  source  covering  the  whole  end  surface  of the  coupler or when  the  
combined  microphone/coupler geometry i s  not  a  perfect ri gh t  ang le  cyl inder.  I n  add i ti on  
asymmetric  rad ia l  wave motion  is  a lso  generated  by the  transmi tter m icrophone by 
imperfections  in  the  backplate/d iaphragm  geometry or i n  the  d iaphragm  tens ion  and  
homogenei ty.   

I t  i s  recommended  that the  sound  pressure  d istribu tion  du ring  a  ca l i bration  shou ld  be  un i form  
to  better than  ±  0 , 1  dB  over the  surface  of the  d iaphragm.  However,  i t  i s  d i fficu l t to  con trol  th is  
cond i tion  i n  an  actual  ca l ibration  set-up  due  to  the  geometrical  imperfection  of real  
m icrophones  and  couplers.  Al though  rad ia l  wave  motion  can  never be  avoided  because  the  
veloci ty d is tribu tion  of the  transm i tter m icrophone  d i ffers  from  that of a  true  p iston ,  couplers  
having  the  same d iameter as  that of the  m icrophone  d iaphragm  wi l l  exh ib i t the  smal l est  
amoun t of rad ia l  wave  motion  and  be  l ess  sensi tive  to  geometrical  imperfections  than  
couplers  wi th  l arger d iameters.  

However,  when  a  ca l ibration  at h i gh  frequencies  wi th  a  h i gh  accuracy i s  necessary,  i t  may be  
preferable  to  use  more  than  one  coupler wi th  d i fferent d imensions  to  assess  the  true  
sens i tivi ty of the  m icrophones  and  to  apply a  theoretica l ly based  correction  for the  rad ia l  
wave-motion  effects.  

6.5  Dependence on  environmental  conditions  

6.5. 1  Static pressure  

The  acoustic  res istance  and  mass  of the  gas  between  the  d iaphragm  and  backplate,  the  
compl iance  of the  cavi ty beh ind  the  d iaphragm  and  thus  the  pressure  sens i tivi ty of the  
m icrophone,  depend  on  the  static pressure.  Th is  dependence  i s  a  function  of frequency.  I t  can  
be  determined  for a  m icrophone  under test by making  reciproci ty  cal i brations  at d i fferent 
static pressures.  

Annex D  con ta ins  i n formation  on  the  i n fl uence of static pressure  on  the  pressure  sens i tivi ty  of 
l aboratory s tandard  condenser m icrophones.  

6.5.2  Temperature   

The  acoustic res istance  and  mass  of the  gas  between  d iaphragm  and  backplate  and  thus  the  
pressure  sens i tivi ty of the  m icrophone,  depend  on  the  temperature.  I n  add i ti on  the  mechan ical  
d imensions  of the  m icrophone depend  on  the  temperature  and  the  sens i tivi ty of the  
m icrophone depends  on  the  mechan ical  tens ion  i n  the  d iaphragm  and  on  the  spacing  between  
d iaphragm  and  backplate.  The  tota l  effect  of these  dependencies  i s  a  function  of frequency.  
The  combined  dependence  can  be  determined  for a  m icrophone under test by making  
reciproci ty  cal i brations  at  d i fferen t temperatures.  
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Annex D  con tains  i n formation  on  the  i n fl uence  of temperature  on  the  pressure  sens i tivi ty  of 
l aboratory s tandard  condenser m icrophones.  

NOTE  I f a  m icrophone  i s  exposed  to  excessive  temperatu re  vari ati ons  a  permanent change  i n  sens i ti vi ty  may 
resu l t.  

6.5.3  Humidi ty 

Although  the  thermodynamic state  of the  a i r enclosed  i n  the  cavi ty beh ind  the  d iaphragm  of 
the  m icrophone  depends  s l i gh tly  on  humid i ty,  an  i n fluence  on  the  sens i ti vi ty  has  not  been  
observed  for laboratory s tandard  m icrophones,  provided  condensation  does  not take  p lace.  

NOTE  Certain  cond i ti ons  can  i n fl uence  the  stabi l i ty  of po lari zi ng  vol tage  and  backplate  charge  and  therefore  
i n fl uence  the  sensi ti vi ty.  For example  the  su rface  res i stance  of the  i nsu lati on  materia l  between  the  backpl ate  and  
the  housing  of the  m icrophone  may deteriorate  u nder excessively  hum id  cond i ti ons,  parti cu larl y  i f the  material  i s  
contaminated  (see  a l so  7 . 3. 3. 3).  The  su rface  res i stance  has  a  noti ceable  effect  on  the  sensi ti vi ty  of the  
m icrophone  at  l ow frequencies,  especial l y  on  the  phase  response.  

6.5.4  Transformation  to  reference  environmental  conditions  

When  reporti ng  the  resu l ts  of a  ca l ibration ,  the  pressure  sens i tivi ty  shou ld  be  referred  to  the  
reference  envi ronmental  cond i ti ons  i f re l i ab le  correction  data  are  avai l ab le.  

The  actual  cond i ti ons  du ring  the  cal i bration  shou ld  be  reported .  

NOTE  Du ring  a  cal i brati on ,  the  temperatu re  of the  m icrophone  can  be  d i fferen t from  the  ambient  a i r temperatu re.  

6.6  Influence of leakage  

At low frequencies,  care  shou ld  be  taken  to  avoid  l eakage  in  the  coupler as  i t  affects  the  
acoustic transfer impedance.  Al ternatively,  a  capi l l ary tube  can  be  used  as  a  con trol l ed  
l eakage.  I n  that  case,  i ts  effects  on  the  acoustic transfer impedance  shal l  be  calcu lated .  

7 Cal ibration  uncertainty components  

7. 1  General  

I n  add i ti on  to  the  factors  mentioned  i n  C lause  6  wh ich  affect  the  pressure  sens i tivi ty,  fu rther 
uncertain ty components  are  i n troduced  by the  method ,  the  equ ipment and  the  degree  of care  
under wh ich  the  cal ibration  i s  carried  ou t.  Factors,  wh ich  affect the  cal i bration  i n  a  known  
way,  shal l  be  measured  or calcu lated  wi th  as  h igh  accuracy as  practicable  i n  order to  
m in im ize  thei r i n fl uence  on  the  resu l ti ng  uncertain ty.  

7.2  Electrical  transfer impedance  

Various  methods  are  used  for measuring  the  e lectrical  transfer impedance  wi th  the  necessary 
accuracy,  and  no  preference  i s  g iven .  

The  curren t through  the  transm itter i s  usual ly determined  by measuring  the  vol tage  across  a  
ca l i brated  impedance  i n  series  wi th  the  transmi tter m icrophone.  To  ensure  a  correct 
determ ination  of the  curren t,  the  g round  sh ie ld  reference  con figuration ,  see  6 . 3 ,  shal l  be  
attached  to  the  transmi tter m icrophone.  The  cal i bration  of the  series  impedance shal l  i ncl ude  
any cable  capaci tance  and  other l oad  impedance  present when  measuring  the  vol tage  across  
the  impedance.  Th is  a l lows  the  e lectrica l  transfer impedance to  be  determined  by a  vol tage  
ratio  and  the  cal ibrated  series  impedance.  

The  vol tage  used  to  exci te  the  transm itter m icrophone shal l  be  such  that the  effect of 
harmon ics,  from  th is  source  or generated  by the  m icrophone,  on  the  uncertain ty i n  the  
determ ination  of the  pressure  sensi tivi ty i s  smal l  compared  to  the  random  uncertain ty.  
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Noise  or other i n terference such  as  cross-ta lk,  whether of acoustical  or other orig in ,  shal l  not 
undu ly affect the  determination  of the  pressure  sens i tivi ty.  

NOTE  1  Frequency selecti ve  techn iques  can  be  used  to  improve  the  s i gna l -to-noise  ratio.  

NOTE  2  Cross-ta lk can  be  measured  by substi tu ti ng  the  receiver m icrophone  wi th  a  dummy m icrophone  having  
the  same capaci tance  and  external  geometry as  the  rece iver m icrophone  and  then  determ in i ng  the  resu l ti ng  
d i fference  i n  the  e l ectri c  transfer impedance.  The  coupl er and  m icrophones  shou l d  be  posi ti oned  as  d uri ng  a  
cal i bration .  Al ternatively,  cross-talk can  be  determ ined  by setti ng  the  polari zi ng  vol tage  to  zero  vol ts  d uri ng  a  
cal i bration .  I n  both  methods,  frequency selecti ve  techn i ques  are  recommended .  

7.3  Acoustic  transfer impedance  

7.3. 1  General  

Several  factors  i n fl uence  the  acoustic transfer impedance  but  the  major source  of uncertain ty 
i n  i ts  determination  i s  often  the  m icrophone parameters,  especia l ly  for smal l  couplers.  

7.3.2  Coupler properties  

7.3.2 . 1  Coupler d imensions  

The shape  and  d imensions  of the  coupler cavi ty shal l  be  chosen  i n  such  a  way that 6 . 4  i s  
satisfied .  As  l ong  as  the  g reatest  d imension  of the  coupler i s  smal l  compared  to  the  
wavelength  of sound  i n  the  gas,  the  sound  pressure  wi l l  be  substantia l ly un i form  in  the  
coupler and  i ndependent of the  shape.  At h i gh  frequencies  and  for large  couplers,  th is  
requ irement may be  met by fi l l i ng  the  cavi ty  wi th  hel i um  or hydrogen.  

The  uncertain ty on  coupler d imensions  affects  the  acoustic transfer impedance  by d i fferen t 
amounts  that vary wi th  frequency.  I t  a lso  i n fl uences  the  heat conduction  and  capi l l ary  tube  
corrections.  

Examples  of couplers  are  g iven  in  Annex C.  

NOTE  1  Cyl i ndri cal  coupl ers  used  i n  a  frequency range  where  the  d imensions  are  not  smal l  compared  to  the  
wavel ength  shou ld  be  manufactured  wi th  the  u tmost  care  so  that  asymmetric  sound  fi e l ds  are  not  exci ted .  

NOTE  2  The  i n fl uence  on  a  m icrophone  of an  asymmetric  sound  pressure  d i s tri bu tion  i n  the  coup ler may be  
ascertai ned  by  chang ing  the  re lati ve  posi ti on  of the  coupler and  m icrophones,  for i nstance  by i ncremental l y  rotati ng  
each  m icrophone  about  i ts  axi s .  I f such  a  change  affects  the  e l ectri cal  transfer impedance,  th i s  effect  shou ld  be  
taken  i n to  account when  estimati ng  the  uncertai n ty.  

NOTE  3  I f the  coupler i s  fi l l ed  wi th  a  gas  other than  a i r,  care  shou l d  be  taken  to  avoid  l eakage  of the  gas  to  the  
cavi ty  beh ind  the  d iaph ragm  of the  m icrophone,  by  seal i ng  the  con tacti ng  surface  wi th  a  th i n  l ayer of g rease.  I f 
d i ffus ion  of the  gas  i n to  the  back cavi ty  takes  p l ace,  th rough  the  d i aph ragm  or by other means,  the  m icrophone  
cannot be  cal i brated  i n  th i s  way as  the  m icrophone  sensi ti vi ty  i s  a l tered  unpred ictably.  

7.3.2 .2  Heat conduction  and  viscous  losses  

The  correction  for heat conduction  and  viscous  losses  shal l  be  ca lcu lated  from  the  equations  
g iven  i n  Annex A for cyl indrical  couplers  wi th in  the  range  of d imensions  as  described  i n  
Annex C.  I n  the  ca lcu lations  the  total  coupler volume  i s  understood  as  the  sum  of the  
geometrical  volume of the  coupler and  the  fron t cavi ty volumes  of the  coupled  m icrophones.  
S imi l arly  the  tota l  surface  area  i s  understood  as  the  sum  of the  surface  area  of the  coupler 
and  the  surface  areas  of the  fron t cavi ti es  of the  coupled  m icrophones.  

7.3.2 .3  Capi l lary tube  

I f capi l lary  tubes  are  used ,  the  acoustic impedance  shal l  be  ca lcu lated  from  the  equations  
g iven  in  Annex B.  Long ,  narrow capi l l ary  tubes  are  recommended  i n  order to  m in im ize  the  
effect  of uncertain ty  on  the  d imensions  of the  tubes.  The  correction  factor for capi l l ary  tubes  
is  ca lcu lated  from  Equation  (6)  i n  5. 6 .  
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7.3.2 .4  Physical  quanti ti es  

The acoustic  transfer impedance  depends  on  certain  physical  quan ti ti es  describ ing  the  
properties  of the  gas  enclosed  i n  the  coupler.  These  quan ti ti es  depend  on  environmenta l  
cond i ti ons  such  as  static pressure,  temperature  and  hum id i ty.  Va lues  of the  quan ti ties  and  
thei r dependence  on  envi ronmental  cond i ti ons  are  described  in  Annex F  for hum id  a i r.  

The  resu l ting  uncertain ty on  the  quan ti ti es  i s  a  combination  of the  uncertain ty on  the  
equations  in  Annex F  and  the  uncertain ty on  the  measurement of the  envi ronmenta l  
cond i ti ons.  

7.3.3  M icrophone parameters  

7.3.3.1  Front cavi ty 

A l aboratory standard  m icrophone  has  a  recessed  cavi ty i n  front of the  d iaphragm.  

I n  Equation  (3) ,  the  volume  of the  front cavi ty  forms  a  part  of the  total  geometrical  vo lume  V of 
the  coupler.  I n  Equation  (4),  the  depths  of the  front cavi ti es  s im i larly  i n fl uence  the  l eng th  l0  of 
the  coupler.  Because  of production  to lerances  the  volume  and  depth  of the  front  cavi ty  shal l  
be  determined  ind ividual ly for each  m icrophone under test when  cal ibrated  i n  p lane-wave 
couplers  (see  Annex E).  

I t  wi l l  usual ly  be  found  that  the  measured  volume  of the  fron t cavi ty  i s  d i fferent  from  the  
volume calcu lated  from  the  cross-sectional  area  S0  of the  coupler and  the  cavi ty depth .  Th is  i s  
because  the  d iameter of the  front  cavi ty  may d i ffer s l i ghtly  from  the  d iameter of the  coupler,  
the  cavi ty may have  a  screw thread  tu rned  on  i ts  i nner wal l ,  wh ich  makes  the  cavi ty d iameter 
somewhat i l l -defined ,  and  there  may be  an  add i ti onal  annu lar a i r space  l i nked  to  the  cavi ty 
around  the  edge  of the  m icrophone d iaphragm.  The  excess  volume of the  cavi ty,  defi ned  as  
the  d i fference  between  the  actual  front volume  and  the  volume  calcu lated  from  the  
cross-sectional  area  S0  of the  coupler and  the  front  cavi ty  depth ,  shal l  be  considered  an  
add i ti onal  term inating  impedance  when  us ing  Equation  (4).  Th is  may be  done  by setting  Za, 1  
and  Za, 2  to  be  the  impedance of the  paral le l  connection  of the  m icrophone  impedance and  the  
impedance due  to  the  excess  volume.   

NOTE  1  Th i s  excess  volume  can  i n  some i nstances  be  negati ve.  

NOTE  2  For fron t  cavi ti es  wi th  an  i n ner th read ,  the  l arger surface  of the  th read  resu l ts  i n  i ncreased  heat  
conduction  that  affects  the  acousti c  transfer impedance.  I f th i s  effect  i s  neg lected  when  calcu lati ng  the  acousti c  
transfer impedance,  the  correspond ing  uncertai n ty  componen t shou ld  be  i ncreased  accord ing ly.  

7.3.3.2  Acoustic impedance  

The acoustic impedance  of the  m icrophone  is  a  function  of frequency and  i s  determined  
main ly by the  properties  of the  stretched  d iaphragm  and  the  a i r enclosed  i n  the  cavi ty beh ind  
the  d iaphragm,  and  by the  geometry of the  backplate.  To  a  fi rst approximation  the  acoustic  
impedance can  be  expressed  in  terms  of equ ivalen t series-connected  compl iance,  mass  and  
res istance.  Th is  network can  a l ternative ly  be  described  by compl iance,  resonance  frequency 
and  l oss  factor.  Compl iance  i s  often  g iven  i n  terms  of the  low frequency va lue  of the  rea l  part 
of the  equ ivalent volume  of the  m icrophone (see  6 . 2 . 2  of I EC  61 094-1 : 2000).  

At  very low frequencies,  heat conduction  in  the  cavi ty beh ind  the  d iaphragm  resu l ts  i n  an  
i ncrease  of the  equ iva lent volume  of the  m icrophone  wh ich  for type  LS1  m icrophones  wi l l  be  
up  to  5  % .  

The  acoustic impedance  Za  of each  m icrophone  forms  an  importan t part  of the  acoustic  
transfer impedance  Za, 1 2  of the  system  and  errors  i n  the  determination  of Za  i n fl uence the  
accuracy of the  ca l i bration  i n  a  compl icated  way,  particu larly  at h i gh  frequencies.  

At l ow frequencies,  heat  conduction  i n  the  cavi ty beh ind  the  d iaphragm  and  the  pressure-
equal iz i ng  tube  of the  m icrophone  con tribute  s ign i fican tly to  the  acoustic  impedance  of the  
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m icrophone.  The  acoustic impedance Za  o f each  m icrophone  forms  an  importan t part of the  
acoustic  transfer impedance  Za, 1 2  of the  system.  At h igh  frequencies,  errors  i n  the  
determ ination  of Za  i n fl uence  the  accuracy of the  cal i bration  i n  a  compl icated  way.  

Methods  for determin ing  the  acoustic impedance are  described  in  Annex E .  

NOTE  1  The  accu racy to  wh ich  the  m icrophone  parameters  need  to  be  measu red  i n  order to  obtai n  a  certa in  
overa l l  accuracy i s  related  to  the  coupler used  and  the  frequency.  

NOTE  2  For type  LS1  m icrophones,  heat conduction  and  pressure  equal i zati on  resu l t  i n  an  i ncrease  of the  
d iaphragm  compl iance  that  reaches  20  %  to  25  %  below the  l ower l im i ti ng  frequency.  For LS2  m icrophones,  the  
i ncrease  i s  6  %  to  9  % .  

7.3.3.3  Polarizing  vol tage  

I n  order to  determine  the  polarizing  vol tage,  provision  can  be  made  for measuring  th is  vol tage 
d i rectly at the  term inals  of the  m icrophone.  Th is  i s  important,  when  the  polarizing  vol tage  i s  
obtained  from  a  h i gh- impedance  source,  due  to  the  fi n i te  i nsu lation  res istance  of the  
m icrophone.  Al ternatively,  the  i nsu lation  res istance  of the  m icrophone can  be  measured  and  
veri fi ed  to  be  sufficiently  h i gh  that a  measurement of the  polarizing  vol tage  supply  wi th  the  
m icrophone removed ,  or a  measurement at a  low impedance  port of the  polarizing  vol tage  
supply,  are  va l i d .  

7.4  Imperfection  of theory 

The practical  implementation  of the  reciproci ty  theorem  and  the  derivation  of the  acoustic  
transfer impedance  are  based  on  some  i deal ized  assumptions  about  the  m icrophones,  the  
sound  fi e l d  i n  the  couplers,  the  movement of the  m icrophone  d iaphragm  and  the  geometry of 
the  couplers  when  closed  wi th  the  m icrophones.  Examples  where  these  assumptions  may not  
be  fu l ly va l id  are:  

−  Smal l  scale  imperfections  in  the  transmi tter m icrophone  may lead  to  asymmetric 
wave-motion  wh ich  cannot be  accounted  for;  

−  M icrophones  may not be  reciprocal .  The  effect  of th is  can  be  m in im ized  by combin ing  on ly 
m icrophones  of the  same  model ;  

−  Rad ia l  wave-motion  corrections,  i f appl i ed ,  are  based  on  i deal ized  movements  of the  
m icrophone d iaphragms  or on  empirica l  data;  

−  The  excess  volume  of the  m icrophone fron t  cavi ty,  see  7 . 3 . 3. 1 ,  may not  be  deal t  wi th  
correctly;  

−  A l umped  parameter representation  of the  m icrophone  acoustic  impedance  is  on ly an  
approximation  to  the  true  impedance;  

−  Viscous  l osses  a long  the  coupler surface  have  been  estimated  by an  approximate  theory.  
I n  add i ti on ,  the  effect  of viscous  losses  aris ing  from  an  inner thread  in  the  fron t cavi ty and  
surface  roughness  are  not accounted  for.  Th is  wi l l  affect the  acoustic transfer impedance  
at  h i gh  frequencies.  

7.5  Uncertainty on  pressure  sensi tivi ty l evel  

The uncerta in ty on  the  pressure  sensi tivi ty l evel  shou ld  be  determ ined  i n  accordance wi th  
ISO/IEC Gu ide  98-3.  When  reporti ng  the  resu l ts  of a  ca l ibration  the  uncertain ty,  as  function  of 
frequency,  sha l l  be  stated  as  the  expanded uncertainty of measurement us i ng  a  coverage 
factor of k =  2.  

Due  to  the  complexi ty  of the  fi nal  express ion  for the  pressure  sens i tivi ty i n  Equation  (7)  the  
uncertain ty analys is  of the  acoustic transfer impedance is  usual ly performed  by repeating  a  
ca lcu lation  wh i le  the  various  componen ts  are  changed  one  at a  t ime by the ir associated  
uncertain ty.  The  d i fference to  the  resu l t  derived  by the  unchanged  components  is  then  used  
to  determine  the  s tandard  uncertain ty  re lated  to  the  various  components.  
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Table  1  l i s ts  a  number of components  affecting  the  uncertain ty  of a  ca l ibration .  Not  a l l  of the  
components  may be  re levant i n  a  g iven  ca l ibration  setup  because  various  methods  are  used  
for measuring  the  e lectri ca l  transfer impedance,  for determin ing  the  m icrophone parameters  
and  for coupl i ng  the  m icrophones.  

The  uncertain ty componen ts  l i s ted  i n  Table  1  are  general ly a  function  of frequency and  shal l  
be  derived  as  a  s tandard  uncerta in ty.  The  uncertain ty componen ts  shou ld  be  expressed  i n  a  
l i near form  bu t a  logari thmic form  is  a lso  acceptable  as  the  va lues  are  very smal l  and  the  
derived  fi na l  expanded  uncertain ty of measurement wou ld  be  essen tia l ly  the  same.  

Table  1  – Uncertainty components  

Measured  quanti ty  Relevant subcl ause no.  

E lectri cal  transfer impedance   

Series  impedance  7. 2  

Vol tage  rati o  7 . 2  

Cross-ta lk 7 . 2  

I nherent and  ambient  no i se  7. 2  

Di storti on  7. 2  

Frequency 7. 2  

Receiver g round  sh i e l d   6 . 3  

Transmi tter g round  sh i el d  6 . 3 ;  7 . 2  

Coupler properties   

Coupler l ength  7 . 3 . 2 . 1  

Coupler d i ameter 7 . 3 . 2 . 1  

Coupler vol ume  7. 3 . 2 . 1 ;  7 . 3 . 2 . 2  

Coupler surface  area  7. 3 . 2 . 1 ;  7 . 3 . 2 . 2  

Un in tenti ona l  
coupler/m icrophone  l eakage  

6. 6 ;  7 . 3. 2 . 1  

Capi l l ary  tube  d imensi ons  7. 3 . 2 . 3  

Stati c  pressure   7 . 3. 2 . 4  

Temperatu re  7. 3 . 2 . 4  

Relati ve  hum id i ty  7 . 3 . 2 . 4  

Microphone  parameters   

Front  cavi ty  depth  7. 3 . 3 . 1  

Front  cavi ty  vol ume  7. 3 . 3 . 1  

Equ ivalen t  vol ume  7. 3 . 3 . 2  

Resonance  frequency 7. 3 . 3 . 2  

Loss  factor 7 . 3 . 3 . 2  

Diaphragm  compl iance  7. 3 . 3 . 2  

Diaphragm  mass  7. 3 . 3 . 2  

Diaphragm  resi stance  7. 3 . 3 . 2  

Add i ti onal  heat  conduction  
caused  by front  cavi ty  th read  

7. 3 . 3 . 1  

Polari zi ng  vol tage  6. 5. 3 ;  7 . 3. 3 . 3  

Imperfection  of theory  

Heat conduction  theory  Annex A 

Add ing  of excess  volume  7. 3 . 3 . 1 ;  7 . 4  

Vi scosi ty  l osses  7. 4  
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Measured  quanti ty  Relevant subcl ause no.  

Rad ial  wave-motion  6. 4 ;  7 . 3. 2 . 1 ,  7 . 4  

Processing  of resu l ts   

Round i ng  error  

Repeatabi l i ty  of measurements   

S tati c  pressure  corrections  6. 5. 1 ;  Annex D  

Temperatu re  corrections  6. 5. 2 ;  Annex D  
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Annex A  
(normative)  

 
Heat conduction  and  viscous  losses  in  a  closed  cavi ty 

 

A.1  General  

I n  a  closed  coupler heat  conduction  between  the  a i r and  the  wal ls  resu l ts  i n  a  gradual  
trans i ti on  from  ad iabatic to  i sothermal  cond i tions.  The  exact nature  of th is  transi tion  depends  
upon  the  frequency of the  cal i bration  and  the  d imensions  of the  coupler.  I n  add i ti on  any sound  
particle  veloci ty a long  the  coupler surfaces  wi l l  resu l t  i n  viscous  losses.  The  resu l ti ng  sound  
pressure  generated  by the  transmitter m icrophone,  i . e.  a  constan t volume d isplacement 
source,  wi l l  change accord ing ly.  Two  approaches  for determin ing  the  resu l ti ng  sound  pressure  
are  g iven :  

– A l ow frequency solu tion  based  on  heat conduction  on ly and  appl icable  to  l arge-volume  
couplers  and  p lane-wave  couplers  i n  the  frequency range  where  wave-motion  can  be  
neg lected .  

– A broad-band  solu tion  appl icable  to  p lane-wave couplers  on ly,  i ncl ud ing  both  heat 
conduction  and  viscous  l osses.  

For p lane  wave couplers ,  i t  can  be  demonstrated  that the  low frequency solu tion  correction ,  
when  appl ied  to  the  cross-sectional  area  of the  coupler,  i s  va l id  at  frequencies  where  
pressure  variations  due  to  wave-motion  are  moderate,  see  [A.5] 2.  

P lane-wave and  large-volume  couplers  are  described  in  Annex C.  

A.2  Low frequency solution  

At l ow frequencies,  where  the  sound  pressure  can  be  assumed  to  be  the  same at a l l  po in ts  i n  
the  coupler,  the  effect of heat conduction  can  be  cons idered  as  an  apparen t i ncrease  in  the  
coupler volume expressed  by a  complex correction  factor ∆H  to  the  geometrica l  volume V i n  
Equation  (3).  

The  correction  factor i s  g iven  by:  

 
v)1(1H E−+

=∆
κ
κ  (A. 1 )  

where  EV  i s  the  complex temperature  transfer function  defined  as  the  ratio  of the  space 
average  of the  s i nusoida l  temperature  variation  associated  wi th  the  sound  pressure  to  the  
s i nusoida l  temperature  variation  that  wou ld  be  generated  i f the  wal ls  of the  coupler were  
perfectly  non-conducting .  Tabu lated  values  for EV  are  found  i n  [A. 1 ] 3  as  a  function  of 
parameters  R  and  X,  where:  

R  i s  the  length  to  d iameter ratio  of the  coupler;  

)/( t
2 καfX = ;  

f i s  the  frequency i n  hertz  (Hz);  

  i s  the  volume  to  surface  ratio  of the  coupler i n  metres  (m);  

___________ 

2 F igu res  i n  square  brackets  refer to  Cl ause  A. 4.  

3  F i gu res  i n  square  brackets  refer to  Cl ause  A. 4.  
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αt   i s  the  thermal  d i ffusivi ty of the  enclosed  gas  i n  square  metres  per second  (m2 ⋅s–1 ) .  

Tabu lated  va lues  of EV  for some  va lues  of R  and  X are  g iven  in  Table  A. 1 .  The  fi gu res  g iven  
are  cons idered  accurate  to  0 , 000  01 .  

For fi n i te  cyl i ndrical  couplers  wi th in  the  range  of d imensions  as  described  i n  Annex C,  the  
approximation  described  below on  the  complex quan ti ty  EV  resu l ts  i n  errors  l ess  than  0 , 01  dB  
at  frequencies  above  20  Hz.  

 2 3
1 2v

1 (3 / 4) πE S D S D S= − + +  (A. 2)  

where  
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21 1 j
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2π 2 π

S
X X

− = − =  
 

 
2

1 2
π 8

π(2 1 )

R R
D

R

+
=

+
 

 
3 2

2 3
6

3 π (2 1 )

R R
D

R

−
=

+
 

The  modu lus  of EV,  as  ca lcu lated  from  Equation  (A. 2) ,  i s  accurate  to  0 , 01  %  wi th in  the  range  
0, 1 25  <  R  <  8  and  for X >  5 .  

Table  A. 1  – Values  for EV  

Real  part of EV  X Imaginary part of EV  
R =  0 , 2  R =  0 , 5  R =  1  R =  0 , 2  R = 0,5  R = 1  
0, 721  27  0 , 71 9  96  0 , 720  03  1 , 0  0 , 240  38  0 , 223  23  0 , 221  46  

0 , 800  92  0 , 801  22  0 , 801  28  2 , 0  0 , 1 77  22  0 , 1 69  86  0 , 1 68  85  

0 , 837  27  0 , 837  51  0 , 837  54  3 , 0  0 , 1 48  1 8  0 , 1 43  04  0 , 1 42  36  

0 , 859  07  0 , 859  20  0 , 859  22  4 , 0  0 , 1 30  03  0 , 1 26  1 4  0 , 1 25  63  

0 , 873  93  0 , 874  02  0 , 874  03  5 , 0  0 , 1 1 7  32  0 , 1 1 4  21  0 , 1 1 3  80  

       

0, 893  43  0, 893  48  0, 893  49  7, 0  0, 1 00  30  0, 098  07  0, 097  77  

0, 91 0  82  0 , 91 0  86  0 , 91 0  86  1 0 , 0  0 , 084  77  0 , 083  21  0 , 083  00  

0 , 936  93  0 , 936  94  0 , 936  94  20, 0  0 , 060  86  0 , 060  07  0 , 059  97  

0 , 948  50  0 , 948  51  0 , 948  51  30, 0  0 , 050  02  0 , 049  50  0 , 049  42  

0 , 955  40  0 , 955  41  0 , 955  41  40, 0  0 , 043  49  0 , 043  1 0  0 , 043  04  

       

0 , 963  58  0, 963  59  0, 963  59  60, 0  0, 035  68  0, 035  41  0, 035  38  

0, 968  46  0, 968  46  0, 968  46  80, 0  0, 030  98  0, 030  78  0, 030  76  

0, 971  79  0, 971  79  0, 971  79  1 00, 0  0, 027  76  0, 027  61  0, 027  58  

0, 980  05  0 , 980  05  0 , 980  05  200, 0  0 , 01 9  72  0 , 01 9  64  0 , 01 9  63  

0 , 985  90  0 , 985  90  0 , 985  90  400, 0  0 , 01 3  99  0 , 01 3  95  0 , 01 3  95  

       

0 , 990  03  0, 990  03  0, 990  03  800, 0  0, 009  92  0, 009  90  0, 009  89  
 

The  fi rst  two  terms  in  Equation  (A.2)  consti tu te  an  approximation  that  may be  used  for 
couplers  that  are  not ri gh t ci rcu lar cyl i nders.  
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When  ca l ibrations  are  performed  at frequencies  below 20  Hz  us ing  the  couplers  described  i n  
Annex C,  the  fu l l  frequency domain  solu tion  g iven  i n  [A. 1 ]  sha l l  be  used ,  or the  correspond ing  
uncertain ty component shal l  be  i ncreased  accord ing ly.  

At l ow frequencies,  where  the  sound  pressure  can  be  assumed  to  be  the  same at a l l  po in ts  i n  
the  coupler,  the  effect of heat  conduction  can  be  considered  as  an  apparen t i ncrease  in  the  
coupler volume  expressed  by a  complex correction  factor ∆H  to  the  geometrical  coupler 
volume [A. 4] ,  V,  i n  Equation  (3)  or to  the  cross-sectional  area,  S0 ,  i n  Equation  (4)  wi th  γ  =  0  +  
jωc.  

The  correction  factor i s  g iven  by:  

 ∆H  =  κ  −  (κ  −  1 )Ep  (A. 1 )  

 

where  Ep  i s  a  complex quan ti ty derived  from  the  fundamental  solu tion  of the  Fourier equation  
for heat  conduction  and  wh ich  depends  on  the  coupler geometry.  For fi n i te  cyl i ndrica l  
couplers,  the  quanti ty Ep  i s  g iven  by 
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and  where  

R  =  I0  /  (2a)  i s  the  length  to  d iameter ratio  of the  coupler;  

a  i s  the  rad ius  of the  coupler i n  metres  (m) ;  

λn    are  the  roots  of J0(λn)  =  0 ,  see [A. 6] ,  for example;  J0()  i s  the  cyl i ndrica l  Bessel  
function  of the  fi rst ki nd ,  zero  order;  

XP  =  ( ) ( )1 / 2 /tA j V α ω− ;  

A  i s  the  tota l  area  surface  of the  cavi ty  (m2) ;  

αt  i s  the  thermal  d i ffus ivi ty  of the  enclosed  gas  i n  square  metres  per second   
(m2 ⋅s–1 ) .  

Tabu lated  values  of ∆H  for typical  d imensions  of couplers  are  g iven  i n  Table  A. 1  as  function  of 
frequency and  at reference envi ronmental  cond i tions.  The  data  can  be  used  for val i dation  of 
ca lcu lation  software.  The  tabu lated  data  g iven  are  cons idered  accurate  to  0, 000  01 .  The  
quanti ty EP  converges  more  qu ickly at l ow frequencies  and  for smal l  d imensions  of couplers.  
For example,  the  modu lus  of ∆H  i s  wi th in  0, 001  dB  from  the  values  i n  Table  A. 1  when  
ca lcu lated  for (m ,n)  =  (1 00, 1 00)  at 1  995,3  Hz  for the  largest coupler and  for (m ,n)  =  (2 , 2)  at  
1 , 995  3  Hz  for the  smal lest coupler mentioned  in  Table  A. 1 .  
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When  the  quan ti ty  ∆H ,  as  calcu lated  from  Equation  (A. 1 ) ,  i s  appl i ed  to  Equation  (3),  the  
ca lcu lated  transfer admi ttance  is  assumed  to  be  val i d  wi th in  0 , 003  dB  for the  modu lus  and  

0, 01 °  for the  phase  at  frequencies  where  λ V> ⋅2 31 0 .  When  ∆H  i s  appl i ed  to  S0  i n  
Equation  (4)  wi th  γ  =  0  +  jωc,  the  ca lcu lated  transfer admi ttance  i s  assumed  to  be  va l i d  wi th in  
0, 003  dB  and  0, 01 °  at  frequencies  where  λ  >  25l0 .  Th is  corresponds  to  frequencies  
approximately i n  the  range  1  000  Hz  to  3  450  Hz for p lane-wave  couplers  i n  the  range  of 
d imensions  g iven  in  Table  C. 1 .  

Table  A. 1  – Values  for ΔH  

Frequency 
a  =  9 , 3  mm  a  =  9 , 3  mm  a  =  4, 65  mm  a  =  4, 65 mm  

I0  =  1 8, 9  mm  I0  =  1 1 , 4  mm  I0  =  1 0 ,4  mm  I0  =  5, 7  mm  

(Hz)  Re(ΔH )  Im(ΔH )  Re(ΔH )  Im(ΔH )  Re(ΔH )  Im(ΔH )  Re(ΔH )  Im(ΔH )  

1 , 995  3  1 , 1 1 7  1 5  –0, 091  65  1 , 1 41  80  –0, 1 05  09  1 , 223  30  –0, 1 34  20  1 , 278  08  –0, 1 36  63  

3 , 981  1  1 , 083  28  –0, 070  22  1 , 1 01  1 5  –0, 082  1 6  1 , 1 59  58  –0, 1 1 3  26  1 , 1 98  79  –0, 1 28  79  

7 , 943  3  1 , 059  08  –0, 052  43  1 , 071  82  –0, 062  1 3  1 , 1 1 3  96  –0, 089  93  1 , 1 42  1 3  –0, 1 05  26  

1 5, 849  1 , 041  87  –0, 038  50  1 , 050  92  –0, 046  00  1 , 080  99  –0, 068  69  1 , 1 01  39  –0, 082  31  

31 , 623  1 , 029  65  –0, 027  95  1 , 036  08  –0, 033  59  1 , 057  44  –0, 051  1 9  1 , 071  99  –0, 062  26  

63, 096  1 , 021  00  –0, 020  1 4  1 , 025  55  –0, 024  30  1 , 040  70  –0, 037  54  1 , 051  04  –0, 046  1 0  

1 25, 89  1 , 01 4  87  –0, 01 4  44  1 , 01 8  09  –0, 01 7  46  1 , 028  83  –0, 027  23  1 , 036  1 6  –0, 033  66  

251 , 1 9  1 , 01 0  53  –0, 01 0  31  1 , 01 2  81  –0, 01 2  49  1 , 020  41  –0, 01 9  61  1 , 025  61  –0, 024  35  

501 , 1 9  1 , 007  45  –0, 007  34  1 , 009  07  –0, 008  91  1 , 01 4  45  –0, 01 4  05  1 , 01 8  1 4  –0, 01 7  50  

1  000, 0  1 , 005  28  –0, 005  22  1 , 006  42  –0, 006  34  1 , 01 0  23  –0, 01 0  03  1 , 01 2  84  –0, 01 2  52  

1  995, 3  1 , 003  74  –0, 003  71  1 , 004  55  –0, 004  51  1 , 007  24  –0, 007  1 4  1 , 009  09  –0, 008  93  

NOTE  1  The  val ues  g i ven  i n  th i s  table  are  val i d  at  reference  envi ronmental  cond i ti ons  on ly.  

NOTE  2  The  zero-frequency value  of ΔH  i s  κ.  

A.3 Broad-band  solution  

At h igh  frequencies,  where  viscous  l osses  are  present in  add i ti on  to  the  thermal  l osses,  the  
effect of viscosi ty i s  to  reduce  the  effective  cross-sectional  area  of the  coupler due  to  the  
boundary l ayer next to  the  surface  and  at the  same time to  i ncrease  the  effective  l eng th  of the  
coupler due  to  the  reduced  speed  of sound .  At  l ow frequencies  and  for the  couplers  described  
i n  Annex C,  the  two effects  compensate  each  other wh i l e  the  effect  of heat conduction  
remains.  The  combined  effect  of heat conduction  and  viscous  l osses  for sound  propagation  i n  
cyl indrical  tubes  has  been  derived  i n  [A. 2]  based  on  Kirchhoff’s  theory.  

The  complex expressions  for the  propagation  coefficient and  the  acoustic impedance of the  
coupler to  be  used  i n  Equation  (4)  are:   

 ( ) αω η
γ κ

ωρ ω

  −
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 (A. 4)  

where  

η  i s  the  viscos i ty of the  gas  i n  pascal -seconds  (Pa· s);  

a  i s  the  rad ius  of the  coupler i n  metres  (m).  
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Values  for c ,  η ,  ρ  and  αt  i n  hum id  a i r can  be  derived  from  equations  g iven  i n  Annex F .  

I n  add i ti on  to  the  above  l osses  at the  cyl i ndrical  surface,  heat conduction  l osses  occur at  the  
end  surfaces.  These  l osses  can  be  deal t  wi th  by an  admi ttance  1 /Za, h  added  to  each  
m icrophone admi ttance  i n  Equation  (4) ,  see  [A. 3] .   

 ( )κ α ω
ρ

+
= −0

t
a,h

1 1 j 1
1

2

S

Z c c
 (A. 5)  

I f a  m icrophone  has  an  i nner thread  in  the  front cavi ty  the  add i tional  heat conduction  caused  
by the  thread  su rface  can  be  accoun ted  for by  add ing  the  i ncreased  surface  area  of the  
thread  to  the  cross-sectional  area  S0  i n  Equation  (A. 5) ,  see  [A. 4] .  

Equations  (A. 3)  – (A.4)  are  val i d  for the  frequency range  g iven  by 2 1 00aω ρ η> .  Th is  

corresponds  to  frequencies  h i gher than  3  Hz  and  1 2  Hz  for p l ane-wave  couplers  as  g iven  i n  
Table  C. 1  for type  LS1 P  and  LS2aP  m icrophones  respectively.   

When  ca lcu lated  wi th  Equation  (4)  us ing  Equations  (A. 4)  to  (A. 6) ,  the  transfer admi ttance  is  
estimated  to  be  va l i d  wi th in  0 , 003  dB  and  0, 02°  at frequencies  where  λ  <  1 6 l0a  ( the  factor 1 6  
i s  an  empirical  factor,  expressed  in  m –1 ) .  Th is  corresponds  to  frequencies  approximately in  
the  range  1 75  Hz to  1  1 50  Hz  for p lane-wave couplers  i n  the  range  of d imensions  g iven  in  
Table  C. 1 .   

A.4 Reference documents  

[A. 1 ]  GERBER,  H .  Acoustic properties of fluid-filled chambers at infrasonic frequencies in  
the  absence of convection,  J ournal  of Acoustical  Society  of America  36 ,  1 964,  
pp.  1 427-1 434  

[A. 2]  ZWIKKER,  C.  and  KOSTEN,  C.W.  Sound Absorbing Materials,  1 949.  E lsevier,  
Amsterdam.  Chapter I I ,  §  4  

[A. 3]  MORSE,  P.M .  and  INGARD,  K.U .  Theoretical Acoustics,  1 968.  McGraw-H i l l ,  New York.  
Chapters  6. 4  and  9. 2   

[A. 4]  FREDERIKSEN ,  E .  Reduction  of Heat Conduction  Error i n  M icrophone Pressure  
Reciproci ty Cal i bration .  Brüel  & Kjær Techn ical  Review,  1 ,  2001 .  pp1 4-23  

 VI NCENT,  P. ;  RODRIGUES,  D . ;  LARSONN IER,  F . ;  GU IANVARC’H ,  C.  and  DURAND,  
S.  Acoustic transfer admi ttance  of cyl i ndrical  cavi ti es  in  i n frason ic  frequency range,  
Metrolog ia,  201 8,  Vol .  56,  No.  1  

[A. 5]  OLSEN ,  E .S. ,  M icrophone  acoustic  impedance  i n  reciproci ty  ca l i bration  of l aboratory 
standard  m icrophones,  Proceed ings  of Forum  Acusticum  2020,  Paper 1 023,  2020  

[A. 6]  WATSON,  G .N .  A treatise  on  the  theory of Bessel  functions.  Cambridge  Un ivers i ty  
Press.  Second  ed i ti on ,  1 944  
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Annex B   
(normative)  

 
Acoustic impedance of a  capi l lary tube  

 

B.1  General  

The  acoustic  i npu t impedance Za,C  of an  open  capi l l ary tube  is  determined  by means  of the  
transmission  l i ne  theory,  see  5. 6:  

 Ca,C a,t
tanhZ Z lγ=  (B . 1 )  

The  re lationsh ip  between  Za, t  and  γ   i s  g iven  by (see  [B . 1 ]  4) :  

 

1
1 t

a, t 2
t 0 tt

2J ( )
j 1

J ( )π

ka
Z

ka kaa

ωρ
γ

−
 

= − 
  

 (B. 2)  

and  

 
2

1 tt
2

t 0 ta,t

J ( )π 2
j 1 ( 1 )

J ( )

Bkaa

Z Bka Bkac

γ
ω κ

ρ

 
= + − 

  
 (B . 3)  

where  

Jo(  ) ,  J1 (  )  are  the  cyl i ndrical  Bessel  functions  of fi rst  ki nd ,  zero  and  fi rst order 
respective ly of complex argument;  

a t  i s  the  rad ius  of the  tube  i n  metres  (m);  

2
1

)/j( ηωρ−=k  i s  the  complex wavenumber in  metres  to  the  power m inus  one  (m–1 ) ,  

2
1

)/( tραη=B ;  

η  i s  the  viscos i ty of the  gas  i n  pascal -seconds  (Pa ⋅s) ;  

ρ  i s  the  dens i ty  of the  gas  i n  ki l ogram  per cubic  metres  (kg ⋅m–3) ;  

α  t  i s  the  thermal  d i ffusivi ty of the  gas  in  square  metres  per second  (m2 ⋅s–1 ) .  

The  equations  above shal l  be  used  to  ca lcu late  the  correction  factor ∆C  g iven  in  Equation  (6).  

Values  for c ,  η ,  ρ   and  α  t  i n  humid  a i r can  be  derived  from  equations  g iven  i n  Annex F.  

Al ternative ly,  the  capi l l ary tube  may be  b locked  a long  i ts  fu l l  l eng th  by a  su i table  wire  after 
assembl ing  the  coupler and  m icrophones.  I n  th is  case  the  correction  factor ∆C  equals  1 .  

The  expressions  g iven  above  are  derived  for an  i deal  ci rcu lar tube  and  are  sens i tive  to  the  
fourth  power of the  rad ius  of the  tube.  I n  practice,  however,  the  i nner sections  of capi l l ary 
tubes  are  not ci rcu lar and  a  fl ow ca l i bration  of the  tube  may be  necessary to  determine  the  
effective  rad ius.  

Tabu lated  va lues  of the  real  and  imag inary parts  of Za,C  a t  reference  envi ronmental  cond i ti ons  
are  g iven  i n  Tables  B. 1  and  B. 2  for a  typical  range  of parameters  and  frequency.  The  tables  
are  i n tended  to  be  used  when  testi ng  a  calcu lation  program  based  upon  Equations  B. 1  to  B .3 .  

___________ 

4  F i gu res  i n  square  brackets  refer to  Cl ause  B . 2 .  
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I n  an  actual  cal i bration  the  equations  g iven  above  shou ld  be  used  and  the  actual  va lues  of 
temperature,  static  pressure  and  re lative  hum id i ty  be  appl ied .  

Table  B . 1  – Real  part of Za,C  i n  g igapascal-seconds  per cubic  metre  (GPa ⋅s/m3)  

Tube  d imensi ons  i n  mm  
lC  =  50  Frequency 

Hz  
lC  =  1 00  

at  =  0 , 1 667  at  =  0, 20  at  =  0 , 25  at  =  0 , 1 667  at  =  0, 20  at  =  0, 25  
3,01 5  1 ,454  0,596  20  6,034  2,91 1   1 , 1 93  

3,01 6  1 ,455  0,596  25  6,037  2,91 3  1 , 1 94  

       

3,01 7  1 ,455  0,596  31 , 5  6,043  2,91 7  1 , 1 96  

3,01 9  1 ,456  0,597  40  6,052  2,923  1 , 1 99  

3,021   1 ,458  0,598  50  6,066  2,931   1 ,203  

3,026  1 ,460  0,599  63  6,088  2,946  1 ,21 0  

3,033  1 ,464  0,601   80  6,1 24  2,970  1 ,222  

       

3,043  1 ,470  0,604  1 00  6,1 78  3,006  1 ,240  

3,060  1 ,480  0,609  1 25  6,264  3,063  1 ,270  

3,090  1 ,496  0,61 8  1 60  6,41 6  3,1 68  1 ,323  

3,1 34  1 ,521   0,632  200  6,638  3,326  1 ,406  

3,204  1 ,561   0,653  250  6,985  3,589  1 ,547  

       

3,322  1 ,628  0,688  31 5  7,540  4,061   1 ,81 5  

3,531   1 ,747  0,749  400  8,355  4,940  2,378  

3,868  1 ,940  0,848  500  9,074  6,287  3,532  

4,501   2,31 0  1 ,033  630  8,677  7,339  5,629  

5,805  3,1 09  1 ,433  800  6,378  5,31 3  4,380  

       

8,331   4,884  2,374  1  000  4,354  3,006  1 ,928  

1 2,1 22  9,001   5,376  1  250  3,546  2,1 27  1 , 1 47  

9,201   7,936  6,752  1  600  4,1 71   2,408  1 , 1 95  

4,332  3,027  1 ,956  2  000  6,325  4,404  2,523  

2,698  1 ,638  0,894  2  500  4,986  3,723  2,774  

       

2,808  1 ,579  0,783  3  1 50  4,41 2  2,660  1 ,392  

5,91 7  3,529  1 ,745  4  000  5,245  4,024  3,079  

5,959  4,838  3,91 7  5  000  5,058  3,258  1 ,767  

3,307  1 ,940  1 ,01 2  6  300  4,580  2,921   1 ,673  

6,581   5,380  4, 1 33  8  000  4,696  3,034  1 ,751   

       

4, 1 80  2,461   1 ,257  1 0  000  4,977  3,360 1 ,949 

3,909  2,545  1 ,546  1 2  500  4,765  3,335  2,277  

4,047  2,594  1 ,540  1 6  000  4,757  3,267  2, 1 42  

4,531   2,809  1 ,51 6  20  000  4,847  3,322  2.021   

NOTE  The  val ues  g i ven  i n  th i s  table  are  val i d  at  reference  envi ronmental  cond i ti ons  
on ly (see  Clause  4  and  Tabl e  F . 2).  
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Table  B .2  – Imaginary part  of Za,C  i n  g igapascal -seconds  per cubic metre  (GPa ⋅s/m3)  

Tube  d imensi ons  i n  mm  
lC  =  50  Frequency 

Hz  
lC  =  1 00  

at  =  0, 1 667  at  =  0, 20  at  =  0 , 25  at  =  0 , 1 667  at  =  0, 20  at  =  0, 25  
0,097  0,074  0,049  20  0,096  0, 1 1 4  0,090  

0, 1 22  0,092  0,061   25  0,1 20  0, 1 43  0,1 1 2  

       

0, 1 54  0,1 1 6  0,077  31 , 5  0,1 52  0,1 80  0, 1 41   

0, 1 95  0,1 47  0,098  40  0,1 92  0,228  0,1 80  

0,244  0,1 84  0,1 23  50  0,240  0,285  0,225  

0,307  0,232  0,1 55  63  0,300  0,359  0,283  

0,390  0,295  0,1 97  80  0,378  0,456  0,361   

       

0,488  0,369  0,246  1 00  0,467  0,570  0,452  

0,61 1   0,462  0,308  1 25  0,573  0,71 1   0,567  

0,783  0,592  0,396  1 60  0,705  0,907  0,731   

0,981   0,743  0,496  200  0,829  1 , 1 25  0,923  

1 ,230  0,933  0,623  250  0,923  1 ,383  1 , 1 70  

       

1 ,557  1 , 1 86  0,792  31 5  0,896  1 ,668  1 ,502  

1 ,993  1 ,527  1 ,021   400  0,488  1 ,848  1 ,923  

2,51 3  1 ,948  1 ,306  500  –0,676  1 ,41 8  2,203  

3, 1 92  2,533  1 ,71 1   630  –2,737  –0,771   0,932  

3,992  3,354  2,325  800  –3,89  –3,1 49  –2,506  

       

4,287  4,21 6  3,1 86  1  000  –3,030  –2,594  –2,1 29  

1 ,347  3,1 71   3,733  1  250  –1 ,381   –1 ,1 56  –0,944  

–5,328  –4,376  –3,270  1  600  0,430 0,455  0,280  

–4,500  –3,769  –2,958  2  000  0,265  0,975  1 ,222  

–1 ,998  –1 ,665  –1 ,281   2  500  –1 ,700  –1 ,549  –1 ,341   

       

0,489  0,241   0,049  3  1 50  0,204  0, 1 97  0,051   

2,431   2,282  1 ,690  4  000  –1 ,070  –0,858  –0,51 6  

–2,799  –2,427  –1 ,945  5  000  0,209  0,437  0,403  

0, 1 81   –0,041   –0,1 93  6  300  –0,071   –0,098  –0,222  

–1 ,231   –0,589  0,227  8  000  –0,041   –0,029  –0,1 41   

       

0,867  0,637  0,331   1 0  000  –0,053  0,1 52  0,209  

–0,548  –0,705  –0,769  1 2  500  –0,281   –0,294  –0,276  

–0,21 7  –0,406  –0,538  1 6  000  –0,1 75  –0,1 87  –0,226  

0,426  0,341   0,1 34  20  000  –0,1 07  0,000  0,032  

NOTE  The  val ues  g i ven  i n  th i s  table  are  val i d  at  reference  envi ronmental  cond i ti ons  
on ly (see  Clause  4  and  Tabl e  F . 2).  

B.2  Reference document 

[B . 1 ]  ZWIKKER,  C.  and  KOSTEN,  C.W.  Sound Absorbing Materials,  1 949.  E lsevier,  
Amsterdam.  Chapter I I ,  §  2-3  
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Annex C   
( in formative)  

 
Examples  of cyl indrical  couplers  for cal ibration  of microphones  

 

C.1  General  

The  coupler used  in  a  reciproci ty  ca l i bration  shou ld  produce  a  un i form  sound  pressure  
d istribu tion  over the  d iaphragm  of the  transmi tter and  receiver m icrophones.  I t  i s  particu larly  
important that the  pressure  d istribu tion  over the  d iaphragm  of the  receiver m icrophone  be  as  
un i form  as  possib le  i n  order to  be  consistent wi th  the  defin i tion  of pressure  sensi tivi ty,  see  3 . 4  
of I EC 61 094-1 : 2000.  Due  to  rad ia l  wave-motion  and  asymmetry of d iaphragm  motion ,  th is  
i deal  cond i ti on  can  on ly be  approximated .  I n  order to  extend  the  frequency range  over wh ich  
the  coupler can  be  used  (bu t on ly  as  regards  the  rad ia l  wave-motion),  i t  i s  advantageous  for 
the  rad ia l  resonance frequency to  be  as  h i gh  as  poss ib le,  wh ich  cal l s  for a  coupler of smal l  
d iameter.  For practical  reasons,  the  d iameter of the  coupler shou ld  be  not l ess  than  the  
d iameter of the  d iaphragms.  

For a  g iven  coupler,  however,  i t  i s  poss ible  to  ra ise  the  resonance  frequencies  by i n troducing  
hydrogen  or he l ium  i n to  the  coupler i nstead  of a i r (see  7. 3 . 2) .  Theoretical l y i t  shou ld  then  be  
poss ib le  to  extend  the  upper usable  frequency of the  coupler by a  factor equal  to  the  ratio  of 
the  speed  of sound  in  hydrogen  (or hel i um)  and  a i r.  I t  shou ld ,  however,  be  noted  that the  
wave veloci ty in  the  d iaphragm  of the  m icrophones  is  a lmost i ndependent of the  gas  i n  the  
coupler and  thus  not i ncreased  by the  same factor as  the  speed  of sound  i n  the  enclosed  gas.  

An  importan t  quan ti ty  i n  reciproci ty  cal ibration  us ing  a  closed  coupler i s  the  acoustic  transfer 
impedance Za, 1 2  of the  tota l  system  (see  5 . 2  and  5. 4)  wh ich  shal l  be  known  wi th  a  h i gh  
accuracy.  At frequencies  where  the  acoustic wavelength  is  great  compared  to  the  d imensions  
of the  coupler,  the  sound  pressure  d istribu tion  is  un i form  in  the  whole  coupler and  
Za, 1 2  =  Z'a, 1 2  i s  determined  by the  effective  volume of the  coupler,  i . e .  the  geometrical  volume 
of the  coupler i nclud ing  the  front cavi ty volumes  and  the  equ ivalen t volumes  of the  
m icrophones  (see  Equation  (3)) .  At  frequencies  where  the  acoustic wavelength  cannot be  
considered  great compared  to  the  d imensions  of the  coupler,  wave  motion  wi l l  exist  and  i t  i s  
d i fficu l t  to  obtain  a  theoretical  express ion  for the  transfer impedance  un less  the  coupler has  a  
very s imple  form .  Equation  (4)  expresses  the  transfer impedance Z'a, 1 2  o f a  cyl indrical  coupler 
wi th  a  d iameter equal  to  the  d iameter of the  d iaphragms of the  m icrophones  assuming  on ly  
p lane  waves  i n  the  coupler.  

Methods  for calcu lati ng  the  transfer impedance  in  other cases  have  been  developed .  I n  such  
cases,  however,  the  wave  motion  correction  shou ld  a lso  be  determined  empirical ly.  

Two  groups  of couplers  are  used  i n  practice.  Plane-wave  couplers,  where  the  d iameter of the  
coupler i s  equal  to  the  d iameter of the  d iaphragms  and  l arge-volume couplers,  where  the  
coupler volume i s  very l arge  compared  to  the  m icrophone  front  volumes  and  equ ivalen t 
volumes.  

C.2  Plane-wave couplers  

Plane-wave  couplers  have  cavi ty  d iameters  equal  to  the  d iameters  of the  m icrophone fron t 
cavi ti es.  The  length  of the  coupler,  i . e .  the  d istance  between  the  two d iaphragms,  shou ld  be  
l ong  enough  to  ensure  p lane-wave transmiss ion  bu t not l onger than  a  quarter of a  
wavelength .  Coupler cavi ti es  having  length  to  d iameter ratios  wi th in  the  range  of 0 , 5  to  0 , 75  
are  recommended .  Such  couplers  wi l l  perm i t  ca l ibration  of l aboratory s tandard  m icrophones  
of type  LS1 P  up  to  about 1 0  kHz and  type  LS2P  up  to  about  20  kHz when  fi l led  wi th  a i r.  
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Analytica l  express ions  can  be  derived  for the  i n fl uence of symmetric rad ia l  wave-motion  for 
such  couplers ,  under the  assumption  that the  d isplacement function  of the  m icrophone  
d iaphragms  corresponds  to  ideal ized  membrane  vibrations.  [C.2  -  C. 4 ] 5  

Asymmetrica l  rad ia l  wave-motion  wi l l  usual ly  be  present in  the  couplers .  The  lowest mode  of 
these  asymmetric  modes  occurs  i n  p l ane  wave  couplers  around  1 0 , 6  kHz and  21 , 2  kHz  for 
types  LS1  and  LS2  m icrophones  respectively.  

Equation  (4)  shou ld  be  used  to  ca lcu late  Z'a, 1 2  and  i t  i s  necessary to  determ ine  al l  the  factors  
i n fl uencing  Za, 1 2  (see  7 . 3),  i n  particu lar the  acoustic impedance of the  m icrophones,  wi th  a  
h igh  accuracy.  

Recommended  d imensions  for pl ane-wave  couplers  are  g iven  in  Table  C. 1  and  F igure  C. 1 .  
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1  
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1  
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Key 

1  M icrophone  

2  I nsu lator 

3  Capi l l ary tubes  

 

F igure C. 1  – Mechanical  configuration  of plane-wave  couplers  

___________ 

5  F i gu res  i n  square  brackets  refer to  Cl ause  C. 4 .  
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Table  C. 1  – Nominal  d imensions  for plane-wave couplers  

Dimensi ons  i n  mm  

Dimensions  Laboratory standard  m icrophones  

 
Symbol  

 

Type 

LS1 P  
Type 

LS2aP  
Type 

LS2bP  

øA 

øB  

øC 

D  

E  

23, 77  

1 8, 6  

1 8, 6  

1 , 95  

3, 5  – 9 , 5  

1 3, 2  

9, 3  

9 , 3  

0 , 5  

3  – 7  

1 2, 1 5  

9 , 8  

9 , 8  

0 , 7  

3, 5  – 6  

 

C.3  Large-volume couplers  

Large-volume couplers  have  a  larger volume  than  p lane-wave  couplers  and  the  d imensions  
are  so  selected  that the  pressure  decrease  on  the  d iaphragm  due  to  the  rad ia l  modes  i s  partly  
cancel led  by the  pressure  increase  due  to  the  l ong i tud ina l  mode.  The  optimal  l eng th  to  
d iameter ratio  i s  about  0 , 3  and  depends  upon  the  depth  of the  front cavi ti es  of the  
m icrophones.  

Such  couplers  wi l l  perm i t the  ca l ibration  of type  LS1 P  up  to  abou t 2 , 5  kHz and  of type  LS2P 
m icrophones  up  to  abou t 5  kHz  when  fi l led  wi th  a i r when  us ing  an  empirical ly  determined  
wave-motion  correction .  When  a  h igh  accuracy is  necessary,  i t  i s  recommended  to  determine  
the  wave-motion  correction  for the  i nd ividual  coupler used ,  s i nce  the  mode pattern  i n  the  
coupler i s  very sens i tive  to  d imensions.  

Equation  (3)  shou ld  be  used  to  calcu late  Z'a, 1 2  and  i t  i s  on ly  necessary to  determ ine  the  sum  
of the  front  cavi ty volume  and  the  equ ivalen t volume  of the  m icrophones.  

Recommended  d imensions  for l arge-volume couplers  are  g iven  i n  Table  C. 2  and  F igure  C. 2 .  
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Figure C.2  – Mechanical  configuration  of l arge-volume couplers  

Table  C .2  – Nominal  d imensions  and  tolerances  for l arge-volume couplers  

Dimensi ons  i n  mm  

Dimensions  Laboratory standard  m icrophones  

 
Symbol  

 

Type 

LS1 P  
Type 

LS2aP  
Type 

LS2bP  

øA 

øB  

øC 

D  

E  

F  

23, 77  

1 8, 6  

42, 88  ±  0 , 03  

1 , 95  

1 2 , 55  ±  0 , 03  

0 , 80  ±  0 , 03  

1 3, 2  

9 , 3  

1 8, 30  ±  0 , 03  

0 , 5  

3 , 50  ±  0 , 03  

0 , 40  ±  0 , 03  

1 2, 1 5  

9, 8  

1 8, 30  ±  0 , 03  

0 , 7  

3 , 50  ±  0 , 03  

0 , 40  ±  0 , 03  

 

Table  C. 3  provides  representative  wave-motion  corrections  for the  l arge-volume  coupler used  
wi th  type  LS1 P  m icrophones.  These  corrections  are  to  be  added  to  the  pressure  sens i tivi ty 
l evel  determined  when  the  coupler i s  fi l l ed  wi th  a i r,  and  may be  appl ied  i n  cases  where  i t  i s  
not practical  to  determine  the  wave-motion  corrections  for the  i nd ividual  coupler and  
m icrophones  used  during  a  cal ibration .  When  the  coupler i s  fi l l ed  wi th  hydrogen ,  the  same  
corrections  can  be  used  provided  the  frequency scale  i s  mu l tip l i ed  by a  factor equal  to  the  
ratio  of the  speed  of sound  propagation  i n  the  existing  hydrogen  concentration  to  the  
correspond ing  speed  i n  a i r.  
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Table  C .3  – Experimental ly  determined  wave-motion  corrections  for the  ai r-fi l led  large-
volume coupler used  wi th  type LS1 P microphones  

Frequency  
Hz  

Correction   
dB  

≤  800   

1  000  

1  250  

1  600  

2  000  

2  500  

0, 000  

-0, 002  

-0, 01 3  

-0, 034  

-0, 060  

-0, 087  
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Annex D   
(informative)  

 
Environmental  i nfluence on  the  sensi tivi ty of microphones  

 

D.1  General  

Th is  annex g ives  i n formation  on  the  i n fl uence of s tatic pressure  and  temperature  on  the  
sens i tivi ty of m icrophones.  

D.2  Basic relations  

The  sensi tivi ty of a  condenser m icrophone is  inversely proportional  to  the  acoustic impedance  
of the  m icrophone.  I n  a  l umped  parameter represen tation ,  the  impedance i s  g iven  by the 
impedance  of the  d iaphragm  (due  primari ly  to  i ts  mass  and  compl iance)  i n  series  wi th  the  
impedance  of the  enclosed  ai r beh ind  the  d iaphragm.  

The  impedance of the  enclosed  a i r i s  main ly determined  by th ree  parts :  

– the  th i n  a i r fi lm  between  d iaphragm  and  backplate,  i n troducing  d iss ipative  l oss  and  mass;  

– the  a i r i n  ho les  or s l ots  i n  the  backplate,  i n troducing  d iss ipative  l oss  and  mass;  

– the  a i r i n  the  cavi ty  beh ind  the  backplate,  acting  at  low frequencies  as  a  compl iance  bu t  at  
h igh  frequencies  i n troducing  add i ti onal  resonances  due  to  wave motion  in  the  cavi ty.  

Constructional  detai ls  of the  m icrophone  determ ine  the  re lative  importance  of the  three  parts .  

The  dens i ty  and  the  viscos i ty of a i r are  cons idered  l i near functions  of temperature  and /or 
static pressure.  Consequently the  resu l ti ng  acoustic impedance of the  m icrophone  a lso  
depends  upon  the  static  pressure  and  the  temperature.  The  s tatic pressure  and  temperature  
coefficien ts  of the  m icrophone are  then  determ ined  by the  ratio  of the  acoustic impedance at  
reference  cond i ti ons  to  the  acoustic impedance at  the  re levan t s tatic  pressure  and  
temperature  respectively.  

D.3  Dependence on  static  pressure  

Both  the  mass  and  the  compl iance  of the  enclosed  a i r depend  on  s tatic pressure,  wh i le  the  
res istance  can  be  cons idered  i ndependent of s tatic pressure.  The  s tatic pressure  coefficient  
general ly varies  wi th  frequency as  shown  in  F igure  D . 1 .  For frequencies  h igher than  about  
0 , 5  fo  (fo  be ing  the  resonance frequency of the  m icrophone) ,  the  frequency variation  depends  
strong ly  upon  the  wave-motion  i n  the  cavi ty  beh ind  the  backplate.  I n  general ,  the  pressure  
coefficien t depends  on  constructional  detai l s  i n  the  shape of backplate  and  back volume,  and  
the  actual  va lues  may d i ffer cons iderably for two  m icrophones  of d i fferen t manufactu re  
a l though  the  m icrophones  may belong  to  the  same generic type,  e. g .  LS1 P.  Consequen tly the  
pressure coefficients  shown  on  F igure  D. 1  shou ld  not be  appl i ed  to  i nd ividual  m icrophones.  
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Figure D. 1  – Examples  of static pressure  coefficient  of LS1 P  and  LS2P  microphones  
relative to  the  low-frequency value as  a  function  of relative  frequency f/fo  

The l ow-frequency value  (typical ly  250  Hz)  of the  static pressure  coefficient i s  determined  by 
the  re lationsh ip  between  the  compl iances  of the  d iaphragm  i tsel f and  of the  ai r enclosed  
beh ind  the  d iaphragm.  As  the  pressure  sensi tivi ty  at l ow frequencies  i s  determ ined  by the  
resu l ting  effective  compl iance  of the  d iaphragm,  the  static  pressure  coeffi cien t  for ind ividual  
samples  of a  g iven  type  of m icrophones  is  closely  re lated  to  the  i nd ividual  sens i tivi ty  of the  
m icrophones  at  low frequencies.  

The  low-frequency value  of the  static pressure  coefficien t general ly  l i es  between  
–0, 01  dB/kPa  and  –0, 02  dB/kPa  for type  LS1 P  m icrophones,  and  between  –0, 003  dB/kPa  and  
–0, 008  dB/kPa  for type  LS2P m icrophones.  

At  very low frequencies  i sothermal  cond i tions  wi l l  prevai l  i n  the  cavi ty beh ind  the  d iaphragm  
and  thus  the  compl iance  of the  cavi ty wi l l  i ncrease.  I n  add i tion ,  the  i n fl uence of the  static 
pressure  equal ization  tube  becomes  s ign i fican t.  I n  the  l im i t,  the  pressure  sens i tivi ty becomes 
i ndependent of the  static  pressure.  Th is  effect  becomes  noticeable  at  frequencies  below 2  Hz  
to  5  Hz  for type  LS1  and  type  LS2  m icrophones.  

D.4 Dependence on  temperature  

Both  the  mass  and  the  res istance  of the  enclosed  a i r depend  on  temperature,  wh i le  the  
compl iance  can  be  considered  i ndependent of temperature.  The  typical  frequency  
dependence  of the  temperature  coefficien t i s  shown  i n  F igure  D . 2.  

I n  add i ti on  to  the  i n fl uence  on  the  enclosed  a i r,  temperature  variations  a lso  affect  the  
mechan ica l  parts  of the  m icrophone.  The  main  effect general ly wi l l  be  a  change  in  the  tension  
of the  d iaphragm  and  thus  a  change  i n  the  compl iance  of the  d iaphragm  and  a  change  of the  
d istance  between  d iaphragm  and  backplate.  

Th is  resu l ts  i n  a  constan t change i n  sens i tivi ty i n  the  sti ffness  control led  range  and  a  s l i gh t 
change  in  resonance  frequency.  

The  resu l ti ng  temperature  coefficien t i s  a  l inear combination  of the  i n fl uence  due  to  the  
variation  of the  impedance  of the  enclosed  a i r and  the  in fluence  due  to  the  change of the  
mechan ica l  tens ion .  
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The  l ow-frequency va lue  of the  temperature  coefficien t general ly l i es  i n  the  range   
±  0 , 005  dB/K for both  LS1 P and  LS2P m icrophones.  The  temperature  coefficien t shown  i n  
F igu re  D .2  shou ld  not be  appl ied  to  i nd ividual  m icrophones.  
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Figure D.2  – General  frequency dependence of that  part  of the  temperature coefficient 
for LS1 P  and  LS2P  m icrophones  caused  by the  variation  in  the  impedance of the  

enclosed  air 
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Annex E   
(informative)  

 
Methods  for determining  microphone parameters  

 

E.1  General  

Th is  annex g ives  in formation  on  methods  for determin ing  the  m icrophone  parameters  wh ich  
i n fl uence the  acoustic transfer impedance.  The  parameters  are  depth  and  volume of the  fron t 
cavi ty,  and  acoustic impedance of the  m icrophone.  

E.2  Front cavi ty depth  

The  depth  of the  fron t cavi ty  i s  determined  by optica l  methods.  A contour p lot across  a  
d iameter of the  d iaphragm  and  ou ter rim  can  be  obtained  by an  in terferometric  scann ing  
techn ique,  for example  using  a  l aser beam.  Such  measurements  shou ld  be  performed  across  
at  l east two  d iameters  perpend icu lar to  each  other.  An  a l ternative  method  i s  based  on  the  use  
of a  depth-focus ing  m icroscope to  measure  the  d istance  between  poin ts  on  the  top  of the  
m icrophone rim  and  poin ts  on  the  m icrophone  d iaphragm.  A number of read ings  d istributed  
over the  d iaphragm  and  the  top  of the  rim  shou ld  be  taken .  

E.3  Front cavi ty volume and  equivalent volume 

The  fron t cavi ty  volume  together wi th  the  equ ivalent volume i s  determined  by acoustica l  
methods.  As  far as  practicable  such  determ inations  shou ld  be  performed  under reference 
envi ronmenta l  cond i tions.  

The  m icrophone under test i s  i nserted  i n to  one  port of a  three-port  coupler.  Two other 
condenser m icrophones  are  fi tted  -  one  used  as  a  transmitter and  the  other as  a  receiver.  The  
e lectrical  transfer impedance  between  the  two  m icrophones  is  measured ,  wh i l e  the  coupler i s  
term inated  in  tu rn  by  the  m icrophone  under test  and  a  number of cavi ties  of known  volume  
covering  the  range  of actual  m icrophone  front cavi ty  volumes.  By i n terpolation  between  the  
measured  transfer impedances,  the  volume of the  front  cavi ty together wi th  the  equ ivalen t  
volume of the  m icrophone is  determ ined .  

Al ternatively the  m icrophone under test may be  used  as  the  receiver m icrophone.  Th is  wi l l  
general ly  resu l t  i n  a  h i gher s i gnal -to-noise  ratio,  when  measuring  the  e lectrical  transfer 
impedance.  I n  th is  case  a  number of d i fferent couplers  of known  volume may be  used  or the  
changes  of volume can  be  obtained  by inserting  a  number of smal l ,  ca l i brated  rings  between  
the  coupler and  the  m icrophone  under test.  The  i n ternal  d iameters  of the  ri ngs  shou ld  be  
equal  to  those  of the  m icrophone  front cavi ty.  

I t  i s  importan t to  notice  that,  by both  methods,  the  volume determined  i ncludes  the  equ iva len t 
volume of the  acoustic impedance of the  d iaphragm  (see  I EC 61 094-1 ).  

The  methods  described  above  can  be  used  on ly at  l ow frequencies,  where  the  coupler 
behaves  as  a  s imple  compl iance.  Us ing  the  second  method ,  i t  may be  necessary to  
compensate  for the  d i fferences  in  heat conduction  and  capi l lary  tube  corrections  when  the  
coupler volume  is  changed  and  the  effects  of degraded  s i gnal -to-noise  ratio  may need  to  be  
cons idered .  
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E.4 Acoustic impedance of the microphone 

The  acoustic  impedance  can  be  expressed  d i rectl y as  a  complex impedance  or as  a  complex 
equ ivalent volume,  see  I EC 61 094-1 .  On  the  assumption  that  the  m icrophone  can  be  
represented  by an  electro-acoustic two-port network as  described  by the  reciproci ty equations  
(1 a),  a  l umped  parameter representation  is  poss ib le.  Such  l umped  parameter representation  
wi l l  general ly be  of suffi cien t accuracy for the  evaluation  of Za  (see  5 . 4)  i n  the  frequency 
range  up  to  about 1 , 3  times  the  resonance frequency of the  m icrophone.  

The  acoustic  impedance  can  be  expressed  d i rectl y as  a  complex impedance  or as  a  complex 
equ ivalent volume,  see  I EC  61 094-1 .  At med ium  frequencies,  a  l umped  parameter 
representation  is  possib le ,  whereas  the  impedance deviates  from  that of the  lumped  
parameter representation  at l ow and  h igh  frequencies.  Th is  i s  particu larl y important for LS1  
m icrophones  at l ow frequencies  where  the  con tribu tion  to  the  acoustic transfer impedance  i s  
s i gn i ficant  compared  to  the  uncertain ty  of measurement.   

NOTE  The  deviati on  at  l ow frequencies  depends  on  the  construction  of the  back cavi ty,  the  pressure  equal i zation  
system  of the  m icrophone  and  i ts  l ower l im i ti ng  frequency.  For LS  m icrophones  avai l ab le  at  the  time  of publ i cati on  
of th i s  s tandard ,  the  deviation  wi l l  l ead  to  an  error i n  the  resu l ti ng  sens i ti vi ty  that  reaches  0 , 01  dB  around  1 0  Hz  for 
LS1  m icrophones  and  around  2  Hz  for LS2  m icrophones.  

At l ow and  med ium  frequencies,  the  acoustic  admittance  of an  LS  m icrophone  i s  to  a  good  
approximation  proportional  to  the  sensi tivi ty  of the  m icrophone  [E . 1 ] .  Hence,  the  acoustic 
adm ittance  can  be  determined  wi th  an  i terative  procedure  when  a  cal ibration  is  performed .  
F i rst,  the  l umped  parameter representation  is  establ ished ,  and  the  sens i tivi ty resu l ts  are  
ca lcu lated  based  on  th i s  representation .  From  th is  sens i tivi ty,  the  ratio  of the  acoustic  
adm ittance  to  the  sens i ti vi ty  i s  determ ined  for a  s i ng le  frequency i n  the  m id -frequency range,  
e. g .  at  the  local  m in imum  of the  sens i tivi ty.  The  acoustic impedance of the  m icrophone i s  then  
ca lcu lated  from  the  sensi tivi ty by mu l ti pl ication  wi th  the  ratio.  The  i teration  may be  repeated  
based  on  the  new acoustic  admi ttance.  Methods  for the  determ ination  of the  l umped  
parameter representation  of a  m icrophone  are  described  i n  the  fo l lowing .  

The  equ ivalent  l umped  parameters  representing  the  acoustic  impedance  of the  m icrophone 
may be  the  acoustic  mass  ma ,  acoustic  compl iance  ca  and  acoustic  resistance  ra ,  or the  
resonance  frequency f0 ,  equ ivalent  volume  at  l ow frequencies  Veq ,  and  l oss  factor d  o f the  
d iaphragm.  The  resonance frequency i s  the  frequency at wh ich  the  imag inary part  of the  
acoustic  impedance Za  i s  zero.  The  asymptotic  l ow frequency value  of Za  d etermines  the  
compl iance  and  the  equ ivalent volume.  The  real  part of Za  a t  resonance determines  the  
acoustic  resistance  and  l oss  factor.  The  acoustic  mass  is  ca lcu lated  from  the  resonance 
frequency and  the  acoustic compl iance.  The  re lations  between  these  parameters  are:  

2 1
0 a a(2π ) ( )f m c −= ⋅  eq a ref s,refV c pγ= ⋅ ⋅  a 0 a a 0 a/(2π ) 2πd r f m r f c= ⋅ = ⋅ ⋅  

The  acoustic  impedance  can  be  obta ined  by an  i nd i rect  method  based  upon  measurement of 
the  e lectrical  adm ittance  Y o f the  m icrophone.  During  the  electrical  adm ittance  measurements  
the  m icrophone i s  acoustical ly term inated  wi th  a  cl osed  quarter-waveleng th  tube  (p  =  0  i n  
Equation  (1 a))  and  the  acoustic impedance of the  m icrophone i s  then  calcu lated  by i teration  
from:  

 
2
p

1
e,0

a
M

YZ
Z

−−
=  (E . 1 )  

Ze, 0 ,  the  e lectrical  impedance  wi th  the  d iaphragm  b locked ,  may be  determined  from  
measurements  made  at  frequencies  su fficien tly h i gh  (1 00  kHz to  200  kHz)  that  the  d iaphragm  
inertia  effective ly  prevents  motion  (q  =  0  i n  Equation  (1 a)) .  
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The  l umped  parameters  represen ting  the  acoustic  impedance can  a lso  be  determ ined  by 
acoustica l  methods.  At  resonance  the  phase  d i fference  between  the  sound  pressure  acting  on  
the  d iaphragm  and  the  open-ci rcu i t vol tage  wi l l  be  90° .  Th is  frequency can  be  estimated  by 
exci ti ng  the  d iaphragm  wi th  an  e lectrostatic  actuator wh i l e  term inati ng  the  d iaphragm  wi th  a  
cl osed  quarter-wavelength  tube.  Under the  same cond i tions  the  loss  factor can  be  determined  
as  the  ratio  of the  sensi ti vi ti es  at resonance  and  at l ow frequencies.  

A th i rd  method  i s  based  upon  datafi tti ng .  As  the  sens i tivi ty of the  m icrophone  does  not 
depend  on  the  coupler used  during  the  ca l i bration ,  ca l ibrations  can  be  performed  us ing  a  
number of p lane-wave  couplers,  say four,  of d i fferen t l eng th  (see  C. 1 ) .  For each  m icrophone  
the  sum  of front  cavi ty  volume and  equ iva len t volume  i s  corrected  un ti l  the  same sensi tiv i ty  i s  
obtained  for a l l  couplers  i n  the  low-  and  m id -  frequency range.  Th is  i s  the  same techn ique  as  
described  i n  E .3 .  I ncorrect  values  of the  three  l umped  parameters  describing  the  acoustic  
impedance  of the  m icrophone  resu l t  i n  systematic  changes  at h i gh  frequencies  re lated  to  the  
l ength  of the  coupler.  The  natu re  of the  changes  i s  d i fferent  for the  th ree  parameters .  Losses  
have  very l i ttl e  i n fl uence on  the  calcu lated  sensi ti vi ti es  around  the  resonance  frequency wh i l e  
a  wrong  resonance  frequency shows a  maximum  i n fluence.  A wrong  equ ivalen t volume main ly 
i n fl uences  the  calcu lated  responses  above  the  resonance  frequency.  I f the  complex 
m icrophone  sensi tivi ty  i s  determined ,  a  90°  phase  response  is  found  at  the  resonance  
frequency.   

S imi l arly  the  l oss  factor can  be  determined  as  the  ratio  of the  sensi tivi ti es  at  resonance  and  
the  asymptotic value  at l ow frequencies.  However,  the  asymptotic value  at  l ow frequencies  
has  to  be  estimated  from  the  low frequency response ignoring  the  s l ight i ncrease  i n  the  
sensi tivi ty  at  l ow frequencies  caused  by heat  conduction  in  the  back cavi ty  of the  m icrophone.  
I t  i s  essen tia l  for a  successfu l  data-fi tting  that  a  correction  for rad ia l  wave-motion  is  appl ied  
and  that other systematic errors  l ike  cross-ta lk have  been  e l im inated  before  the  data-fi tti ng  i s  
performed.  

E.5  Reference documents  

[E . 1 ]  SANDERMANN  OLSEN,  E.  and  FREDERIKSEN ,  E.  M icrophone  acoustic  impedance  i n  
reciproci ty  cal i bration  of l aboratory s tandard  m icrophones,  I n ter-noise,  201 3,  
I nnsbruck,  Austria  
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Annex F   
(informative)  

 
Physical  properties  of humid  air 

 

F.1  General  

Certa in  quan ti ti es,  describing  the  properties  of the  enclosed  gas  i n  the  coupler,  en ter the  
express ions  for ca lcu lati ng  the  sensi tivi ty  of the  m icrophones,  see  Equations  (3)  and  (4)  and  
Annexes  A and  B .  These  quan ti ti es  depend  on  one  or more  of the  measured  environmental  
variables,  s tatic pressure,  temperature  and  humid i ty.  

A l arge  number of i nvesti gations  have  been  publ ished  i n  the  l i terature  where  reference  values  
for the  quan ti ties  can  be  found  for speci fi ed  envi ronmenta l  cond i ti ons,  i . e.  for s tandard  d ry a i r 
at  0  °C and  at  a  static  pressure  of 1 01 , 325  kPa.  The  calcu lation  procedures  for the  properties  
of a i r under actual  envi ronmental  cond i ti ons  described  i n  th is  annex,  are  based  upon  
procedures  recommended  by other i n ternational  bod ies  and  the  l atest resu l ts  reported  i n  the  
l i terature  that  has  found  general  i n ternational  acceptance.  

The  equations  g iven  i n  th is  annex are  based  on  the  measured  environmental  variables:  

t  temperature  i n  degree  Cels ius  (°C);  

ps  s tatic pressure  i n  pascals  (Pa) ;  

H re lative  humid i ty i n  percent  (%) ;  

and  the  quanti ti es  to  be  ca lcu lated  are:  

ρ  densi ty  of a i r i n  ki l ograms  per cubic metre  (kg ⋅m–3) ;  

c  speed  of sound  at  actual  frequency i n  metres  per second  (m ⋅s–1 ) ;  

κ  ratio  of speci fic  heats;  

η  viscosi ty of a i r i n  pascal -seconds  (Pa ⋅s) ;  

αt  thermal  d i ffus ivi ty  of a i r i n  square  metres  per second  (m2 ⋅s–1 ) .  

The  calcu lation  procedures  take  i n to  account that  hum id  a i r i s  not an  i deal  gas  and  most of 
the  quanti ties  are  described  by a  polynomia l  where  the  relevant constan ts  are  g iven  i n  
Table  F. 2 .  I n  order to  derive  the  above-mentioned  quan ti ties  some  add i tional  quan ti ti es  and  
constan ts  are  used :  

T =   T0+ t,  the  thermodynamic temperature  i n  kelvin  (K) ;  

T0  =   273, 1 5  K  (0  °C);  

T20  =   293, 1 5  K  (20  °C);  

ps, r  =   1 01  325  Pa;  

psv(t)  saturation  water vapor pressure  i n  pascals  (Pa);  

c0   zero-frequency speed  of sound  i n  metres  per second  (m ⋅s–1 ) ;  

xw   mole  fraction  of water vapor i n  a i r;  

xc   mole  fraction  of carbon  d ioxide  i n  a i r;  

f(ps , t)  enhancement factor;  

Z  compress ib i l i ty  factor for humid  a i r;  

ka   thermal  conductivi ty  i n  J ⋅m–1 ⋅s–1 ⋅K–1 ;  

Cp   speci fic heat capaci ty  at  constan t pressure  i n  J ⋅kg–1 ⋅K–1 ;  
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frO   re laxation  frequency of oxygen  i n  hertz  (Hz);  

frN   re laxation  frequency of n i trogen  in  hertz  (Hz);  

αvO  attenuation  coefficient  for vibrational  re laxation  i n  oxygen  i n  metre  to  the  power  
m inus  one  (m–1 ) ;  

αvN  attenuation  coefficient  for vibrational  re laxation  i n  n i trogen  i n  metre  to  the  power  
m inus  one  (m–1 ) .  

The  equations  used  for the  calcu lations  are  considered  val i d  for envi ronmenta l  cond i tions  
wi th in  the  ranges:  

temperature  1 5  °C  – 27  °C 

static pressure  60  kPa  – 1 1 0  kPa  

re lative  humid i ty  1 0  %  – 90  %  

The  uncertain ties  quoted  on  the  equations  are  standard  uncertain ties.  

F.2  Densi ty of humid  ai r 

The  densi ty  of hum id  ai r i s  ca lcu lated  by the  ‘CIPM-2007  equation ’  as  recommended  by the  
96 th  C I PM  meeting ,  see  [F. 1 ] 6:  
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The  composi ti on  of s tandard  a i r i s  based  upon  a  carbon  d ioxide  mole  fraction  of 0 , 000  31 4.  I t  
i s  general ly  accepted  that under laboratory cond i ti ons  a  h i gher value  i s  found  and  i n  the  
absence  of actual  measurements  a  va lue  of xc  =  0 , 000  4  i s  recommended .  

The  re lative  uncertain ty on  the  equation  i tsel f is  estimated  to  22×1 0–6 .  

F.3  Speed  of sound  in  ai r 

I n  the  absence of d ispersion ,  the  speed  of sound  i s  g iven  by the  zero-frequency speed  of 
sound ,  see  [F . 2 ] :  
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The  re lative  uncerta in ty  on  the  zero-frequency speed  of sound  is  estimated  to  3× 1 0–4 .  

___________ 

6  F i gu res  i n  square  brackets  refer to  Cl ause  F . 8.  
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NOTE  The  speed  of sound  depends  s l i gh tl y  on  frequency due  to  d i spers ion  as  a  resu l t  of relaxati on  effects  
among  the  consti tuen ts  of a i r.  I n  the  frequency range  re levant  for th i s  standard ,  the  i n fl uence  of 
d i spers ion  on  the  speed  of sound  i s  l ess  than  the  rel ati ve  uncertai n ty on  the  zero-frequency speed  of 
sound  g i ven  by (F . 2).  The  speed  of sound  at  the  actual  measurement  frequency can  be  ca lcu lated  from  
the  expression ,  see  [F . 4] :  

v

0 v

1 1

2π
n

nn
c c f

α
= −∑ ,  

where  αv and  fv are  the  attenuati on  coeffi cien t  and  re l axation  frequency,  respecti vely,  for vi brati onal  
rel axation  effects.  n  denotes  the  component (n i trogen  or oxygen)  of a i r.  These  val ues  are  ca lcu lated  from  
[F. 6] .  

The  equati on  may be  rewri tten  i n to  a  more  conven i en t  form:  

 v
0

v
1

2π
n

nn

c
c c

f

α ⋅
= + 

  
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where  the  product c ⋅ ανn   i s  i n dependent  of the  speed  of sound ,  c .  

F.4 Ratio  of speci fic heats  of ai r 

The  ratio  of speci fic heats  i s  calcu lated  from,  see  [F. 2] :  
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The  re lative  uncerta in ty  on  the  ratio  of speci fic heats  is  estimated  to  3 , 2×1 0−4 .  

F.5 Viscosi ty of ai r 

The  viscosi ty of a i r i s  ca lcu lated  from,  see  [F .5] :  

 82
w5

2
4w3210 1 0))(( −×+++++= xaTaxTaaTaaη  (F . 4)  

F.6 Thermal  d i ffusivi ty of ai r 

The  basic  defin i tion  of the  thermal  d i ffus ivi ty  of a i r i s :  
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F.7  Examples  

Table  F. 1  g ives  the  va lues  of the  quanti ties  g i ven  in  C lauses  F . 1  to  F . 5  for two  sets  of 
envi ronmental  variables.  The  values  i n  the  tab le  are  i n tended  for testi ng  programs used  to  
calcu late  these  quan ti ties  and  thus  the  fi gu res  are  shown  wi th  more  decimals  than  re levant i n  
practice.  Table  F . 2  l i sts  the  various  coefficients  necessary to  calcu late  these  quanti ties.  
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Table  F . 1  – Calcu lated  values  of the  quanti ties  in  C lauses  F . 1  to  
F.5  for two sets  of envi ronmental  condi tions  

Envi ronmental  
condi tions  

Densi ty of ai r 
ρ   

kg ⋅m–3  

Speed  of 
sound  

c0   
m ⋅s–1  

Ratio  of 
speci fic  heats  

κ  

Viscosi ty of ai r 
η   

Pa ⋅s  

Thermal  
d i ffusi vi ty of ai r 

αt   
m2 ⋅s–1  

t  =  23  °C 

ps  =  1 01  325  Pa  

H =  50  %  

1 , 1 86  084  8  345, 866  52  1 , 400  757  3  1 , 826  566×1 0–5  2, 1 1 5  31 7×1 0–5  

t  =  20  °C 

ps  =  80  000  Pa  

H =  65  %  

0, 944  1 58  9  344, 382  67  1 , 400  026  6  1 , 81 1  295×1 0–5  2 , 627  024×1 0–5  
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Table  F .2  – Coefficients  used  in  the  equations  for humid  ai r properties  

Coeffici ents  
Saturation  water 
vapor pressure  

Enhancement 
factor 

Compressibi l i ty 
factor 

Zero-frequency 
speed  of sound  

Ratio  of speci fi c  
heats  

Viscosi ty  
Thermal  

conductivi ty  

Speci fic  heat 
capaci ty at  

constant pressure  

Symbol  psv  f(ps , t)  Z c0  κ  η  ka  Cp  

a  0  1 , 237  884  7× 1 0–5  1 , 000  62  1 , 581  23× 1 0–6  331 , 502  4  1 , 400  822  84, 986  60, 054  0 , 251  625  

a  1  –1 , 91 2  1 31  6× 1 0–2  3 , 1 4× 1 0–8  –2 , 933  1 × 1 0–8  0 , 603  055  –1 , 75×1 0–5  7 , 0  1 , 846  –9, 252  5× 1 0–5  

a  2  33 , 937  1 1 0  47  5, 6× 1 0–7  1 , 1 04  3×1 0–1 0  –0 , 000  528  –1 , 73×1 0–7  1 1 3, 1 57  2 , 06× 1 0–6  2 , 1 33  4×1 0–7  

a  3  –6 , 343  1 64  5× 1 03   5 , 707×1 0–6  51 , 471  935  –0, 087  362  9  –1  40  –1 , 004  3× 1 0–1 0  

a  4    –2 , 051 × 1 0–8  0 , 1 49  5874  –0, 000  1 66  5  –3, 750  1 × 1 0–3  –1 , 775× 1 0–4  0 , 1 24  77  

a  5    1 , 989  8× 1 0–4  –0 , 000  782  –3, 26×1 0–6  –1 00, 01 5   –2 , 283× 1 0–5  

a  6    –2 , 376× 1 0–6  –1 , 82×1 0–7  2 , 047×1 0–8    1 , 267×1 0–7  

a  7    1 , 83× 1 0–1 1  3 , 73× 1 0–8  –1 , 26×1 0–1 0    0 , 01 1  1 6  

a  8    –0 , 765× 1 0–8  –2 , 93×1 0–1 0  5 , 939×1 0–1 4    4 , 61 × 1 0–6  

a  9     –85, 209  31  –0, 1 1 9  971  7    1 , 74× 1 0–8  

a  1 0     –0, 228  525  –0, 000  869  3     

a  1 1     5 , 91 × 1 0–5  1 , 979×1 0–6     

a  1 2     –2 , 835  1 49  –0, 01 1  04     

a  1 3     –2 , 1 5× 1 0–1 3  –3 , 478× 1 0–1 6     

a  1 4     29, 1 79  762  0 , 045  061  6     

a 1 5     0 , 000  486  1 , 82× 1 0–6     
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