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The acoustic center of a reciprocal transducer is defined as the point from which spherical waves
seem to be diverging when the transducer is acting as a source. This paper examines various ways
of determining the acoustic center of a source, including methods based on deviations from the
inverse distance law and methods based on the phase response. The considerations are illustrated by
experimental results for condenser microphones.2@4 Acoustical Society of America.
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I. INTRODUCTION pendence of the distance can be ignored in reciprocity cali-
bration of microphone¥!

Any finite source of sound generates a sound pressure Most results presented in the literature have been deter-
that, in any direction, sufficiently far away under free-field mined from deviations between the amplitude rms valug
conditions varies in inverse proportion to the distance fromof the sound pressure and the inverse distance law. Cox mea-
the sourcé.Very far away the exact position from which this sured the acoustic centers of various transducers using a dis-
inverse distance law applies is obviously not very importantmantled lathe bed for positioning the scanning microphone
but closer to the source the position of this “acoustic center’and a 10-turn potentiometer for compensating for the 1/
may be of some concern. dependenc& Rasmussen measured the acoustic centers of

The concept of acoustic center is frequently referred tamicrophones of type LSllaboratory standard “1 in.J with
in the literature. It is defined in Refs. 2 and 3 as the positiorand without protection gri¢f The results, which were found
of the point from which spherical wavefronts appear to di-to agree reasonably well with approximate theoretical con-
verge, and in Refs. 4 and 5 as the position from which thesiderations, are the basis of the values given in the IEC stan-
sound pressure varies inversely as the distance. Knowledgiard from 1974 and the slightly modified values given in
of the acoustic center is of concern whenever a well-definethe newer oné.Rasmussen’s data were deduced from the
distance to a source is needed, for example, in testingecay of the sound pressure generated by a microphone with
anechoic rooms by measuring deviations from the inverséhe distance, measured with a probe microphone and re-
distance law:’ It can also be important to know the acoustic corded with a level recorder. In a paper primarily concerned
center of a transducer that is used primarily as a receivewith measuring the air attenuation Hruska and Koidan de-
Most measurement microphones are used under free-fiektribed a procedure based on fitting a second-order polyno-
conditions, and free-field reciprocity calibration is the mostmial in the distance between two transducers to an expres-
accurate method of determining the free-field sensitivity ofsion based on the distance and the magnitude of the transfer
microphones. This method involves measuring the transfefunction between thertf More recently Rasmussen and San-
function between pairs of microphong$? The “acoustic  dermann Olsen summarized the results of a comparison of
distance” between the transmitter and receiver microphonacoustic center values among several European lab-
must be known, and since the two transducers cannot be faratories.’ Juhl has determined the acoustic centers of mi-
from each other because of the extremely poor signal-toerophones of types LS1 and L§Rboratory standard “0.5
noise ratio of the measurement, their acoustic centers must.”) by calculating the sound pressure amplitude at posi-
be known with great accuracy. The acoustic center of a retions on the microphone axes using the boundary value
ciprocal transducer does not depend on whether it is used asethod and assuming a parabolic movement of the
receiver or transmitte?~*? diaphragmg® And finally Wagner and Nedzelnitsky have de-

In general the acoustic center of a source varies with théermined the acoustic center of microphones of type LS2
frequency, with the direction of the observer, and with theusing measured values of the magnitude of the transfer func-
distance from the sourceas demonstrated theoretically in tion between two microphonés.

Refs. 13 and 14. However, Rasmussen showed that the de- A few examples of methods of determining the acoustic
center from phase measurements have been found in the lit-
dportions of this work were presented in “A note on the acoustic centre oferature' Ando determined the acoustic center of a ‘_‘plpe
condenser microphones,” Proceedings of Tenth International Congress diorn” loudspeaker from measurements of the phase shift be-
Sound and Vibration, Stockholm, Sweden, July 2003. tween two positiond? Rasmussen also attempted to deter-
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room—although the anechoic room used in these measurerhere the rate of change in practi¢@here no analytical
ments is a very good orfeTrott proposed a definition of the expression is availablemust be estimated over a suitable
acoustic center based on phase considerations and presenieigrval. This method was used by Cox and Rasmussen in
some theoretical and numerical reséftend Vorlander and  their experimental work>'* and by Juhl in his numerical
Bietz described a method of determining the acoustic centestudy*® Similar methods based on measured transfer func-
from the group delay of the complex sensitivity of a micro- tions between pairs of microphones have been used in the
phone and presented some experimental re&ults. work reported in Refs. 17, 19, and 24.

The purpose of this paper is to examine and discuss the (i) One can estimate the position of the acoustic center
concept of acoustic center and to present some experimentlbm the phase response corrected for the phase shift associ-

results for condenser microphones. ated with the distance to the observation péirithis corre-
sponds to equating the phase of the sound pressure generated
II. THE CONCEPT OF ACOUSTIC CENTER by the equivalent point source with the phase of the sound

pressure generated by the source under investigation. Evi-

Both definitions of the acoustic center, “the position yenty 4 phase reference, for example, the velocity at some
from which outgoing wavefronts appear to diverge in the far, ,siion on the sourcs, is needed. The result is the expres-
field”** and “the position from which the sound pressure g,

varies inversely as distancé;® seem to imply the existence

of an equivalent point source. The idea of replacing a real, Kot

extended source by an equivalent point source seems to be | ) EArctar( Im{(p(r)e*'/jUe )}>_ @
straightforward, and this apparent simplicity perhaps ex- ' k Re{(p(r)elk/juel®tl

plains why most authors have taken the concept for granted.

In fact the only fundamental considerations found in the lit-Note that theel! sign convention is used in this paper.
erature are the Cox and Rasmussen theoretical andlySes (i) Alternatively, one can use the corresponding group
and Trott's “redefinition.” delay multiplied by the speed of souffd,

For simplicity, the following discussion is restricted to
axisymmetric sources observed from positions on the axis. In et ot
Im{(p(r)e’'/jue! ")}
Arcta T—— . (5)
Re{(p(r)el/juel)}

this case the acoustic center must be somewhere on the axis. x(K,r)= i

Let r indicate the physical distance from the observation k
point to a point on the real source, and leindicate the

position of the acoustic center. Several approaches are now (y) One can estimate the position of the center from the

possible. curvature of wavefronts determined from phase meas-
(i) If an analytical expression of the sound field gener-yrement<42°

ated by the source is available then one can adjust the pa- ,
rameterx in the expression of the amplitude of the sound”- SOMe simple examples

pressure generated by the equivalent source, A few examples will be presented to demonstrate how
pckQ the methods work. The first source to be studied is a pulsat-
|PedF)|= Te)?) (1)  ing sphere. The sound pressure a distanfrem the center
(r—

of a pulsating sphere with radiasand vibrational velocityJ
to the amplitude of the pressure generated by the source uis
der investigatiorp(r) until the two expressions agreglere

k is the wave numbelc is the characteristic impedance of jpcka’U e
air, andQ. is the volume velocity of the equivalent source, p(r)= mej(“’ (r-a)
determined from far field considerations in the direction of
L . , )
concern). The result is in general a function &fandr, _ jpcka?U it k(r—a)~ Arctar(ka)) ©
x(k,r)=r— pekQeq @) rV1+(ka)®
’ 4m|p(r)|

Cox and Rasmussen used this method in the theoretical palh IS apparent that the volume velocity of the_ equalent
of their studied34 monopole that gives the same sound pressure in the far field

(i) One can plot the reciprocal sound pressure ampli—IS
tude as a function of, fit a straight line over the region of

concern, and determine its intersection with thaxis, as _ 47a’uU
specified in Ref. 23. This corresponds to the following ex- Qeq= 1+(ka)? @

pression for the position of the acoustic center,

(2) and (3)] give x(k,r)=0. In other words, amplitude con-

siderations place the acoustic center of a pulsating sphere in

=r+|p(r)|/ alp(r)] 3) the center of the sphere. By contrast, the two definitions
ar based on phase considerations give

x(kr) = — 1 A(Up(r)]) The two definitions based on amplitude consideratidftss.
T p(n)] ar
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FIG. 1. The acoustic center of a pulsating sphere of raditsliculated
using the phase deld¥q. (8)] (—=—) and the group delalEq. (9)] (—).

1
x(k,r)y=a— EArctanka (8

and

J
x(k,r)= %(ka—Arctanka)=a— 9

1+ (ka)?’

respectively[Equation(8) agrees with Trott's results] As

0.5 : : T A : H
10 10 10

FIG. 2. The acoustic center of a circular piston in a baffle of radigeen
from a distance ofa) five radii and(b) 10 radii. —, First amplitude-based

Fig. 1 shows, the two methods based on phase consideratiof§thod[Eq. (13)]; ——, second amplitude-based methéd. (14)]; O, both
place the acoustic center of a pulsating sphere in the cent8p2se-Pased methofg. (5]
of the sphere at low frequencies, butkasincreases it moves

towards the surface. This makes sense since this is the point tan(kA)
where the phase reference is taken. Note that none of the X(k,r)=r— KA
acoustic centers of the pulsating sphere depends on the dis-

JrZ+az (14

tancer.

The second example is a baffled circular piston. Th

el he phase approach based on Et).gives yet another ex-

sound pressure generated by a vibrating piston with raalius PreSSion,

and vibrational velocityJ at a position on the axis a distance

r from the piston i$

p(r) — pCUejwt(efjkr_ efjkv’r2+a2)

=2jpcU sin(kA)el(@t=kr+a)n (10)
where
A=3r?+a%-r). (11)
Inserting into Eq.(2) using a volume velocity of
Qeq=2U ma? (12
gives
ka?
x(k,r)=r—m. (13

The second amplitude-based method, 6. gives a differ-
ent expression,
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2

x(k,r)z—Az—%(m—r)z—Z—

- (15
and since the phase of E(LO) is a linear function of the
frequency the group delay method, E§), gives the same
value in this case.

As can be seen from Fig. 2, the acoustic center given by
Eqg. (13) is negative(although it can be positive when the
normalized frequencka is very high, its numerical value
increases with the frequendlthough very weakly ifka
<1), and it is essentially inversely proportional to(The
last mentioned property disagrees with results presented in
Rasmussen’s repott) Equation(14) gives values with the
same tendency but approximately twice as large. Equation
(15) agrees fairly well with Eq(13) only whenka<1. Ac-
cording to all the methods the acoustic center of a baffled
circular piston is placed behind the piston. Unfortunately the
position of the center depends not only on the frequency but
also on the distance, unlike the acoustic center of a pulsating
sphere.
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The third example is that of a point source on a rigidcal Hankel function of the second kind and order The
sphere. The sound pressure generated by a monopole witheguivalent monopole can be shown to have a volume veloc-

volume velocity ofQ placed on a rigid sphere with radias ity of
125
is

) " * 2im+1
jche'“’t (2m+ 1)2h(r§>(kr) Qeq: . E (2) (2m+1)9j > .
4ma? =0 mh2 ,(ka)—(m+1)h2) (ka)’ (ka) (k&)= (m+Dh;y(ka) an
(16)
at a position in front of the monopole a distarrcéfom the  (This expression approach&® asymptotically at low fre-
center of the sphere. In this expresshjf)(x) is the spheri-  quencies. Inserting into Eq.(2) gives

p(r)=—

(2m+1)%jm*t
=0 K (2)
1 mh,,” ;(ka)—(m+1)h; 1, (ka)
kr)=r— : 18
X (2m+1)2h{Z)(kr) 9
’mh2 (ka)—(m+1)h2) ,(ka)

Equation(18) agrees with equations derived by Cox and RasmusséiThe amplitude method based on H§) gives a
somewhat more complicated expression,

o
m

=~

©
m

(2m+1)%h'2(kr)(2n+1)2h{M (kr)

NGO
)4 "0 mKR)  (ka)— (m+ DhiE] (ka)) (nhiY, (ka)— (n+1)hiY, (ka)) 9
| $e g (2m+1)4(2n+1)2(h2(kr)ah(M (kr)/ar + hP(kr)oh' ) (kr)/ar)
T ARy (ka) — (m+ D@L (ka)) (nhiP; (ka) - (n+ 1Yy (ka)
in which hfnl)(x) is the spherical Hankel function of the first kind and ordgrand
dhp(kr) k
o = oy (Mhnea(kn) = (M+ Dy 5 (k) (20
for Hankel functions of either kiné® Finally the method based on the phase delay gives
| [ 3 (2m+1)2h{2)(kr)el"
1 "mn2 (ka)—(m+1)h{2,(ka
x(kor) = ¢ Avctan - 1(ka) —( )i 1(ka) (21)

B (2m+1)2h{@ (kr)el’
"’mh2,(ka)— (m+1)h(Z), (ka)

Figure 3 shows the acoustic center of the point source omiations from the inverse distance law of a point source ad-
the sphere calculated using Edq&8), (19), and (21). It is  justed to give the same far field. The second method, which
apparent that the acoustic center based on amplitude considees not require any knowledge of the source and gives the
erations is placed in front of the physical source at low fre-point from which the inverse distance law appears to apply
quencies and moves towards the source as the frequencyssen from a certain distance, would seem to be more useful,
increased. In fact, Eq18) approaches 1.5 times the radius of and this is clearly the relevant method for free-field reciproc-
the sphere aka goes to zero anlir goes to infinity*>'#By ity calibration of microphones and for testing anechoic
contrast, the phase-based acoustic center is placed behind tlg®ms. The method based on the phase delay may well be
entire sphere at low frequencies. useful for other applications. It may, for example, be useful
to know the position of the phase-related acoustic centers of
loudspeaker units. On the other hand it is not clear from Ref.

In practice it may be difficult to determine the volume 22 why the group delay, which is a quantity associated with
velocity of the equivalent source, so the first method, whichthe speed with which the energy of a wave packet travels in
at first glance seems quite reasonable, may be difficult to use dispersive mediurff;? should be relevant. The method
in experimental or numerical work. More importantly, it is based on the curvature of wavefronts is unlikely to be reli-
not completely obvious how the resulting acoustic centemble in practice because of imperfections of the anechoic
should be interpreted, although it is clear that it reflects deroom.

B. Discussion
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FIG. 4. Acoustic centers of microphones of type LS1 determined from the
rate of change of the modulus of the transfer functies), and determined
from the free-field phase response using the phase delayand using the
group delay(—-). The free-field phase response has been corrected for the
phase of the pressure sensitivity.

between three pairs of condenser microphones of type LS1
have been measured at four different distar{esn 200 to
500 mm) in a small anechoic room, using a special time-
FIG. 3. The acoustic center of a point source on a rigid sphere of radius SeIeCtl_Ve teChmque for removing the _Inﬂuence of cross-talk,
seen from a distance ¢#) five radii and(b) 10 radii.——, Arst amplitude- ~ reflections from the walls, and standing waves between the
based methodEq. (18)]; —, second amplitude-based methidg. (191, microphoneg*?°The acoustic centers were determined from
—= phase delay methdé&q. (21)]. the rate of change of the amplitude of these functitus-
. ) rected for the absorption of ajrusing the procedure based

One might have hoped that the various methods wouldy, £q (3). Figure 4 shows the results, which are in good
lead to the same result, but that seems to be the@algef  ,50ement with values given in the IEC standarglto about
the source is a point monopolé free space or on a rigid  1g kHz. For comparison the results of determining the acous-
baffle). The analysis of a few simple cases has demonstrateg, center from phase measurements are also shown. In this
that the concept of an acoustic center is more complicategd,qe the physical distance between the two microphone dia-
than one might have expected. hragms has been used in calculating the free-field sensitivi-

It is apparent that the acoustic center of a source 0Ei)es from measured transfer functions. The resulting complex
sound can be placed behind the physical vibrating surface Gfee field sensitivities have been corrected for the phase of
in front of it. That amplitude considerations lead to the e hressure sensitivities and finally processed as indicated
apoustlc center of a baffled piston being placed behind thgy Eqgs.(4) and(5). (The phase of the pressure sensitivity is
piston can be explained by the fact that the sound pressutg|ated to the internal mechanism of the microphone and has
assumes a finite value in front of the piston unless the p'StOHothing to do with the phase resulting from the geometry and
is infinitely small(a point sourcg In the latter case the cen- iha vibrational pattern of the diaphragnThe spikes in the

ter coincides with the position of the source. However, if thecurve determined from the group delays are due to the dif-
- 4
baffle is “folded back to form a spheré® the center moves  torentiation. It is apparent that neither the results deduced

forward at low frequgncies, presumably because of interferg o the phase delay nor the corresponding values deter-
ence between the direct wave and the one that has travel(?ﬁiined from the group delay are in agreement with the acous-

around the sphere. Another explanation is that the sounfl; center determined from amplitude measurements. How-
pressure in all the outgoing wavethe terms of EQ(16)]  gyer it is clear from the analysis above that no such
except that of zero order decays faster than riéar the agreement could be expected.

sphere. Such considerations lead Rasmussen to conclude that Using the physical distance between the microphones in
the acoustic center of a condenser microphone could be &¥eermining their free-field sensitivities from measured

pected to be placed at a position about half the radius in frontansfer functions has the effect of making the sensitivities
of the diaphragm at low frequencies, and closer to the diag|ightly dependent on the distance. When the distance be-
phragm or even behind it at high frequenciés. tween the amplitude-based acoustic centers is used in the
calculations the resulting free-field sensitivities become es-
sentially independent of the distance, and it is obviously
To supplement the theoretical examples some experithese centers that should be used. The amplitude-based
ments have been carried out. The electrical transfer functionacoustic centers do not depend appreciably on the distance

IIl. EXPERIMENTAL RESULTS
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