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Introduction

Sound intensity probes of closely spaced microphones
were first introduced in the early 1980s and are often
used for sound power determination. These conventional
sound intensity probes consist of two axially and face-
to-face arranged microphones and can estimate the co-
axial component of the sound intensity vector. By doing
either point or scan measurements, the sound power can
be determined from the measured (time-averaged) sound
intensity. Several papers, books [1] and even standards
[2, 3, 4] have been written that discuss this principle and
its accuracy.

Lately, 3D sound intensity probes, measuring three com-
ponents of the sound intensity vector, have entered the
market consisting of either 4 (e.g. Siemens SoundBrush),
6 (e.g. G.R.A.S. 50VI-1) or 8 microphones (e.g. Soundin-
sight SonoCat). These are either ’transparent’ or ’rigid’
probes. In the former case, the microphones interfere
with the sound field. In the latter case, the micropho-
nes are embedded in for example a rigid sphere causing
even more scattering. However, this scattering is inde-
pendent of the angle of incidence allowing us to correct
for this. The focus in this paper is on the comparison
of a conventional and a rigid spherical probe for sound
power determination.

This paper first explains the methods for the conventional
and spherical probe to derive the sound intensity from the
measured pressure signals. In latter case, we show how
to infer the sound field in case the rigid sphere would
not be present. In addition, we present experimental
results, obtained in an anechoic room at the University
of Twente, comparing the sound powers as measured by
both probes. Finally, the effect of a background noise
source on the measurements will be discussed.

Theory
Conventional probe

Conventional sound intensity probes consist of two mi-
crophones P; separated by a distance s, see figure 1.
Applying the finite sum and difference approximation
on the two microphone signals enables estimating the
sound pressure and particle velocity component in the
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Figure 1: Conventional sound intensity probe equipped with
two microphones. Reused and modified from [5].

Figure 2: Sound pressure and particle velocity field. Reused
and modified from [5].

n-direction at the probe centre, see figure 2, where:
(1)
(2)

Plx k) % 5 [P ) + Polx, ),

U(x,k) - n(x) ~ Zoks

[PQ(X7 ]{?) — Pl(X,k)} .
Here x is the position vector of the probe centre, P; and
P, are the sound pressure signals of both microphones,
Zo = poco is the characteristic impedance of the acou-
stic medium, k = w/cp is the wave number and s is the
distance between both microphones. The sound intensity
component in the n-direction at the probe centre can now
be calculated at each measurement point by

3)

Finally, one can determine the sound power by integra-
ting the sound intensity over the measurement surface

S

Lie(x, k) - n(x) = %m [P(x, KU, k) - n(x)} .

Woae (k) = /S Lc(x, k) - n(x) dS". (4)

Spherical probe

T. Sondergaard and M. Wille presented a way to me-
asure sound intensity with a tetrahedral arrangement of
microphones in a small rigid sphere [6]. They used spheri-
cal harmonics to estimate the sound pressure and particle
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velocity at the sphere centre for the case the sphere was
not in the field. This paper extents this method for a
cubical arrangement of microphones.

Accounting for the presence of the sphere, the sound field
can be described as:

P(I‘,k) :Rn(ra k) +PSC(I' (5)

where the incident and scattered field around the sphere
are defined as, respectively:

k)

Py I' k Z Z Amn .]n k"") (9 ¢) (6)
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Pic(r, k) Z Z Bon (k)R (kr)Y™(0,0).  (7)

n=0m=—n

Here r = [r, 0, ¢] is the position vector in spherical coor-
dinates with its origin at the sphere centre, j,(kr) is

the n’th order spherical Bessel function; hg)(kr) is the
n’th order spherical Hankel function of the second kind;
Y, (0, ¢) is the spherical harmonic of degree n and order
m; and A, (k) and B,,, (k) are the spherical coefficients
of, respectively, the incident and scattered field. For the
spherical harmonics, we use the following convention:

2n+1 (n —m)!
Pm
4 "

m (COS Q)Eimd),

Y0, 0) =

(8)

with P}"(cos ) the associated Legendre function of de-
gree n and order m. Furthermore, since the radial compo-
nent of the particle velocity should be zero on the sphere
surface, i.e. at r = a with a the radius of the sphere, one
can derive that:

Jn(ka)
WP (ka)’ ©)

where the apostrophe denotes the derivative. The
unknown coefficients A,,, can now be calculated by using
the orthogonality of Y7 (6, ¢>), ie

2T [T P(a, k)Y, (0, )" sin 0d9de

. ka
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Apn(k) =
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where a = [a, 0, ¢] is the position vector on the sphere.
For a cubical arrangement of microphones, we can ap-
proximate the integral as follows:

2218:1 P(a;, k) x Y, (0 z’¢z)*_

. ka 2
2 julka) - 5K (ka)

Apn (k) =~ (11)

with a; = [a, 6;, ¢;] the position vector of microphone 1.

Once we have determined A,,,, we can evaluate Eq. (6)
at two points close to the sphere centre, e.g. r1 = [¢,0, 0]
and ro = [e,7, 0] with ¢ — 0 and substitute these
sound pressures into Egs. (1) and (2), where P;(x,k) =
Pn(r1,k), Pa(x,k) = Pp(ra, k), s = 2¢ and r = 0 coi-
ncides with x. We can now evaluate the sound inten-
sity using Eq. (3) and subsequently the sound power
using Eq. (4). Note that we align the z-axis with the
n-direction and that we ignore the contribution of the
scattered field (Eq. (7)) to the sound field.
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Experiment

Setups

Two experimental setups were considered in an anechoic
room (above 300Hz) at the University of Twente. Fi-
gure 3 shows the first experimental setup (A): A JBL
Flip 3 speaker in the middle of a cart emits Gaussian
white noise, such that sound waves flow into the room
through the open surfaces of the cart. For the second
setup (B), the speaker was positioned approximately 1m
outside the cart to mimic a background noise source, see
figure 4. The speaker had the same output sound level in
both setups. The dimension for the open surfaces were
0.47m x 0.55m for S; and S3, and 1.03m x 0.55m for So
and Sy.

Figure 3: Experimental setup A: Cart with JBL Flip 3 spea-
ker emitting white noise in an anechoic room at the University

of Twente.
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Figure 4: Speaker location for setup A and B and measure-
ment surfaces S1 to Ss.

Equipment

The B&K 2260 sound intensity meter with a spacer of
12 mm acted as the conventional probe. For the spheri-
cal probe, The Soundinsight SonoCat POSR015M003B01
(see figure 5) having a cubical arrangement of micropho-
nes in a small rigid sphere was used. Table 1 presents the
exact microphone positions. The z-axis (f = 0) is used
as the n-direction (normal to the surface).



Figure 5: Spherical probe: SonoCat

Table 1: Radial distance (r), polar angle (0) and azimuthal
angle (¢) (ISO convention) of the microphone positions of the
spherical probe relative to the sphere centre .

Mic r [mm)] 0 [°] o [°]
1 15 21.3 180.0
2 15 48.6 0.0
3 15 81.5 12.5
4 15 81.5 -12.5
5 15 98.5 55.4
6 15 13.1 180.0
7 15 98.5 -55.4
8 15 15.9 0.0

Procedure

The measurements with both probes are performed ac-
cording to ISO standard 9614-2:1996 [3] for each setup.
The four openings of the cart were used as the scanning
surfaces and each surface was scanned twice: white tape
was used to facilitate the scan pattern (see figure 3) such
that horizontal and vertical scan movements could be
performed. The same person scanned the surfaces with
both probes to minimize possible measurement errors in-
troduced by the operator. Furthermore, the dynamic ca-
pability, repeatability and extraneous noise criteria were
monitored during the measurements according to [3].

Results

Figures 6 and 7 show the sound power levels per 1/3 oc-
tave band in setup A as measured by, respectively, the
conventional and spherical probe. Due to errors introdu-
ced by phase-mismatch of microphones and the finite dif-
ference approximation the frequency range for accurate
measurements is limited from 100Hz to 5kHz, according
to the specifications of the conventional probe. Two fre-
quency bands (80Hz and 6.3kHz) outside this range were
considered for comparison purposes only. For each mea-
sured surface and frequency band the sound energy was
flowing out of the cart.

The difference of the sound power levels as measured by
both probes (conventional minus spherical) in setup A is
presented in figure 8. The standard deviations for the
uncertainty in the determination of sound power levels
for the engineering grade according to [3] are also pre-
sented. The difference of the total sound power levels
between both probes (green line) easily fall within these
standard deviations. For the individual surfaces (colou-
red bars), only sound power levels in the frequency bands
800Hz and 1.6kHz slightly exceed the standard deviation
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Figure 6: Sound power level per 1/3 octave band as measu-
red by the conventional probe through all surfaces individu-
ally (S;) and in total (S) for setup A.
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Figure 7: Sound power level per 1/3 octave band as mea-
sured by the spherical probe through all surfaces individually
(S;) and in total (S) for setup A.

for surface Ss; sound power levels in all other bands and
in the bands of the other surfaces are within the stan-
dard deviation. We therefore conclude that both probes
measure comparable sound power levels in setup A.

Tables 2 and 3 show the total A- and Z-weighted sound
power levels in the range of 100Hz to 5kHz as measured
by both probes in setup A (where the speaker is inside
the cart) and B (where the speaker is outside the cart).
It is again clear that both probes measure comparable
sound power levels (within 0.6 dB) in setup A. In se-
tup B we would expect to measure zero sound power
(energy flowing in on one side will flow out on another
side); however, some sound power was still measured due
to non-ideal conditions and equipment limitations. This
does not have to be a problem as long as the effect of
the background noise source on the sound power deter-
mination of the source under test is negligible. To ap-
proximate this effect, the sound powers as measured in
both setups are superposed, see setup A+B in tables 2
and 3. It is clear that the influence of a background noise
source on the measurements is negligible in this case. An
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Figure 8: Sound power level difference per 1/3 octave band
as measured by the conventional and spherical probe for all
surfaces individually (S;) and in total (S) for setup A.

approximation for the case where the sound power radi-
ation of the background noise source is 10 dB higher, is
also presented as setup A+(B+10dB) in tables 2 and 3.
Here it is assumed that the measured sound power in se-
tup B would have been increased by 10 dB. The influence
is within 0.9dB for the conventional probe and 0.5dB for
the spherical probe.

Table 2: Total A-weighted (100-5000 Hz) Sound Power Le-
vels as measured by both the conventional and spherical probe

Setup C-probe S-probe
[dB(A)] [dB(A)]

A (+) 85.0 (+) 84.4

B (—) 67.0 (—) 64.9

A+B (+) 84.9 (+) 84.4
A+(B+10dB) (+) 84.2 (+) 83.9

Table 3: Total Z-weighted (100-5000 Hz) Sound Power Levels
as measured by both the conventional and spherical probe

Setup C-probe S-probe

[dB(Z)] [dB(Z)]

A (+) 85.8 (+) 85.2

B (—) 684 (—) 64.8

A+B (+) 85.7 (+) 85.2

A+(B+10dB) (+) 84.9 (+) 84.8
Discussion

We have assumed that the sound powers in both setups
(A and B) can be superposed to consider the effect of a
background noise source. However, in practice the sour-
ces are measured at the same time and thus the sound
field is more complex than the individual cases. As sound
intensity probes are less accurate in complex sound fields,
the real effect of such a background noise source can be
different than presented here.
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Furthermore, we assumed that the sound power as me-
asured in setup B would increase proportionally to the
increase in sound power emission of the background noise
source. This seems reasonable as the sound pressures at
all microphones will increase proportionally. Hence, the
measured sound intensity and thus sound power in setup
B would increase with the same ratio, see also Egs. (1),

(2), (3) and (4).

Conclusion

This paper presented a method to measure sound power
levels using a cubical arrangement of microphones in a
small rigid sphere. The underlying model uses spheri-
cal harmonics and infers the sound field for the case the
rigid sphere would not be present by adding scattering
terms to the model. The performance of such a spherical
probe has been compared to the performance of a con-
ventional probe in an experiment. The determination of
the sound power emission according to the ISO standard
9614-2:1996 of a speaker lying in a cart shows comparable
results for both probes. The influence of a background
noise source on the measurements has been investigated
in two cases and has shown to be negligible or small for
both probes.
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