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ABSTRACT
Often the reflected component of the sound field above a reflecting surface is considered coming from a
’mirror source’ with corrected source strength. This ’mirror source’ description of the sound field above
an absorbing surface is not accurate enough if this source is located close to the surface. In this paper a
more precise representation of the sound field above an absorbing plane will be presented. This should
allow measurements closer to the surface, which could be interesting for the in-situ determination of
reflection coefficients. Improvements and drawbacks will be demonstrated on the basis of simulations.
Practical problems related to measurements will be discussed and comparisons with other measurement
techniques will be presented.

1 - INTRODUCTION
One of the problems related to in-situ measurements are the finite dimensions of the sample and the
presence of neighboring walls, which cause disturbing reflections. One option is to apply a time window to
the measured data and ’cutting’ these reflections away. This can only be done when the signal can clearly
be distinguished from the ’noise’, or in other words when the delay of these reflections is sufficiently large.
Therefore it is convenient to locate the source as near as possible to the surface.
Most in situ techniques are based on a kind of ’mirror source’ model, which in his turn assumes a plane
or spherical wave reflection at the surface, or they make some kind of assumption about the sample
under investigation [1]. The sound field of a monopole source near a reflecting surface however cannot
be described by plane waves, nor by spherical waves. The exact representation of such a sound field is a
plane wave expansion: both direct and reflected field can be considered as an infinite sum of plane waves
and inhomogeneous waves, with the corresponding plane wave reflection coefficients for the reflected
field. It can be shown [2] that this exact representation can be simplified in the case of a sound source at
a sufficiently large distance from the material and near normal incidence, which results in a correction
term in comparison with the mirror source model. This simplification turns out to be valid for much
smaller source-material distances then present models and makes no assumptions about the nature of
the material (local/extended reacting).
A specific measurement method corresponds with each of the above representations of the sound field:
a Nearfield Holographic technique as proposed by Tamura [3] will illustrate the plane wave expansion
model, the two-microphone technique will illustrate the general mirror source model. It will be shown
that the sound pressure at three positions above the material is sufficient to determine the reflection
coefficient according to the corrected mirror source model. It appears however that this method is very
sensitive to noise (source height, temperature and measurement noise), which makes it very difficult to
obtain reliable results.
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2 - CORRECTION TO THE MIRROR SOURCE MODEL
A two dimensional spatial inverse Fourier transform links the sound pressure field in a point (x,y,z ) to
the components of the wave number spectrum:

p (x, y, z) =
1
2π

∫ +∞

−∞

∫ +∞

−∞
P (kx, ky, z) ei(kxx+kyy)dkxdky (1)

In the case of a monopole source in the origin, this can be transformed into
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where

• k2
z ≡ k2 − (

k2
x + k2

y

)
,

• k wave number in air,

• ~r (x, y, z) vector from point source to observation point.

The integrand on the right hand side of equation (2) represents a plane wave in case of k2
z > 0, and an

inhomogeneous wave in case of k2
z < 0.

The reflected field can be described very similar to equation (2), where each plane wave is multiplied with
its corresponding plane wave reflection coefficient. Hence the sound field of a monopole source above an
absorbing surface can be written as:

p ∼ eik|~r−~rb|

|~r − ~rb| +
i

2π
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−∞
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−∞
R

eikz|z+zb|

kz
ei(kxx+kyy)dkxdky (3)

Only when the reflection coefficient can be considered as independent of the angle of incidence, equation
(3) can be transformed into the well-known form

p ∼ eik|~r−~rb|

|~r − ~rb| + R
eik|~r− ~rb′ |

|~r − ~rb′ |
(4)

It can be shown however that equation (4) is identical to the plane wave solution if the source is not too
close to the receiver. This means that it is a good approximation of the sound field above an absorbing
surface, if source and receiver are sufficiently far apart.
Brekhovskikh and Godin showed that the exact representation of equation (4) can be simplified, in case
of kR >> 1 and nearly normal incidence:

p = p0

{
eikR2

R2
+

eikR1

R1

[
R (sinθ)− iN

kR1

]}
(5)

where N is a function of sinθ, not of R1. The terms in higher orders of 1/kR are neglected.

Figure 1: Measurement set-up and conventions for two and three-microphone techniques (left);
measurement set-up and conventions for NAH technique (right).

With a monopole at a distance d and a microphone at a distance a from the reflecting layer, one obtains
at normal incidence R1 = d − a, R2 = d + a. If we repeat this measurement at three positions a 1, a2,
a3 we have three equations:
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pi = p0
eik(d−ai)
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eik(d+ai)
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[
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]
, i = 1, 2, 3 (6)

from which
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(7)

According to equation (7), the measurement of the sound pressure at three positions above an absorbing
layer is sufficient in order to determine the reflection coefficient at normal incidence. There are no
assumptions concerning the kind of material (locally or extended reacting). It will be shown in the next
section that this model remains valid at smaller source-receiver distances than the model of equation (4).

3 - SIMULATIONS
In case of a cylindrical symmetry of the sound field, the reflected field in equation (3) can be rewritten
as follows [4]

pr = i

∫ ∞

0

R (kr) eikz(z+z0)J0 (krr)
krdkr

kz
(8)

where

• z=ai, r0=d, r=0,

• R =
Z/cosθ − Zs

Z/cosθ + Zs

• Zs = i
Z1

cosθ1φ
cotg (k1lcosθ1)

The characteristic impedance Z 1 and the wave number k1 of the layer are calculated according to the
equivalent fluidum model [5], [6]. This model assumes that the frame of the porous material can be
considered rigid which justifies the description of the sample as a fluid with a modified density and a
modified compressibility. The parameters that are used in the calculations, are those determined on
the sample used in the measurements. They are summarized in table 1. The correspondence of the
equivalent fluidum model with measurements in the Kundt’s Tube is very satisfying.

thickness density tortuosity porosity airflow
resistivity

viscous
character-

istic
length

thermal
character-

istic
length

l [m] ρ [kg/m3] α∞ φ σ [Ns/m4] Λ [ µm] Λ′ [ µm]
0.02 25 1.1 0.99 3700 150 300

Table 1: Parameters of the material under investigation.

With the help of the first term in equation (3) for the direct field and equation (8) for the reflected
field, the sound pressure above the reflecting surface is calculated. These pressures are used in equation
(7) to calculate the reflection coefficient according to the ’three-microphone technique’. This result is
subsequently compared with the results of the theoretical values as calculated with the equivalent fluidum
model, and also with the results of the two-microphone technique (here only the pressures of the two
microphones the nearest to the surface are used).
One can clearly see that the two-microphone technique does not give accurate results with source-receiver
distances smaller than about 20 cm. Important (> 10 %) deviations from the analytical model can be
noticed at low and high frequencies. Moreover the distance at which the two-microphone technique
becomes inapplicable depends on the properties of the material. The results of the three-microphone
technique however are very convincing in the middle and higher frequencies. For the lower frequencies
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Figure 2: Absorption coefficient and phase of the reflection coefficient calculated from simulated
sound pressures (d=20 cm, ai= 0.5, 5.5 and 10.5 cm).

(< 750 till 1000 Hz depending on the material) the condition of kR being sufficiently large is being
violated (for the source-receiver distances used in this paper at least) and no improvements are achieved
as compared with the two-microphone technique. Larger source-receiver distances are required in order
to get accurate results below these frequencies.

4 - MEASUREMENTS
The technique, which is most closely related to the plane wave expansion model of the sound field, is a
NAH measurement developed originally by Tamura [3]. This measurement method scans the sound field
in two planes above an absorbing material. These sound pressures allow the calculation of the reflection
coefficient, not only at normal incidence, but also at oblique incidence and even for inhomogeneous waves.

Figure 3: Left: Absorption coefficient according to different measurement techniques: Tamura (d=8.7
cm, z 1=0.3 cm, z 2=0.8 cm, ∆r=1 cm, n=50), two-microphone technique (d=20 cm, a1=0.7 cm,

a2=2.7 cm), Kundt’s tube; right: Influence of source height with the two-microphone technique (d=20,
80 cm).

The two-microphone technique is only valid in the case of sufficiently large source-receiver distances. The
results of measurements at two source-receiver distances are presented (d ≈ 80, 20 cm) and compared
with measurements in the Kundt’s tube. As expected the small source-receiver distance in the second
case, gives an overestimation of the absorption coefficient for the middle and higher frequencies.
It turns out to be very difficult to obtain good experimental results with this new three-microphone
technique. This technique is very noise sensitive, which can be illustrated by adding a small amount of
noise to the calculated sound pressures in the simulations. The results of the three-microphone technique
are completely disturbed, while the two-microphone technique seems to be much more robust. Small
errors on source height and temperature (or sound speed) can be considered as a kind of noise and have
a dramatic influence on the three-microphone technique.

5 - CONCLUSIONS
In this paper a correction to the classic ’mirror source’ model is proposed, which makes it possible
to describe the sound field above a reflecting surface at much smaller source-receiver distances. This
could be interesting for in-situ techniques, for the windowing of disturbing reflections would be easier.
According to this corrected model, the sound pressure at three positions above the absorbing layer is
sufficient to determine the reflection coefficient of this layer. Especially at middle and high frequencies
important improvements can be expected.
However this correction appears to be very sensitive to noise, whereas the two-microphone technique
turns out to be rather robust.
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Figure 4: Same as Fig. 2, but a small amount (about 10 %) of noise is added to the calculated sound
pressures.
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