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A point source for measuring ground impedance which complies with the omnidirectionality require-
ments of the ANSI S1.18 standard is presented. The source consists of a small aperture connected to a con-
ventional loudspeaker through a cone. Whilst this source radiates with deviations lesser than ±1 dB
within ±45�, its frequency response exhibits strong peaks arising from resonances of air inside the cone.
To equalise these resonances, inverse filtering is applied. Inverse filters pre-emphasise the electrical sig-
nal driving the sound source so that zero-phase (or minimum-phase) cosine-magnitude signals are radi-
ated. Equalisation by inverse filtering has two main advantages in the ground impedance measurement.
On the one hand, flattening the frequency response avoids large fluctuations of the excess attenuation
curve, which can make difficult its inversion to ground impedance data. On the other hand, inverse filter-
ing shorten the time response of the sound source, this in turn making easier the positioning of a time
window to separate ground reflection from reflections/diffractions coming from nearby objects usually
present in the acoustic scenario.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Many acoustic measurement procedures require omnidirec-
tional sources. Dodecahedra, for instance, are used as an approxi-
mation to omnidirectional sound sources for measuring room
acoustic parameters. Maximum allowed deviations from source
onmidirectionality are established by ISO 3382-1 standard [1].
Deviations larger than those recommended for the ISO 3382-1
are known to cause large errors on the assessment of acoustic
parameters depending on the source-receiver distance, frequency
band and number of measurements [2].

Omnidirectional sources are also recommended for measuring
ground impedance. According to the ANSI S1.18 standard, sound
sources for measuring ground impedance are required to be omni-
directional to within ±1 dB within ±45� [3]. It suggests that a 1 m
large pipe with a driver connected to an end radiates through the
other end like a point source provided that its diameter is shorter
than k/4, being k the wavelength. Polak et al. [4] proposed another
type of omnidirectional sound source, consisting of a powerful
loudspeaker feeding a small aperture through a reverse horn for
concentrating the acoustic energy. The proposed designs, both
the open end of a pipe and the small aperture of a reverse horn,
have proved to constitute a solution for omnidirectional sound
sources that behave like a point source, but with a very irregular
ll rights reserved.
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frequency response and a rather resonant structure. Strong reso-
nances in the frequency response of the sound source can cause
significant fluctuations in the measured excess attenuation curves
used for inverse procedures to asses ground impedance. For in-
stance, Attenborough and Boulanger [5] demonstrated that root-
finding methods [6] to invert excess attenuation data directly to
ground impedance are very sensitive to fluctuations in complex ex-
cess attenuation data.

Fortunately, large peaks of the frequency response of a sound
source can be equalised by inverse filtering [7,8]. The main purpose
of this paper is to illustrate this process with a new point source
designed for ground impedance measurements. The designed point
source, similar to that proposed by Polak et al. [4] is described in
Section 2. Section 3 presents the details of the inverse filtering pro-
cess applied to flatten the originally strongly resonant frequency
response of the point source. The benefits of this inverse filtering
in the measurement of two soil impedances are demonstrated in
Section 4.
2. Point source

Fig. 1 shows a sketch of the designed point source. The sound is
radiated through a small aperture connected to a 10-in. loud-
speaker through a steel cone. Both the loudspeaker and the cone
are enclosed in a wooden box with 3 cm thick walls. The box has
dimensions (79 � 36 � 36) cm, and he cone is 42.5 cm long. The
small aperture has a diameter of 3 cm.
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Fig. 1. Sketch of the point source.

562 P. Cobo et al. / Applied Acoustics 74 (2013) 561–565
2.1. Frequency response

The frequency response function (FRF) of the source was mea-
sured in the anechoic room of the CAEND using a B&K 4191L
microphone situated 1.5 m far from the aperture. The time re-
sponse between the source and the microphone was measured first
using a MLS signal (order 16, 10 averages). Assuming that the
microphone has a flat response, the FFT of the measured time re-
sponse affords directly the FRF of the source. Fig. 2 shows the time
response and the FRF of the source. The strong resonant structure
of the source is clearly seen in both time and frequency responses.
The amplitude of the resonances deviates more than 20 dB from
the flat part of the FRF. These resonances can cause strong peaks
in the measurement of excess attenuation curves which can pro-
duce incertitude in the assessment of the ground impedance.

2.2. Directivity patterns

The directivity of the point source was measured in the anec-
hoic room of the CAEND. A turntable is situated above the point
source. A B&K 4191L microphone suspended at the end of a rod
turns around the point source describing an angle h1 between
�90� and 90�. The microphone is R1 = 2.03 m far from the centre
of the turntable, being R2 and h2 the distance of the microphone
and the turning angle with respect to the centre of the source aper-
ture, respectively. Since the centre of the source aperture is dis-
placed a distance L = 0.425 m from the centre of the turntable,
Fig. 2. Time (a) and frequency (b) resp
the measured directivity pattern D(R1h1) must be mapped into
the corrected pattern D(R2, h2).

The ISO 3382-1 standard [1] recommends providing the direc-
tivity patterns of sources averaged in frequency and angle. To aver-
age in frequency, narrowband FRFs are transformed to octave band
FRFs. Angle smoothing is achieved by gliding averaging in ±15� arcs
around the measurement angle. Fig. 3 shows the resulting polar
directivity diagrams of the designed point source at the selected
octave band central frequencies between 125 Hz and 4000 Hz. It
is seen that the designed point source complies with the ANSI
S1.18 requirement of omnidirectionality for ground impedance
measurements [3]; namely, it deviates from a semi-sphere less
than ±1 dB within ±45�.
3. Equalisation by inverse filtering

Cobo et al. [7] have demonstrated that the FRF of a sound source
can be equalised by pre-emphasising the MLS signal with the in-
verse filter given by

xsðtÞ ¼ F�1 Ysðf Þ
H�ðf Þ

jHðf Þj2 þ p2

( )
; ð1Þ

where F�1 stands for inverse Fourier transform, H(f) is the FRF of the
sound source, p is a regularization constant,

jYsðf Þj ¼
cosg pðf�f0Þ

B

h i
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(
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for cosine-magnitude spectra, with B = f2 � f1 the frequency band
where the source must be equalised, f0 = (f2 + f1)/2 the central fre-
quency, and

WYsðf Þ ¼
0 for zero� phasepulses

� 1
p

R1
�1

jYsðnÞj
f�n dn for minimum� phase pulses

(
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The equalisation process outlined above depends on four
parameters: f1 and f2, the low and high frequency limits of the fre-
quency band, p, the regularization parameter, and g, the cosine
shaping parameter. They are chosen according to the natural fre-
quency response function of the sound source. In this case, the se-
lected parameters were (f1, f2,p,g) = (18 Hz, 6358 Hz, 1% of the
spectral maximum, 0.2).
onses of the original point source.



Fig. 3. Smoothed polar directivity diagrams of the point source at central octave
band frequencies.

Fig. 5. Smoothed polar directivity diagrams of the inverse filtered point source at
central octave band frequencies.
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3.1. Frequency response

Fig. 4 shows the time and frequency responses of the point
source without and with inverse filter equalisation. The effect of
inverse filtering is appreciated in both time and frequency re-
sponses. The inverse filtered time waveform is much shorter than
the original one (see Fig. 2). In the frequency domain, the strong
peaks in the unequalised FRF have been flattened in the equalised
response in the frequency band from 18 Hz to 6300 Hz.

3.2. Directivity patterns

Fig. 5 shows the polar directivity diagrams of the inverse fil-
tered point source at the central frequencies of octave bands be-
tween 125 Hz and 4000 Hz. These directivity diagrams have been
smoothed by averaging in gliding arcs of ±15� around the measure-
ment angle. It can be seen that the designed point source, when
equalised by inverse filtering, deviates less than ±1 dB within
±90�, resulting even more omnidirectional than the original source
without inverse filtering.
4. Measuring ground impedance with the designed point source

The acoustic impedance of two soils, one hard and other soft,
Fig. 6, has been measured by the method recommended by the
ANSI S1.18 standard [3], using the point source described in
Fig. 4. (a) Time and (b) frequency responses of the po
Sections 2 and 3. This method consists of measuring the sound le-
vel difference at two microphones close to the point sound source,
DLexp, calculating the level difference according to an impedance
model of the soil, DLthe, and varying the parameters of the imped-
ance model so that the square difference jDLthe � DLexpj2 achieves a
minimum. Three geometries for the source-microphones arrange-
ment are recommended depending on the type of soil and the fre-
quency range of interest [3]. Kruse and Mellert [9] have suggested
another slightly different geometry which minimises the measure-
ment errors in the frequency range between 100 Hz and 400 Hz.
Here, an intermediate geometry between both recommendations
has been adopted with a sound source hs = 0.295 m, a top micro-
phone height ht = 0.8 m, a bottom microphone height hb = 0.1 m,
and a source-microphones horizontal distance d = 2 m.

4.1. Hard ground

The first ground impedance measurement was carried out on
the concrete soil of the CAEND courtyard, Fig. 6a. Time responses
were measured using MLS signals of order 16, 10 averages, and
sampling frequency fs = 120 kHz. Fig. 7 shows the time responses
measured at the top microphone. To illustrate the effect of inverse
filtering, two time responses are shown for each microphone;
namely, the original signal, without inverse filtering, and the in-
verse filtered signal to generate a zero-phase cosine-magnitude
int source with equalisation by inverse filtering.



Fig. 6. Concrete (a) and grass (b) soils.

Fig. 7. Time responses at the top microphone for the concrete soil. Fig. 8. Level difference curves for the concrete soil.

Fig. 9. Theoretical and experimental level difference curves for the concrete soil
with r = 5200 kN s m�4.
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pulse. Although the minimum-phase inverse filtered signal was
also measured, it is not presented here as it does no differ substan-
tially from the zero-phase inverse filtered signal. To appreciate bet-
ter the differences between the two time responses, they have
been displaced vertically each other. As it can be seen, inverse fil-
tered time response is much shorter than the original one. This is-
sue is important for this measurement, as it has been carried out in
a scenario with close surfaces and objects which provide undesired
reflections/diffractions to the measured time response. They can be
removed by time windowing, as shown in Fig. 7. Whereas the time
window fits perfectly between the desired and undesired reflec-
tions in the inverse filtered time response, it truncates energy from
the soil in the original one. This is a further advantage of using in-
verse filtering to shorten the time response of the point source.

Fig. 8 shows the sound level difference, DLexp, calculated from
the windowed time responses at the top and bottom microphones.
It can be seen that the level difference curves measured with in-
verse filtering are smoother than the original one, which is spikier.
Peaks of the original curve are due to dips in the bottom micro-
phone FRF. These peaks could cause difficulties in the conversion
of level difference data to ground impedance [5].

The curve obtained with zero-phase cosine-amplitude inverse
filtered MLS was used to assess the acoustic impedance of the con-
crete soil, assumed as a local reacting soil, using a Delany–Bazley
impedance model [10]. This acoustic impedance model is charac-
terised by one parameter, the flow resistivity r. The least square
method outlined above provides an optimum value r = 5200
kN s m�4. It is lower than the value for a concrete soil
(65 MN s m�4) in Table B.1 of the ANSI S1.18-1999 [3]. Fig. 9
superimposes the level differences curves, DLthe and DLexp.
4.2. Soft ground

Further measurements were done on a lawn soil at the garden
of the CAEND, Fig. 6b. Time response at the top and bottom micro-
phones were measured again using MLS signals of order 16, 10



Fig. 10. Time responses at the top microphone for the grass soil.

Fig. 11. Level difference curves for the grass soil.
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averages, and fs = 120 kHz, without and with inverse filtering.
Fig. 10 shows the time responses at the top microphone, with a
time window superimposed. Again, time responses at the micro-
phone have been displaced vertically each other so that differences
between them can be better appreciated. Due to the longer dura-
tion of the non-filtered time response, the time window truncates
part of the soil reflected energy. A similar analysis to that applied
in Section 4.1 provides the level difference curves of Fig. 11. Again,
outstanding peaks are seen in the non-filtered curve, as a conse-
quence of the dips in the FRF of the bottom microphone. The
zero-phase cosine-magnitude inverse filtered curve is used to ob-
tain the flow resistivity of the two-parameter acoustic impedance
that minimises the square differences between theoretical and
experimental level difference curves. This impedance model de-
pends on two parameters, the flow resistivity, r, and the rate of
change of porosity with depth, a. The minimisation process out-
Fig. 12. Theoretical and experimental level difference curves for the grass soil with
r = 100 kN s m�4 and a = 3 m�1.
lined above results in r = 100 kN s m�4 and a = 3 m�1. These values
correspond to an ‘‘institutional grass’’ in Table B.2 of the ANSI
S1.18-1999 standard [3]. Finally, Fig. 12 superimposes the level dif-
ference curves, DLthe and DLexp, obtained for this soil.

5. Conclusions

This paper presents the acoustic performance of a point source
designed for measuring ground impedance. The sound is radiated
through a small aperture connected to a conventional loudspeaker
through a steel cone. The acoustic performance of this point source,
namely its frequency response function and its directivity pattern,
has been measured in an anechoic room. The measured polar
directivity diagrams at the central frequencies of the octave bands
between 125 Hz and 4000 Hz show that the designed point source
fulfils the omnidirectionality requirement of the ANSI S1.18 stan-
dard (deviations lesser than ±1 dB within ±45�). However, its fre-
quency response exhibits strong peaks, which exceed more than
20 dB the flat part of the curve, and can be detrimental for invert-
ing excess attenuation data in acoustic impedance of the investi-
gated soil.

To solve this problem, the original frequency response of the
point source has been equalised by inverse filtering. It has been
demonstrated that zero-phase, and minimum-phase, cosine-
magnitude inverse filtering effectively flattens the frequency
response of the point source. An additional advantage of inverse
filtering is to shorten significantly the length of the sound source
time response, facilitating the fitting of a time window to separate
desired (from the ground) and unwanted (from near objects)
contributions to the time response.

Non-filtered and inverse filtered excess attenuation curves have
been measured above two grounds, one hard and another soft.
Whereas the non-filtered excess attenuation curves exhibit strong
fluctuations, originating from the irregular frequency response of
the original point source, the inverse filtered ones are much
smoother. The impedance curves calculated by minimising the
square difference between the inverse filtered measured and theo-
retical excess attenuation curves provide reasonable values of their
acoustical parameters.
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