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1. INTRODUCTION

The diffuse sound field model is widely used in the analysis of sound in reverberant rooms. In
particular, the spatial correlation coefficient is an important measure for applications in which the
diffuse field assumption is made, and its variation over several different directions is a measure
of the diffuseness of reverberant field!. For example, the spatial correlation coefficient can give
an indication of the minimum permissible spacing of microphones necessary to obtain
independent measurements of mean-square sound pressure for the determination of sound
power levels in reverberation chambers2:3. Another example is local active noise control in
enclosed sound fields where performance depends upon the spatial correlation properties of the

reverberant sound fields#5.

Many previous authors have studied theoretically and experimentally the spatial correlation
coefficients for pure tone® and narrowband diffuse fields”:8. Recently, Rafaely? has studied
theoretically the spatial correlation in a diffuse field which is excited by a broadband random
signal. The diffuse field spatial-temporal correlation function is generalized for stationary random
signals with given power spectral density in his work.

This paper presents experimental verification of these theoretical results of broadband spatial
correlation. This is achieved by measuring the spatial correlation coefficients in a large
reverberant chamber excited by various broadband random signals and comparing the
experimental results with the theoretical predictions.

2. Background theory

2.1  The definition of a diffuse sound field

The diffuse field can be defined as follows!%: A diffuse sound field comprises a superposition of
an infinite number of plane progressive waves, such that all directions of propagation are equally
probable and plane waves constituting the field are statistically uncorrelated. This definition
implies that the statistical quantity characterizing the diffuse sound field, such as the spatial
correlation function, are spatially homogeneous and isotropic and the resultant acoustic intensity

is zero everywhere'. However, it is based on an idealized concept, that is, the state of the
perfectly diffuse sound field cannot be usually met by any finite real space. Nevertheless, a
reverberant sound field can be approximated by a diffuse field if it can be represented by a
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sufficiently large number of plane waves. Therefore, broadband sound sources in a highly
reverberant enclosure generate a quasi-diffuse field12.

2.2 The Schroeder frequency

In a reverberant room, the average number of acoustic modes per unit frequency, that is the
modal density, is approximately proportional to the square of frequency when room dimensions
are large compared with a wavelength'3. At very low frequencies, the modal density is very low,
so that individual resonance peaks at the natural frequencies of the room are well separated in
frequency compared to the half power bandwidth of the resonance peak of any single mode. As
the frequency increases, the modal density increases, so that the individual resonance peaks are
less distinct. There is a crossover frequency that indicates the transition from the region of well-
separated resonance peaks to the region of many overlapping resonance peaks. However this
crossover frequency is somewhat arbitrary. Schroeder suggested this crossover frequency, which
is now known as the “Schroeder frequency”. For airborne sound in a reverberant room, it is

given by!4
T, T,
fo = |l —2— | 02000, -2
o [Alog,,m v} Jv

where ¢ is the speed of sound, Tg is the 60 dB reverberation time and V'is the volume of the

room in cubic meter. The expression for the Schroeder frequency can be simplified to the
formula in Eq. using the factor 2000 for a moderate room temperature. On average, at least
three resonance peaks lie within the half-power bandwidth of one resonance peak at frequencies
above the Schroeder frequency.

3. Spatial correlation coefficient

3.1  Definition of the spatial correlation coefficient

The spatial-temporal correlation coefficient p between two position vectors x and y at times 14
and t, respectively is defined asb

) ) E{p(x.4) p(¥.t2)]
FIERRRA ﬁ{pz (x4 )}E{P? (¥.2)]

where E{} denotes the expectation operation, and p is the acoustic pressure. Note that the
correlation coefficient p is between —1 and 1.

We now assume that the acoustic pressure signals in space are stationary and ergodic with
respect to time. The statistical properties are therefore unchanged under a shift in time, that is,
the correlation coefficient is a function of time delay 7= | t; — {1 |, and the ensemble average can
be replaced by the time average. If the sound field is assumed to be perfectly diffuse, the
acoustic pressure signals can be assumed to be stationary with respect to position, and so the
statistical properties are unchanged under a shift in position, that is, the correlation coefficient is
a function of the separation distance between two positions r=|y —x|. Moreover, they can be
assumed to be ergodic with respect to position, that is, the ensemble statistics can be replaced
by the spatial statistics”. Under the assumptions stated above, the spatial correlation coefficient
averaged over time and space with zero time delay is therefore given by
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where T is the time duration of the acoustlc pressure signals, the subscript n indicates the nth
pair of randomly chosen discrete positions with constant distance r =|y,—x,| between two
positions, and N is the number of spatial averaging.

Equation is not adequate for the practical measurement of the spatial correlation coefficients in a
reverberant field. The main reasons are as follows. First, since it is not possible to generate a
perfectly diffuse field in any finite space, there would be some deviation from the assumptions
used to derive Eq.. Second, N and T in Eq. are finite. Third, if the acoustic pressure signals are
sampled by using an analogue-to-digital converter, the integral is replaced by a discrete
summation. Therefore, the measured spatial correlation coefficient averaged over time and

space with zero time delay is given by
N1

2 2 (P AT ) p ¥y ma T}

wm] fitwll
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where M is the number of samples of the digital acoustlc pressure signal in the time domain, mis
an integer number and AT is the time resolution in seconds, which is equal to the inverse of the
sample rate in hertz. The coefficient in Eq. provides an estimate of the coefficient in Eq. .
Equation is the practical formula of the spatial correlation coefficient, and has been used in the
experiment described in this paper.

:'

3.2 Theoretical prediction of the spatial correlation coefficient

If a sound field is assumed to be perfectly diffuse, and stationary and ergodic with respect to time
and space, the spatial correlation coefficient p (r) with zero time delay can be written as®

-2 J. s(f em(krj *

where S( f) is the power spectral density of the acoustic pressure signal excmng the infinite
number of plane waves in a diffuse field, fis a frequency in hertz, k is the wave number

k=20 =J'S(fjdfl

% &
% /, and o2 is the variance of the signal a

Equation is useful since the spatial correlation coefficient can be calculated if the power spectral
density of the signal alone is known. It shows that the broadband spatial correlation coefficient -

equals to the integration of the pure tone spatial correlation coefficients®, i.e. a sinc function
[sin kr

ke J , which is weighted by the normalized power spectral density of the signal over
frequency. The experimental verification of Eq. is the main objective of this paper.

However, equation shows that the frequency range of the integral is from —w to «. In practice, the
frequency range must be finite. If the analogue data acquired by the microphones are converted
to digital data by an analogue-to-digital converter, the digital data are discrete and meaningful
only below half the sample rate due to the mirror images produced in the sampling process.
Therefore, equation can be approximated in practice by:

file:///F:ffiles/Pages/papers/l.Chun.60.htm 3/14



10/27/22, 4:11 PM UNIVERSITY OF SOUTHAMPTON

L1 sin{2elhfr fog)
_ EG (149) 2elhfrjcg

alr) = =

> G(IAf)

[
where the coefficient #(7) provides an estimate of the coefficient p(r) in Eq., G( f) is the one-
sided power spectral density of the signal, / is an integer number, L is the number of samples of
the digital acoustic pressure signal up to half the sample rate in the frequency domain and Afis
the frequency resolution which is equal to half the sampling rate in hertz divided by L. Equation
has been used to predict the broadband spatial correlation coefficients in this paper.

3.3 Validity of the generalized spatial correlation equation

Equation is based on the following assumptions: the sound field is perfectly diffuse; the sound
field is stationary and ergodic with respect to time and space; the modal density is infinite over all
frequencies. In practice, these assumptions cannot hold exactly. The theoretical prediction from
Eq. or has two main sources of estimation errors originating from the validity of the two terms in
the equation: the sinc function and the power spectral density.

First, the pure tone spatial correlation coefficient curve is not equal to the sinc function. The
degree of deviation from the sinc function depends on the degree of diffuseness at the
corresponding frequency. Second, at the low frequency range below the Schroeder frequency,
modal density is low, that is, the individual resonance peaks are well separated and individually
identified. Therefore, the room response at low frequencies and the response of the loudspeaker
and microphone in an experiment can modify the power spectral density of the sound field.
However, if the power spectral density measured in the reverberation chamber is substituted for
Eq. instead of a theoretical power spectral density, the influence of this problem can be reduced.

4. EXPERIMENT

4.1  Experimental setup and procedure

The spatial correlation coefficients have been measured in a rectangular reverberation chamber
whose volume is 348 m3. The Schroeder frequency of the reverberation chamber was calculated
as 350Hz, which is a mean value of the Schroeder frequencies measured in one-third octave
bands with centre frequencies from 100Hz to 1000Hz. The broadband random signals used in
this experiment were generated by filtering normally distributed random signals through digital

butterworth filters. The description of the test signals is shown in Table I. The first signal was
chosen to investigate a broadband sound field of high modal overlap at frequencies above the
Schroeder frequency, i.e. 350Hz, which was mixed with the sound field of low modal overlap at
frequencies below the Schroeder frequency. The second signal was chosen to investigate the
broadband sound field entirely below the Schroeder frequency, while the third signal was chosen
to investigate the broadband sound field entirely above the Schroeder frequency.

The theoretical one-sided power spectral density of each signal is presented in Table II on the
assumption that the power spectral density of the white noise signal S, is a constant'5. Sy will

be removed by the normalizing process when the spatial correlation coefficient is calculated from
Eq. or. Figure 1 shows the theoretical power spectral density of each test signal assuming S, is

unity.
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Figure 2 shows a block diagram of the measurement system that consists of a sound generation

system and a data acquisition system’®. The accuracy of the magnitude of the output signal of
the microphones is not significant in this experiment because the spatial correlation coefficients
are calculated from normalized quantities. However, the phase difference between the two
microphones is important because the correlation coefficient is based on the phase difference
between the two signals. In this experiment, the Briiel & Kjeer matched microphones type 4135
were chosen, with phase difference lower than 2.5° between 20Hz and 1kHz. The Briiel & Kjeer
sound intensity calibrator type 3541 was used to measure the phase difference. The gain of the
power amplifier and measuring amplifiers was set to be sufficiently high to improve a signal-to-
noise ratio, but adjusted not to exceed the analogue-to-digital convert (ADC) range. The
generated digital signals were converted to analogue signal by the sound card mounted on PC
with a sample rate of 16384Hz. The acquired analogue signals were sampled by the analogue—
to—digital converter mounted on PC with a sample rate of 8192Hz. Because the roll off of the
digital lowpass filter of each test signal was sufficiently fast at 1kHz, the cut-off frequency of both
analogue lowpass filters was set for 1300Hz to avoid aliasing effects or mirror images without
distorting the signals.

The loudspeaker was placed at the corner of the reverberation chamber. The measurement
positions were at least one meter away from the walls and floor of the reverberation chamber and
each other to reduce correlation between measurements. The test signals were generated using
the loudspeaker, and were then recorded simultaneously using two microphones for 10 seconds.
The signals were acquired after at least 10 seconds from the initial signal excitation in order to
ensure steady state condition, since a duration of 10 seconds is similar to the representative
reverberation time of the room. Each signal was measured for 15 different separation distances r
= ly—x| using Eq. . The spatial correlation coefficient for each separation distance r was
estimated by averaging the measurements at 10 different positions in the reverberation

chamber. To summarize, the measurement duration of T=10 seconds was used with AT=1/8192
and M=81920, and the spatial averaging of N=10 was used in Eq. for 15 discrete values of r.

4.2  Averaging operation

The calculation of the spatial correlation coefficient is based on time and space averaging
operations. The length of time averages was chosen to satisfy the condition that the error due to

finite averaging time is much lower than the error due to finite spatial averaging'”. In this
experiment, 10 seconds of time duration for broadband signals was sufficient to consider the
estimation error of the time integral to be negligible.

The number of spatial averages required to achieve a good estimation of the spatial correlation
coefficient should be also considered. If a sufficiently large number of spatial averages are

performed, almost any sound field shows the same characteristics as a diffuse sound field'8. In
other words, the spatial average operation increases the degree of measured diffuseness when
the orientations of the measurement points in space are chosen randomly. In practice, the more
diffuse the sound field is, the less spatial averages are required to obtain an accurate estimate.
In particular, the sound field excited by a signal of a low frequency band requires more spatial
averages to achieve the same estimation accuracy compared to that excited by the signal of a
high frequency band with the same bandwidth. Therefore, the number of spatial averages
depends on the frequency band and the requirements for accuracy of the specific application. In
this experiment, the number of spatial averages was fixed to ten to compare experimental results
with each other under the same conditions.

4.3 Calculation of the spatial correlation coefficients
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Figure 3 shows the power spectral density of each test signal measured at one typical position in
the reverberation chamber. Curves in Fig. 3 are different from those in Fig. 1. The main reason
is that the frequency response of the loudspeaker-microphone pair and the room influenced the
measured power spectral density of each signal. This difference was therefore compensated for

by substituting the measured power spectral density for G(f) in Eq. . The dashed lines in Fig. 4,
5, and 6 represent the theoretical predictions using the measured power spectral density.

The theoretical predictions of the spatial correlation coefficients for the test signals were

calculated from Eq. by substituting the theoretical power spectral densities in Table II for G( f)
with a frequency resolution of 0.1Hz and L=40960. The solid lines in Fig. 4, 5, and 6 represent
these theoretical predictions.

The measured spatial correlation coefficients were calculated from Eq. , and are presented by

the circles in Fig. 4, 5, and 6 for the three test signals in Table I. The total length of the error
bar at each measured value is twice the standard deviation of the spatial correlation coefficient at

the corresponding separation distance r = |y,—X|.

- 4.4  Results

Figure 4 shows the spatial correlation coefficients of the test signal whose bandwidth is from OHz
to 1kHz. This broadband signal includes frequency components below the Schroeder frequency,
which are believed to be the main source of discrepancy between measured values and
theoretical predictions. In this case, the use of measured power spectral density does not
improve the estimation of the spatial correlation coefficients significantly. Therefore the main
cause of prediction error is assumed to be imperfect diffuseness at low frequencies. In spite of
some discrepancy, theoretical predictions were comparable with experimental results in this case
since the sound field in the frequency band above the Schroeder frequency dominates the sound
field in the frequency band below it. If the bandwidth of the signal above the Schroeder ‘
frequency is broader, the estimation error is expected to be smaller.

Figure 5 shows the spatial correlation coefficients of the test signal whose bandwidth is from OHz
to 350Hz, which is entirely below the Schroeder frequency. The discrepancy between measured
values and theoretical predictions using the theoretical power spectral density (solid line) are
much larger than that of the previous case due to the dominant low frequency components. The
standard deviation of the estimate is also larger than that of other cases due to the smaller
degree of diffuseness. In this case, the use of measured power spectral density improves to
some extent the estimation of the spatial correlation coefficients. Therefore the main causes of
prediction error are assumed to be both imperfect diffuseness and imperfect estimation of the
power spectral density at low frequencies.

Figure 6 shows the spatial correlation coefficients of the test signal whose bandwidth is from
350Hz to 1kHz, which is entirely above the Schroeder frequency. The discrepancy is very small,
that is, the measured spatial correlation coefficient agrees well with the theoretical prediction.

As discussed earlier, the theoretical prediction for the broadband spatial correlation coefficients
has two main sources of estimation error originating from the sinc function term and the power
spectral density term in Eq. . Both errors are significant in the low frequency band, particularly
below the Schroeder frequency. However, although a signal includes very low frequency band, if
the frequency components above the Schroeder frequency are sufficiently broad, the estimation
errors can still be acceptable if they are below some limit that depends on the desired precision
required by an application.
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Figure 7 shows the measured and theoretical spatial correlation coefficients for a 1kHz pure tone
calculated as above, which are presented here for comparison with previous studies. It shows
large standard deviation due to the very narrow band of the pure tone, with reasonable
discrepancy between theoretically predicted and measured values.

5. CONCLUSION

In this paper, spatial correlation coefficients of broadband sound fields were measured in a
reverberation chamber, and experimental results were compared with theoretical predictions.
Theoretical predictions showed good agreement with experimental results when the frequency
components of the generated signal were entirely above the Schroeder frequency. When a
broadband signal entirely below the Schroeder frequency was generated, the estimation error
was larger than that of other cases but could be reduced by using the measured power spectral
density in the theoretical predictions. In the case of a broadband signal that included frequency
bands both below and above the Schroeder frequency, theoretical predictions were comparable
with experimental results since the bandwidth of the signal above the Schroeder frequency was
sufficiently broad. These results can facilitate the use of broadband acoustic signals in diffuse
field measurements and applications.
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TABLES

Table I. Test signals.

Number Bandwidth Order of filter Cut-off frequency of filter
1 OHz ~ 1000Hz 16! order lowpass filter | 1000Hz

2 OHz ~ 350Hz 8th order lowpass filtter | 350Hz

3 350Hz ~ 1000Hz 41 order bandpass filter 350Hz and 1000Hz

Table II. One-sided power spectral density of each test signal.

Test signal number One-sided power spectral density
1 N 1000% N
f2 10002 Y
350"
2 g >

£ -(1000- 350)°
°.(1000-350Y° + (1000 %350 - )’

=

3 2x
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FIGURE CAPTIONS

Figure 1 Theoretical power spectral density of each test signal with bandwidth:
(a) OHz~1kHz (b) OHz~350Hz (c) 350Hz~1kHz.
Figure 2 Block diagram of the measurement system.
Figure 3 Power spectral density of the each test signal measured in the reverberation
Chamber with bandwidth: (a) OHz~1kHz (b) OHz~350Hz (c) 350Hz~1kHz.
Figure 4 Spatial correlation coefficient of the test signal with bandwidth of OHz~1kHz
(circles: measured values, error bar : standard deviation of the estimate,
solid line : theoretical predictions using the theoretical power spectral density,

dashed line : theoretical predictions using the measured power spectral density).

Figure 5 Same as Figure 4, except bandwidth : OHz~350Hz.
Figure 6 Same as Figure 4, except bandwidth : 350Hz~1kHz.
Figure 7 Spatial correlation coefficient of 1kHz sinewave (circles: measured values,
error bar : standard deviation of the estimate, solid line : theoretical predictions).
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