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4. MEASUREMENT OF DIFFERENT MATERIALS
USING THE CEPSTRUM METHOD.

This chapter records the results of using the cepstrum method to measure the
plane wave sound power absorption coefficient of five different samples.
These were:

1. A highly sound absorbent, "anechoic" termination as shown in Figure 3.1,

2. A highly sound reflecting termination consisting of a 60 mm thick solid steel
cylinder,

3. 60 mm thick Rockwool mineral wool type 201,

Porous Asphalt specimen 7 - 3,

5. Porous Asphalt specimen 8 -5

s

The first two samples were chosen to test the method for two extreme
conditions; a highly sound absorbent and a highly sound reflecting surface,
respectively. Sample 3 was chosen as it is a familiar material and is a typical
example of a fibrous, porous absorber often used in various acoustical
applications.

Samples 4 and 5 were porous asphalt specimens, which, together with the
results of careful measurement had been obtained from an experimental
project[1] investigating the sound absorbing properties of different types of
open pore asphalt. Nine different types of asphalt of differing consistency,
texture and depth had been laid in contiguous 80 metre long by 3.5 metre wide
strips on a disused runway of the Welschap military airfield near Eindhoven,
The Netherlands.

Several specimens were bored from each of these strips. Sample 4 is thus
specimen 3 of asphalt type 7. This is a "TWIN-lay" material comprising two
layers of different size stone displaying two absorption maxima within the 2000
Hz frequency range of interest. Sample 5 is specimen 5 of asphalt type 9
made up of a single layer displaying a single absorption maximum within the
frequency range. ‘
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Two typical asphalt core specimens are shown in Figure 4.1 with the type 7
"“TWIN lay" shown on the left A detailed description of the specimens and
experiments are contained in reference [1].

FIGURE 4.1 TWO TYPICAL ASPHALT CORE SPECIMENS.
Sample 4 - Specimen Type 7 "TWIN lay” is shown on the lefl,

4.1 ANECHOIC TERMINATION

The result of measuring the absorption coefficient of the 400 mm long
"anechoic” termination shown in Figure 3.1 by means of the cepstrum method
is shown in Figure 4.2.

A modified sweep was used together with a 4 millisecond, one-sided Hanning
cepstrum window. The corresponding low-frequency limit to be expected was
250 Hz.

The upper half of the figure displays the absorption coefficient over the

frequency range of 10 Hz to 3200 Hz. The vertical axis is the absorption
coefficient 0 to 1 in 0.2 steps per division.
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FIGURE 4.2 ABSORPTION COEFFICIENT AND WINDOWED CEPSTRUM
OF 400mm LONG ANECHOIC TERMINATION

in the cepstrum window shown in the lower half of Figure 14 it can be seen
that there still exists a significant cepstrum impulse response corresponding to
approximately 1600 Hz. Also visible is high frequency contamination.
Comparing the maximum amplitude of the impuise response in Figure 4.2 with
that for a highly reflecting surface shown in the lower half of Figure 4.3, taking
due note of the different scales, it is seen that the former is approximately
17 dB below that of the latter. This correlates with the absorption coefficient of
0,98 at 1600 Hz and higher frequencies displayed in Figure 3.4.

4.2 SOUND REFLECTING 60 MM THICK STEEL CYLINDER

The sound reflecting surface comprised a 60 mm thick solid steel cylinder
wrapped with tape in order to obtain an air tight fit in the sample holder. An
ideal reflector would display zero values of absorption coefficient over the
entire frequency range.

Two analysis methods were used on the identical sample and mounting.

Figure 4.3 displays the result of using a modified 4 kHz swept sine signal and
with the sample impulse response liftered using a 4.1 millisecond, one-sided,
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Hanning window with the length of the taper being 3.66 msec. Figure 4.4
displays the results when using an unmodified 6.4 kHz sweep.
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FIGURE 4.3 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW

OF STEEL REFLECTOR
Modified Sweep Fspan: 6.4kHz TAU: 4.213ms WR: 4.1ms
One-sided Hanning window applied to cepstrum

It is to be noted that the absorption coefficient trace of Figure 4.3 and
subsequent traces display the magnitude of the results. In certain of the
results the values became negative over certain frequency ranges. The B&K
analyser displays negative values by means of a brighter line which is not
shown in the print-out. In Figure 4.3 the curve is negative between 250 Hz
and approximately 1200 Hz.

The reason for this was explained in section 2.4.2. The cepstrum of highly
reflecting surfaces comprises higher order convolution terms or rahmonics
with amplitudes that decay only slowly with increasing order. The higher order
convolution terms of equation 5 of Chapter 2 have not decayed to negligible
values in one half of the record length. Cepstral aliasing occurs with the
negative-time rahmonic that coincides with the positive-time sample impulse
response having sufficient amplitude to cause significant distortion and hence
producing the negative absorption coefficient values shown.

43



Above approximately 1200 kHz finite values of absorption coefficient of the
order of 0.15 are displayed. It is possible that the tape wrapped around the
metal cylinder did not provide an air tight seal or that the tape itself provided
some absorption at these higher frequencies. Beyond approximately 2 kHz the
results can no longer be accepted with confidence due to the existence of
cross modes in the tube and the wave travelling in the tube no longer being a
pure plane wave.

For a 4.1 millisecond window the expected low-frequency limit is 122 Hz. The
apparent increase in absorption below 250 Hz may possibly be due to the low
frequency roll-off of the modified chirp signal, still apparent'in Figure 3.9,
together with that of the loudspeaker causing a low frequency ripple in the
cepstrum to interfere with the sample impulse response. This would influence
the low frequency values of absorption coefficient.

Figure 4.4 displays the results of using an unmodified sweep signal.
Comparison with Figure 4.3 shows a significant difference in results below
250 Hz caused by effects of the increased roll-off in frequency of the generator
signal, seen in Figure 3.5, on the low-frequency cepstrum ripple. The
loudspeaker low-frequency response was the same in all cases.
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FIGURE 4.4 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW
OF STEEL REFLECTOR

Sweep: 6.4kHz Fspan: 6.4kHz TAU: 4.213ms WR: 4.1ms
One-sided Hanning window applied to cepstrum
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A clearer comparison between the two results was obtained by using the B&K
analyser to read the absorption coefficient values at each 1/3rd octave
frequency. These are plotted on the graph of Figure 4.5. The negative values
of Figure 4.3 were plotted as zero in Figure 4.5.

Figure 4.5 clearly shows the larger errors obtained both at fow and at high
frequencies using the unmodified sweep compared to the modified sweep .

The effects of aliasing may be reduced by increasing the original time record.
The same effect could also be achieved by zero padding the original time
record[2].
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FIGURE 4.5 COMPARISON OF ABSORPTION COEFFICIENT VALUES
OF 60 mm THICK STEEL TERMINATION DETERMINED
USING MODIFIED AND UNMODIFIED CHIRP SIGNALS.

e« HRDST  Modified sweep One-sided Hanning cepstrum window
O HRDST1 6.4 kHz sweep One-sided Hanning cepstrum window
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4.3 60 MM ROCKWOOL

A 60 m thick Rockwool type 201 mineral wool batt was measured in three
different ways:

1. Using a modified 6.4 kHz swept sine signal of 62 msec duration and the
sample impulse response liftered using a one-sided Hanning window with a
1.2 msec. taper. The results are displayed in Figure 4.6.

2. Using an unmodified 6.4 kHz swept sine signal of 124 msec duration and
the sample impulse response liftered using a one-sided Hanning window
with a 1.2 msec. taper. The results are displayed in Figure 4.7.

3. Using an unmodified 6.4 kHz swept sine signal of 124 msec duration and
the sample impulse response liftered using a rectangular window. The
results are displayed in Figure 4.8.
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Disc5. MF17 21-12-1992
FIGURE 4.6 CEPSTRUM & ABSORPTION COEFFICIENT OF 60 mm

ROCKWOOL
Modified Sweep Fspan: 6.4kHz TAU: 4.781msec WR: 5msec
Microphone/sample distance: 835mm )
One - sided Hanning window applied to cepstrum.

In all three cases a cepstrum window length of 5 milliseconds is shown. This
was the maximum length that could be used without interference from the 2nd
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rahmonic. The anticipated low frequency cut-off was therefore 100 Hz. The
absorption coefficient results are shown extending down to 100 Hz.

The effect of the Hanning window in modifying the cepstrum can be seen by
comparing the cepstrum amplitudes between 8.5 msec. and 9.76 msec. of
Figures 4.6 and 4.7 with that of Figure 4.8. The latter cepstrum was not
tapered.

A clearer comparison between the three results was obtained by using the
B&K analyser to read the absorption coefficient values at each 1/3rd octave
frequency. These are plotted on the graph of Figure 4.9 together with the
results of measurements conducted on the same sample using the impedance
tube method. In positioning the sample in the impedance tube sample holder
the 60 mm thick sample was inadvertently compressed to 57 mm.

Figure 4.9 shows that in the frequency range from 200 Hz to 3150 Hz a very
close correlation exists between the results obtained when using the modified
sweep and Hanning window with those obtained with the impedance tube
method. The difference in absorption coefficient values at 315 Hz and 500Hz
were within 0.08 of each other whilst all other values in the range were within
0.03. Considering that the sample was removed from one sample holder and
slightly compressed when placed in another for the impedance tube
measurements much of the variations could be attributed to experimental
error. Below 200 Hz the variation increased monotonically to 0.9 at 100 Hz.
This may have been due to a remaining low frequency contamination in the
cepstrum as a result of the low-frequency roll-off of the loudspeaker. However,
this still needs to be confirmed. It is to be noted that smaller differences were
obtained with both of the asphalt samples to be described hereafter.

In the frequency range from 200 Hz to 3150 Hz an even closer correlation
existed between the results of the two cepstrum methods employing the
Hanning window. Other than at 315 Hz and 400 Hz for which the difference
was 0.05 and 0.04, respectively, all values were within 0.02 of each other.
Below 200 Hz the difference increased monotonically to 0.24. It is probable
that this was due to low frequency contamination in the cepstrum.
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FIGURE 4.7 CEPSTRUM & ABSORPTION COEFFICIENT OF 60 mm
ROCKWOOL

Sweep: 6.4 kHz Fspan. 6.4kHz TAU: 4.761msec WR: 5msec

Microphone/sample distance: 835mm '

One - sided Hanning window applied to cepstrum.
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FIGURE 4.8 CEPSTRUM & ABSORPTION COEFFICIENT OF 60 mm

ROCKWOOL
Sweep: 6.4kHz Fspan: 6.4kHz TAU: 4.761msec WR: 5msec
Microphone/sample distance: 835mm
Rectangular window applied to cepstrum.
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FIGURE 4.9 COMPARISON OF ABSORPTION COEFFICIENT VALUES OF
60 mm THICK ROCKWOOL TYPE 201 MEASURED BY
VARIOUS CEPSTRUM TECHNIQUES & BY IMPEDANCE

TUBE METHOD
# MF17 Modified sweep One-sided Hanning cepstrum window
A MF18 6.4kHz sweep One-sided Hanning cepstrum window
O MF19 6.4kHz sweep Rectangular cepstrum window
— 57 mm Identical sample compressed to 57mm measured by conventional

impedance tube method.

There is noticeably less contamination to be seen in the cepstrum when using
the modified sweep as shown in Figure 4.6 compared to that when using the
unmodified sweep as shown in Figures 4.7 and 4.8.

Figure 4.8 shows clearly the superimposed ripple on the absorption coefficient
curve due to high frequency contamination in the cepstrum caused by using a
rectangular cepstrum window. Below 200 Hz this ripple appeared to offset the
difference produced by the low frequency contamination in the cepstrum.

When comparing the results of the three cepstra techniques the difference

was within 0.01 for frequencies in the range of 400 Hz to 3160 Hz excepting
for a difference of 0.04 at 500 Hz.
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4.4 POROUS ASPHALT SPECIMEN 7 - 3

The tests performed on the asphalt samples were similar to those performed
on the Rockwool sample. The three different methods were:

1.

Using a modified 6.4 kHz swept sine signal of 62 msec duration and the
sample impulse response liftered using a one-sided Hanning window with a

- 1.2 msec. taper. The results are displayed in Figure 4.10.

Using an unmodified 6.4 kHz swept sine signal of 124 msec duration and
the sample impulse response liftered using a one-sided Hanning window
with a 1.2 msec. taper. The results are displayed in Figure 4.11.

Using an unmodified 6.4 kHz swept sine signal of 124 msec duration and
the sample impulse response liftered using a rectangular window. The
resuits are displayed in Figure 4.12.

The longest cepstrum window that could be used without interference from the
second rahmonic was 4.76 msec. This corresponds to a low-frequency cut-off
of 105 Hz. These resuits together with those obtained using the impedance
tube method are shown in Figure 4.13.
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FIGURE 4.10 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW OF

ASPHALT SPECIMEN 7 -3 USING MODIFIED SWEEP AND
ONE-SIDED HANNING WINDOW TAPER.

Fspan: 6.4kHz TAU: 4.761msec WR: 4.76msec
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FIGURE 4.11 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW OF
ASPHALT SPECIMEN 7 -3 USING NORMAL SWEEP AND
ONE-SIDED HANNING WINDOW TAPER

Sweep: 6.4kHz Fspan: 6.4kHz TAU: 4.761msec WR: 4.76msec
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FIGURE 4.12 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW OF
ASPHALT SPECIMEN 7 -3 USING NORMAL SWEEP AND
RECTANGULAR WINDOW

Sweep: 6.4kHz Fspan: 6.4kHz TAU: 4.761msec WR: 4.76msec

51



sl

e
©

e
o

o 9 ©
[ B |
e
———

Absorption Coefficient
= j=]
L &
=
_—— ]

0.3 /
0.2
0.1 -
0 t
125 - - 260 - - BOO - - @00 - - 2000 -
113 Gctave Frequency

e ASPH731 —{} ASPH732 A ASPH733 e §WT

FIGURE 4.13 COMPARISON OF ABSORPTION COEFFICIENT VALUES OF
ASPHALT SPECIMEN 7 - 3 MEASURED BY VARIOUS
CEPSTRUM TECHNIQUES & BY IMPEDANCE TUBE METHOD

# ASPH731  Modified Sweep One-sided Hanning cepstrum window
OO0 ASPH732 6.4kHz Sweep One-sided Hanning cepstrum window
A ASPH733  6.4kHz Sweep Rectangular cepstrum window

— impedance Tube Method .

In Figure 4.10 the absorption values were negative in the frequency range
from 100 Hz to 200 Hz but are recorded in Figure 4.13 as being equal to zero.
The reason for negative values has been discussed in paragraph 4.1.2.

Use of the modified sweep and one-sided Hanning window produced results
which correlate closest with those obtained by the impedance tube method
although the variation was typically 0.05 at most frequencies. The greatest
variation in magnitude between cepstrum and impedance tube methods
occurred at the first absorption maximum. The close correlation between the
three cepstrum methods suggests that the variation was due to experimental
differences in mounting of the sample. The ripple effects caused by using a
rectangular window and magnitude variations below 200 Hz are as before.
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4.5 POROUS ASPHALT SPECIMEN 9 -5

Identical measurements were performed on asphalt specimen 9 - 5 as those
performed on asphalt specimen 7 - 3. The results are displayed in Figures
4.14 through 4.16 and summarised in Figure 4.17 together with impedance
tube results on the same sample.

In Figure 4.14 the absorption values are negative between 125 Hz and 250 Hz
but are positive at 100 Hz.

Study of Figure 4.17 shows close correlation between the results using the
modified sweep and the impedance tube method as before with variations of
the order of 0.05 at most frequencies. It is of interest to note that,
notwithstanding the negative values recorded, the values below 250 Hz
remain closely correlated down to 100 Hz. This is an octave below the 200 Hz
established in the criteria of section 1.1.

The increase in variation at low frequencies and the ripple due to the use of a
rectangular window are similar to that recorded for the previous samples. An
increase in absorption around 400 Hz displayed by all cepstrum methods
suggests experimental error due to differences in sample mounting.
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FIGURE 4.14 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW OF
ASPHALT SPECIMEN 9-5 USING MODIFIED SWEEP AND

ONE-SIDED HANNING CEPSTRUM WINDOW TAPER
Fspan: 6.4kHz TAU: 4.7msec WR: 4.5msec
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FIGURE 4.15 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW OF
ASPHALT SPECIMEN 9-5 USING NORMAL SWEEP AND
, ONE-SIDED HANNING CEPSTRUM WINDOW TAPER
Sweep: 6.4kHz Fspan: 6.4kHz TAU. 4.7msec WR: 4.5msec
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FIGURE 4.16 ABSORPTION COEFFICIENT & CEPSTRUM WINDOW OF
ASPHALT SPECIMEN 9-5 USING NORMAL SWEEP &

RECTANGULAR CEPSTRUM WINDOW
Sweep: 6.4kHz Fspan: 6.4kHz TAU: 4.7msec WR: 4.5msec
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ASPHALT SPECIMEN 9 - 5§ MEASURED BY VARIOUS
CEPSTRUM TECHNIQUES & BY IMPEDANCE TUBE METHOD

# ASPH951 Modified Sweep  One-sided Hanning cepstrum window
L0 ASPH954 6.4kHz Sweep One-sided Hanning cepstrum window
A ASPH952 6.4kHz Sweep Rectangular cepstrum window

- impedance Tube Method

4.6 DISCUSSION OF THE RESULTS

In all cases use of the modified chirp signal extended the low frequency
resolution compared to the use of an unmodified sweep and produced results
which correlated most closely to results obtained by means of the
standardised impedance tube method at both the low and high frequency ends
of the measured spectra. Within the frequency range of 200 Hz to 2000 Hz the
correlation was within 0.05 when allowing for experimental error as discussed.

Considering that the Rockwool sample was physically altered when
transferring from the cepstrum tube to the standing wave tube and that the
asphalt samples were measured by different people at different times the
correlation of results can be considered to be very good.
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The modified chirp signal produced by the B&K arbitrary waveform generator
displayed a frequency response which was not flat down to 0 Hz. This,
together with the roll-off in frequency response of the loudspeaker at low
frequencies may have been the cause of monotonically increasing variation in
the results obtained by the two methods. Further work would be needed to
gain insight into the cause of this variation.

At the time of writing a new cepstrum tube was being constructed with a single
sample holder that could be used in both the cepstrum tube and the standing
wave tube. By eliminating effects due to transfer of the samples between
sample holders it was anticipated that closer correlation, to within 0.02, would
be achieved when the experiments were repeated.

The results clearly showed the need for using a one-sided tapered cepstrum
window such as a Hanning or cosine squared function to extract the sample
impulse response.

The greatest errors were obtained for the highly sound reflecting steel surface
with negative absorption coefficient values occurring over a broad frequency
range and values greater than 0,1 at low and at high frequencies. Although
some absorption may have occurred at high frequencies due to a small gap
around the edge of the sample it was considered more likely that the cause
was due to cepstral aliasing. This was discussed in section 2.4.2. Negative
absorption values also occurred for asphalt sample 7 - 3 at low frequencies
where the sample could be expected to display little absorption.

These results indicated that attention would need to be given to reducing or
eliminating the effects of cepstral aliasing in order to measure materials
displaying low values of sound absorption.

The tube used in the experiments was longer than needed to be able to meet
the criteria of measuring down to 200 Hz. Indeed accurate results were
achieved for all samples down to 100 Hz, other than the steel termination,
using a cepstrum window length ranging between 4,7 ms. and 5 ms. This
confirmed the theory in section 2.4.3 relating frequency resolution to minimum
delay time, t, and minimum distance between microphone and sample.
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Figure 2.2 displays cepstra of three of the samples measured. During all the
measurements the microphone was positioned such that the sample impulse
response occurred at approximately 6,5 ms. From Figure 2.2 it is clear that the
microphone could have been positioned closer to the sample, reducing the
time to approximately 4 ms., while still permitting extraction of the sample
impulse response without contamination due to the direct cepstrum.

A delay time of T = 4 ms. would permit measurements down to 125 Hz. within a
tube less than 1,4 metres long. This would comfortably meet, not only the
minimum frequency criteria, but also the length criteria in section 1.1.

The complete measurement process, including displaying the continuous
absorption spectrum on the B&K analyser screen, as illustrated in this thesis,
plus copying this to disc could be achieved within 10 seconds. Using the
standard impedance tube method would require approximately 20 minutes to
measure absorption values at each of 14 third-octave intervals within the same
frequency range. The cepstrum method was thus capable of presenting more
information in a fraction of the time compared with the existing standardised
method.
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5. CONCLUSIONS

This thesis investigated the principle of applying cepstral techniques to the
measurement of the plane wave sound power absorption coefficient of
materials using an adaptation of the impedance tube.

Overall objectives were established in the form of criteria that a portable
apparatus to be used in the field would need to meet. Five main criteria were
established as set out in chapter 1.

The results of this thesis proved that the cepstrum method could provide an
accurate and rapid method of obtaining a continuous spectrum of the
absorption coefficient over a wider frequency range than the 200 Hz to 2000
Hz stipulated in criteria 1.1.1. It was shown that these results could be
obtained in a tube considerably shorter than the 1,7 metre stipulated in criteria
1.1.3

Sound absorption measurements were performed on a wide variety of material
samples using the cepstrum methods and the standard impedance tube
method. There was a close correlation between the results of the cepstrum
method utilising a modified sweep and Hanning window and the impedance
tube method in the frequency range from 100 Hz to above 2000 Hz other than
a steel termination. In the latter case the results were compared with theory.

it was established that accurate and repeatable resuits required the use of a
signal with a flat frequency' response beyond the measurement frequency
bandwidth and the employment of a one-sided Hanning window to extract the
sample impulse response from the cepstrum prior to obtaining the absorption
coefficient.

Cepstral aliasing introduced significant contamination of the cepstra of
materials exhibiting low values of sound absorption such as the steel
termination. It was considered that this, combined with the effects of frequency
roli-off of both the generator signal and the loudspeaker at low frequencies,
were the cause of errors in the absorption coefficient values of these
materials.
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Results of experiments conducted using an outer guard tube surrounding the
measurement tube provided confidence that the measurement of an extended
surface placed at the end of the measuring tube could be insonified by a plane
wave without the need for an air tight seal between sample and measuring
tube as stipulated in criteria 1.1.2

With digital signal processing hardware currently available no difficulty could
be foreseen in developing a dedicated signal generation and processing
system based on that used in this thesis and that could form part of a single
apparatus that was portable and simple to operate by a single person as
stipulated in criteria 1.1.4.

During the process of experimentation there was no indication that the
cepstral method was susceptible to external noise. With the presence of the
guard tube it was anticipated that the system would present high immunity to
external noise and that it would therefore be able to comply with criteria 1.1.5.

The results of the thesis provided confidence that cepstrum techniques could

be applied to the development of a portable apparatus to measure the plane
wave sound power absorption coefficient of road surfaces in-situ.
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6. FURTHER WORK

At various stages in the body of the thesis factors were identified that would
need further investigation.

Modifying the generator signal by means of inverse filtering extended the low
frequency response of the measurement system and reduced, but did not
eliminate, fow frequency contamination in the cepstrum of the microphone
signal. This was partly due to the reintroduction of ripple in the spectrum of the
modified signal at the generator output as shown in Figure 3.9 and partly due
to the low frequency roll-off of the loudspeaker. Although the electrical signal
could be isolated and modified, what really was needed was to be able to
measure and modify the system response comprising the generator signal
plus the loudspeaker impulse response functioning as a sound source. There
was no direct way that the impulse response of the system could be isolated
from the combined sample echo. Further work is needed to seek ways of
improving the signal radiated by the loudspeaker primarily to increase the
decay rate in the cepstrum of the direct signal. This will permit a shorter delay
time, 1, between direct signal and echo and hence lead to an even shorter
tube length.

The delay time, 1, is also the separation time between the sample impulse
response and the 2nd rahmonic. The frequency resolution of the reflection
coefficient and hence the absorption coefficient is proportional to the inverse
of the length of the data extracted from the cepstrum. Reducing 1 will decrease
the length of the cepstrum window and hence increase the low frequency limit
of the analysis unless a means exists to suppress the higher order convolution
terms.

In his thesis Bolton described a means of modifying the cepstrum whereby the
higher convolution terms could indeed be removed thus removing this as a
limiting feature in the cepstrum window length. Time constraints did not permit
this to be investigated and this remains a topic for further work. Successful
implementation of such processing will then result in the impulse response of
the loudspeaker ( functioning as a passive reflector ) in the cepstrum forming
the limit to the length of the cepstrum window and hence the minimum tube
length. The possibility of eliminating this constraint by signal processing
techniques also needs further investigation.

60



Mention was made of the construction of a new tube and a sample holder that
could be used in the new cepstrum tube as well as the standard impedance
tube without the need for moving the sample from one holder to another. Once
construction is completed the tests reported in this thesis will need to be
repeated to ascertain the degree of correlation of results of the two methods in
the absence of mounting errors.

Once the signal processing techniques have been perfected practical
implementation of these techniques will need to be conducted by means of
field trials with the prototype equipment. At that stage the influence of the
outer guard tube on reducing pressure leakage at the tube/sample interface
can be extensively tested. The results of the latter will form a key issue in the
potential success of the apparatus.

The use of a signal with a flat frequency response was shown to be essential
in permitting measurements over a wide frequency range. The chirp signal
was successfully implemented in this thesis albeit with the need for additional,
relatively complex, signal conditioning. It is considered prudent to include in
further work the investigate of alternative signals such as the pseudo random,
or Maximum Length Sequence, MLS.
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7. APPENDICES

7.1  APPENDIXI
3rd ORDER HIGH PASS FILTER

A simple 3rd order R-C high-pass filter was connected in circuit between the
Briel & Kjaer signal generator and the power amplifier driving the loudspeaker
in order to offset the effect of the tube mounted infront of the loudspeaker.
With the filter shown in the diagram below a flat frequency response was
obtained down to the cut-off frequency of the system. Refer to section 3.4.

Assuming a zero source resistance and a high load resistance the ratio of
output of the filter, vo, to the input voltage, v;, is given by,

R where x-= -1

JR? + x? 2z f,

The cut-off frequency is given by,

and C = capacitance in Farads

Y

1

= Hz.
1. ZRC
100 pF 100 yF 100 uF
| | | | [ |
O—1 | R N O
input 3000 300 Q 680 OO output
O - : O

cut-off frequency, 6,3 kHz

FIGURE 7.1 3rd ORDER HIGH-PASS FILTER CIRCUIT
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7.2  APPENDIXII

LISTING OF THE USER-DEFINABLE DISPLAY FUNCTIONS

This appendix lists all the user-definable display functons used in the
generation of the modyfied sweep signal and the analysis of the microphone
signal by the Briel & Kjaer analyser and built-in signal generator. For
inclusion in the report the information on the screen of the B&K analyser was
stored on disc as a Tagged Image File, TIF. [t was subsequently imported
into this document as a TIF picture. For use in the B&K analyser it was
stored as a B&K UDD file.

7.21 CEPS

Uses the power spectrum, "$:gaa" of the microphone signal in channel (a)
and "$:gbb" of the generator output at channel (b) as starting point. In each
case the natural logarithm of the magnitude is obtained and inverse Fourier
transformed so producing the cepstrum. The cepstrum of channel (b) is then
subtracted from channel (a). Refer to section 3.6. CEPS forms part of User
Definable Display Functions CEPST and WIN3T.

USER-DEFINABLE DISPLAY FUNCTIOW: CEFS

dB reference: 1.000
Graph Displayed as: TIME  (Real. ¥

ceps=cepsa-cepsbh
cepsa=iffir{inimagi{$:gaall’
cepsbh=iffird{inimagldeabbii
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7.2.2 MODSWEEP

Uses the waveform of the sweep signal from the internal generator as starting
point. The transfer function of the minimum phase inverse filter, Smp'1(k), is
calculated. This is multiplied by a low-pass Butterworth filter and the Fourier
transform of the original waveform. The result is inverse Fourier transformed
to produce the modified sweep signal, sy(t). Refer to section 3.7.

USER-DEFINABLE DISPLAY FUNCTION:

Graph Displaued as: TIME <(Real, ¥ Unit: ¥

modsweep=real (iffti(ss?) modified linear suweep smit)
ss=(s¥smplr*l._.p tfrequency response of modified sweep
smp=(explffitrimnlili

1ap=1/7¢1+(Ff 45005647 tButtervorth low-pass filter
mn={witw2+uw3r-N

wi=windowlcpn 0.1
wZz=windowl{cphnsl:(no_of_samples—1)-2-13%2

w3d=windowd{cpn ,{(no.of..sanples~1)s2-1:17

cpn=Ciffir(ls)

Is=Ini(mag(i s>

s=Cffir(b.timell sfrequency response of suweep s5(wW)
b.time=%:b tGenerator sweep signal s{t)
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7.23 ALPHA3

Uses the program CEPS to obtain the cepstrum of the microphone signal
after subtraction of the cepstrum of the generator signal. The operator selects
by means of the variable, TAU, the starting time of the rectangular cepstrum
window and the window length by means of variable, WR, both in
milliseconds. These are converted into number of data elements. The
windowed cepstrum is Fourier transformed, squared and subtracted from 1 to
obtain the absorption coefficient as a function of frequency.

Refer to section 3.8.

USER-DEFINABLE DISPLAY FUNCTION: ALPHR3

dB reference: 1.000
Graph Displaved as: SOUND INTENSITY <(Real, ¥2)

alpha3=l-sqimagift 3

SQLx) = x ¥ x

Fr3=ffird{wind

wind3=windowdceps stau At ;WP 4L2
ceps=cepsa-cepsb .

TAU = 4,700m Time in secs — variable
WR = 4,300m 3 ded window width - variable
cepsa=iffir{ini{mag($igaalrr’
cepsbh=ifftr{ini{(magl($:gbblr’
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7.2.4 TAPER

This program is supplied by Briel & Kjaer as part of a software library
included with the B&K analyser.

it permits the windowing of data by means of a Hanning, or cosine squared
window with user adjustable length of taper at leading and tail edge using the
variables TAPER_L_WIDTH and TAPER_T_WIDTH respectively in number
of data elements. The commencement of the window is determined by the
variable TAPER_START. The length of the window between tapers is
determined by the variable TAPER_WIDTH. Refer section 3.8.

USER-DEFINABLE SUB-EXPRESSION:

taperix? = X *% taper.leadi(x) % taper.itraildix>

taper.lead(x? = taper.2( x. taper.l.nl. taper.l.n 2
taper.tiraildi(x) = taper.trail.2( x, taper.t.nld, taper.t.n J
taper.longd = taper-start - taper.lowidth

taper.l.n = taper.l.width

taper.trail.2i{x:n0:n> = nirror{ taper.2¢ x, sizel(x) -~ n0 - 1, n >3

taper2¢{x:n0:n? = taper.3( int{ window( onesixl: nl: taper_min_l{( n 23’
taper.t.nl = taper.start + taper.width + taper.t.width

taper.t.n = taper.t.uwidth

taper.i3(x’) = mag.squared( sind {(pir2) ¥ x 7/ gxtract.element(x,995373)
taper.min.ldx? = select{ x-1s 1s x )

TAPER_START = 0.0
TAPER.LL.WIDTH = 0.
TAPER.WIDTH = 70.0
TRAPER..T.HIDTH = 4,

0 ;
0

66



7.2.5 WIN3T

The program ALPHA3 was modified to make use of a one-sided Hanning
window in the cepstrum to eliminate ripples in the cepstrum caused by a
rectangular window. WINS3 in the fourth line of ALPHA3 was replaced with
WIN3T which encorporated the TAPER program supplied by Briel & Kjaer.

The window was used without taper at the low time end and cosine squared
at the high time end. Refer to section 3.8.

USER-DEFINABLE DISPLAY FUNCTION: WIN3T

Graph Displayed as: TIME <(Real, ¥ Unit: B

windt=taperi{win3d)

taperi(x) = x ¥ taper.lead(x) % tapertraildix)
wind=yindow(ceps stausat :urs4t)

taper.lead(x) = taper.2( x, taper.l.nl. taper_l.n J

taper.traili(x) = taper.trail.2 %, taper.t.nl: taper.t.n
ceps=cepsa-cepsb

taper..l.nl = taper.start - taper.l.uwidth

taper.l.n = taper.l.width ‘

taper.trail.2(x:n0n> = mirror{ taper.2¢ x, size(x) = n0 - 1, n 3>
taper.2(x,n0>n) = taper.3( int( window( oneslxl, n0, taper_min_1¢ n 233
taper.t.nl = taper.start + taper.width + taper.t.width

taper.t.n = taper.t.width

cepsaziffir{in{magi$igaard)

cepsh=iffir{inimagl{$:gbb3>

taper.3{(x) = mag.squared( sin{ (pir2> ¥ x 7 extract_element(x,39593))
taper.nin.lix) = select{ x—1, §{:, x 2

TAPER_START = (Q:tausat=2

TAPER.L.HIDTH = 0.0
TAPER.HWIDTH=(tautwr)> a1 -20

WR = 4.5%00m 3 ded window width - variable
TAU = 4,700m Time in secs - variable
TAPER.T.WIDTH = 20.0 :
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