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To enhance the similarity of acoustic insulation testing conditions in the laboratory, a tonal
signal was employed as the excitation signal, reflecting real-world scenarios, such as transformer
noise. To mitigate the non-uniformity of the acoustic field associated with tonal excitation,
a tonal excitation with frequency modulation (FM) was applied in the experiment.
An experimental verification was first conducted to assess the influence of modulated sig-

nal parameters – modulation depth and frequency – on improving the uniformity of sound
pressure distribution and reverberation time. Subsequently, acoustic insulation measurements
were taken in a set of reverberation chambers using tonal excitation with the experimentally
optimized FM modulation parameters. The results were compared with data obtained from
measurements using noise excitation and harmonic excitation without modulation.
Preliminary findings indicate that FM signals significantly reduce the non-uniformity of

the acoustic field in both chambers compared to tonal signal, as well as the reverberation
time in the receiving chamber. Consequently, the quality of acoustic insulation measurements
improved with reduced result variability and increased “fidelity” to real-world conditions.
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1. Introduction

Airborne sound insulation is typically measured using a broadband excita-
tion signal [1], such as noise or impulsive excitation generated by the swept-sine
method or maximum length sequence (MLS) method [2]. However, to better
replicate real-world conditions, excitation signals that closely resemble these
conditions may be employed. These signals could be either original signal record-
ings from real environments or artificially generated. Such situations might
arise when analyzing methods to reduce tonal noise generated by transform-
ers, pumps, or fans. This is particularly important for transformers, which are
characterized by tonal sound (with a frequency of 100 Hz and its higher har-
monics). The 100 Hz frequency corresponds to twice the power frequency. To
better approximate the results of acoustic insulation measurements conducted
in laboratory conditions (using noise excitation) to real-world conditions, tonal
excitation was applied during the acoustic insulation measurements.
However tonal excitation is associated with the problem of standing waves

forming in the reverberation chamber. This leads to significant non-uniformity in
the acoustic field [3]. This, in turn, causes substantial errors in determining the
sound power incident on and radiated by the sample. To address the adverse ef-
fects of standing waves associated with tonal excitation, a frequency-modulated
signal can be applied [4, 5], similar to the approach used in reverberation time
measurements. The study employed cyclic frequency modulation of the tonal
excitation signal, corresponding to frequency modulation (FM).

2. Laboratory tests

2.1. Measurement setup

The sound insulation measurements were conducted at the laboratory of the
Department of Mechanics and Vibroacoustics at the AGH University of Science
and Technology in Kraków, utilizing a test setup designed for acoustic insulation
assessment. The laboratory featured two reverberation chambers: a source room
with a volume of 178.77 m3 and a receiving room with a volume of 176.9 m3.
A measurement aperture measuring 1× 2 m was positioned between the two
chambers. For evaluating smaller samples with dimensions of 0.7× 0.84 m, an
additional barrier was placed within the measurement window.
The measurement setup (Fig. 1) comprised two Norsonic 1/2′′ Type 1220

pressure microphones, a JBL speaker, a Sound KRAK power amplifier, a Nor-
sonic 850 analyzer, and a PC equipped with data acquisition software and a dig-
ital audio workstation for generating tonal and modulated excitation signals.
A loudspeaker (sound source) in receiving room was used to determine rever-
beration time and to calculate the room’s acoustic absorption A (Eq. (2.2)).
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Fig. 1. Measurement base diagram.

2.2. Test method

The airborne sound insulation of the tested sample is determined according
to the following formula:

(2.1) R = L1 − L2 + 10 log

(
S

A

)
,

where L1 is the averaged sound pressure level in the source room and L2 is
the averaged sound pressure level in the receiving room. The sound pressure
levels are expressed in decibels (dB). The surface area S of the test sample, in
square meters, corresponds to the area fully occupied by the mounted sample.
The acoustic absorption A is calculated using the following equation:

(2.2) A =
0.16V

T
,

where V is the volume of the receiving room in cubic meters and T is the
reverberation time in seconds.
The reverberation time values required for the calculation of acoustic in-

sulation, as shown in Eq. (2.2), were obtained by positioning a sound source
within the receiving chamber (Fig. 1). Measurements were conducted at the
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same spatial points used for determining the sound pressure levels. The mea-
surements were performed by introducing the test signal for a duration of 10 s
to achieve acoustic saturation of the room. Subsequently, the decay of the sound
field was recorded over a 20-second interval, from which the reverberation time
parameter T20 was calculated.
The average sound pressure levels L1 and L2 were determined based on mea-

surements taken at multiple measurement points. A microphone mounted on
a movable, controllable arm with a 1.4 m radius was used, while the sound
source was positioned in two different locations. To ensure accurate and re-
peatable measurements, the location of each point was programmed into the
actuator controller, allowing precise reproduction of the same positions during
subsequent measurements. The measurement points were distributed at three
heights: 1.5 m, 1.8 m, and 2.0 m, with 32 points evenly distributed along a circle
at each height (Fig. 2). In total, measurements were taken at 96 points for each
sound source position.

Fig. 2. Orientation of measurement points in test rooms.

This study examined the efficacy of frequency modulation in acoustic insu-
lation measurements, using two rectangular samples measuring 0.7 m× 0.84 m.
The sample dimensions were constrained to these specified sizes due to the lim-
itations of the mounting surface available in the laboratory where the measure-
ments were conducted. The samples included a homogeneous 6 mm thick plexi-
glass plate and a laminated two-layer sample consisting of a 1 mm thick steel
plate and a 3 mm thick rubber layer.
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2.3. Test signals

In the conducted acoustic measurements, sinusoidal waveforms with frequen-
cies of 100 Hz, 200 Hz, 300 Hz, and 500 Hz were initially used as the primary
excitation signals. Subsequently, signals with the same frequencies but with FM
were applied, where the modulation frequency was 5 Hz, and the modulation
depth was 10% of the fundamental frequency. Pink noise excitation was used as
a reference for comparison of the results.

2.4. Measurement uncertainty

To estimate measurement uncertainty, method A [6] was applied, focusing
on the standard uncertainty that reflects the dispersion of measurement results.
Other partial uncertainties, such as those contributed by the equipment and the
physical parameters of the tested samples and reverberation chambers, remain
constant and independent of the type of excitation used.
When the measurement result depends on several input parameters, the

measurement uncertainty of the result is a function of the partial uncertainties
of the input quantities, as shown below:

(2.3) Lout = f (Xin1 +Xin2 + ...+Xinn) ,

where each input element Xin(i) carries a certain uncertainty. For uncorrelated
results, the combined standard uncertainty can be determined using the follow-
ing formula [7]:

(2.4) uc =

√√√√ n∑
i=1

(
∂f

∂Xin(i)

)2

u2(Xin(i)),

where ui is the partial uncertainty of the i-th input parameter of the function
defined by the general relationship in Eq. (2.1). The partial uncertainties ui of
sound pressure levels and reverberation time are standard uncertainties. The
expanded uncertainty U is obtained by multiplying the combined standard un-
certainty uc by an expansion factor k, as shown in the following equation:

(2.5) U95 = k · uc,

where k is the coverage factor, typically chosen to provide a specific confidence
level for the uncertainty estimate.
For a normal distribution of measurement errors, the coverage factor is 2,

which corresponds to a confidence level of 95%. In this study, the measurement
uncertainty was calculated according to the above assumptions.
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3. Results and analysis

3.1. Reverberation time

The results of reverberation time measurements using different excitation
types (pink noise, sine wave, and modulated sine wave) are presented in Table 1.
Reverberation time measurements for broadband noise were conducted using the
interrupted noise method. Pink noise excitation produced the most stable results
(with the smallest standard deviations) compared to the other types of excita-
tions. The most dispersed results were recorded with tonal excitation (highest
standard deviation), particularly noticeable in the 200 Hz frequency band, where
the variability was twice as high, and in the 315 Hz frequency band, where it
was more than three times greater than the variability observed with noise
measurements, and twice as high as the variability obtained with modulated ex-
citation. A similar spread was noted for tonal and FM excitation in the 100 Hz
band.

Table 1. Reverberation time determined in the receiving chamber.

Type
of excitation

Average
reverberation
time, s

Standard
deviation, s

Max reverberation
time, s

Min reverberation
time, s

100 Hz

Pink noise 9.3 0.6 11.1 7.9

Sine wave 10.0 0.9 11.9 6.8

FM sine wave 9.4 0.9 11.2 7.9

200 Hz

Pink noise 8.0 0.5 9.7 6.5

Sine wave 7.8 1.1 16.1 4.7

FM sine wave 7.4 0.6 8.6 5.2

315 Hz

Pink noise 7.3 0.5 8.7 6.2

Sine wave 6.8 1.7 11.5 2.7

FM Sine wave 7.9 1.0 10.2 5.2

500 Hz

Pink noise 4.7 0.3 5.5 3.7

Sine wave 4.1 1.3 7.9 1.4

FM Sine wave 4.1 0.4 5.2 2.5

The average values of the measured reverberation times do not differ signif-
icantly and are fall within the standard deviation range of reverberation times
measured using the interrupted noise method.



Employing frequency-modulated signals for tonal excitation. . . 109

Fig. 3. Reverberation time (500 Hz), source position S1, pink noise.

Fig. 4. Reverberation time (500 Hz), source position S1, sine wave 500 Hz.

Fig. 5. Reverberation time (500 Hz), source position S1, FM sine wave 500 Hz.
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The heat map provides an easy comparison of measurement result differ-
ences between pink noise (Fig. 3), tonal excitation (Fig. 4), and FM excitation
(Fig. 5). This visualization helps to observe how each type of excitation affects
the variability of reverberation time at different measurement points, and helps
to identify areas with the highest and lowest data dispersion.
According to Eq. (2.2), the acoustic absorption of the receiving room was

determined along with the standard uncertainty uc(A) (Table 2).

Table 2. Absorption A with standard uncertainty.

Type
of excitation

Pink noise Sine wave FM Sine wave

Results Average,
m2

Uncertainty
uc(A), m2

Average,
m2

Uncertainty
uc(A), m2

Average,
m2

Uncertainty
uc(A), m2

100 Hz 9.3 0.6 10.0 0.9 9.4 0.9

200 Hz 8.0 0.5 7.8 1.1 7.4 0.6

315 Hz 7.3 0.5 6.8 1.7 7.9 1.0

500 Hz 4.7 0.3 4.1 1.3 4.1 0.4

3.2. Sound pressure level

The results of the sound pressure measurements for the homogeneous sample
(Table 3) and the layered sample (Table 4), using all three types of excitations
– broadband noise, tonal, and FM – are presented below in Tables 3 and 4.

Table 3. Sound pressure level in the source room L1 and receiving room L2

with standard uncertainty; homogeneous sample.

Type
of excitation

Pink noise Sine wave FM sine wave

Results Average,
dB

Uncertainty
uc(Li), dB

Average,
dB

Average
uc(Li), dB

Average,
dB

Uncertainty
uc(Li), dB

Sound pressure level in source room

100 Hz 94.5 1.4 85.9 5.7 90.9 3.3

200 Hz 94.1 0.9 85.7 5.4 84.9 2.1

315 Hz 93.8 0.6 87.7 5.8 85.6 2.2

500 Hz 97.3 0.7 89.0 6.7 86.1 1.6

Sound pressure level in receiving room

100 Hz 68.4 2.3 48.9 6.3 56.6 4.7

200 Hz 67.4 1.3 57.0 6.7 59.3 3.3

315 Hz 63.3 0.8 57.0 6.4 53.5 2.5

500 Hz 63.3 0.5 55.6 6.7 56.0 2.0
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Table 4. Sound pressure level in the source room L1 and receiving room L2

with standard uncertainty; two-layer sample.

Type
of excitation

Pink noise Sine wave FM sine wave

Results Average,
dB

Uncertainty
uc(Li), dB

Average,
dB

Average
uc(Li), dB

Average,
dB

Uncertainty
uc(Li), dB

Sound pressure level in source room

100 Hz 93.3 1.5 89.6 4.5 90.3 4.7

200 Hz 93.2 0.9 91.9 8.4 84.4 2.7

315 Hz 93.0 0.7 91.2 6.8 85.3 2.1

500 Hz 96.4 0.6 88.3 5.6 85.6 1.4

Sound pressure level in receiving room

100 Hz 63.8 2.6 49.0 7.2 50.8 4.0

200 Hz 65.0 1.6 65.7 9.2 54.8 2.8

315 Hz 60.5 1.4 59.8 9.1 55.1 3.8

500 Hz 60.6 2.0 50.8 6.6 50.9 1.9

The smallest standard uncertainty in the measurement of sound pressure level
was recorded with noise excitation, which typically provides more consistent
and reliable measurements compared to the more variable tonal excitation. Fur-
thermore, as expected, the uncertainty in sound pressure level measurements
decreases with increasing frequency.
The illustrations below depict the visualization of sample distributions of the

sound pressure level measured in both the source and receiving rooms for the ho-
mogeneous sample (Figs. 6–11) with one sound source position. The distribution
results for the second sound source position, as well as for the measurement of
the separate second sample, exhibit similar trends. Therefore, illustrations for

Fig. 6. Sound pressure level (200 Hz) in the source room, source position no. 1, pink noise;
homogeneous sample.
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Fig. 7. Sound pressure level (200 Hz) in the receiving room, source position no. 1, pink noise;
homogeneous sample.

Fig. 8. Sound pressure level (200 Hz) in the source room, source position no. 1, sine wave;
homogeneous sample.

Fig. 9. Sound pressure level (200 Hz) in the receiving room, source position no. 1, sine wave;
homogeneous sample.
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Fig. 10. Sound pressure level (200 Hz) in the source room, source position no. 1, FM sine wave;
homogeneous sample.

Fig. 11. Sound pressure level (200 Hz) in the receiving room, source position no. 1, FM sine
wave; homogeneous sample.

Fig. 12. Sound pressure level (500 Hz) in the source room, source position no. 2, pink noise;
two-layer sample.
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Fig. 13. Sound pressure level (500 Hz) in the receiving room, source position no. 2, pink noise;
two-layer sample.

Fig. 14. Sound pressure level (500 Hz) in the source room, source position no. 2, sine wave;
two-layer sample.

Fig. 15. Sound pressure level (500 Hz) in the receiving room, source position no. 2, sine wave;
two-layer sample.
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Fig. 16. Sound pressure level (500 Hz) in the source room, source position no. 2, FM sine wave;
two-layer sample.

Fig. 17. Sound pressure level (500 Hz) in the receiving room, source position no. 2, FM sine
wave; two-layer sample.

these cases are not included. However, all measurement sessions were thoroughly
considered in the subsequent numerical calculations, which included a detailed
assessment of the overall dispersion observed in the results.

3.3. Sound insulation

The sound insulation measurement in third-octave bands across the full fre-
quency range from 50 Hz to 5 kHz was performed using pink noise, and the
results for the homogeneous sample are presented in Fig. 18. In further analysis,
this result was used as a reference measurement for the comparative evaluation
of the results obtained with tonal excitation and FM signals. The data disper-
sion is indicated by dashed lines as error bars on the graph, providing a visual
representation of the variability in the measurement.
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Fig. 18. Sound insulation of homogenous sample measured using broadband noise.

The average values of acoustic insulation for each sample were calculated
(Tables 5 and 6) according to Eq. (2.1), and the combined standard uncer-
tainty uc(R) and expanded uncertainty U95(R) were determined in accordance
with the assumptions presented in Subsec. 2.5. In the final row (Tables 5 and 6),
the mean value was calculated to facilitate a single-number comparison of the
obtained values.

Table 5. Sound insulation of homogenous sample.

Type
of excitation

Pink noise Sine wave FM sine wave

Results

A
ve
ra
ge
,
dB

u
c
(R

),
dB

U
9
5
(R

),
dB

A
ve
ra
ge
,
dB

u
c
(R

),
dB

U
9
5
(R

),
dB

A
ve
ra
ge
,
dB

u
c
(R

),
dB

U
9
5
(R

),
dB

100 Hz 19.0 2.7 5.3 30.2 8.5 17.0 27.2 5.7 11.5

200 Hz 18.9 1.6 3.2 20.8 8.6 17.2 17.5 3.9 7.8

315 Hz 22.3 1.1 2.1 22.2 8.7 17.3 24.3 3.3 6.7

500 Hz 23.9 0.9 1.7 22.7 9.5 19.0 19.4 2.6 5.1
Average

(100–500 Hz)
21.0 1.5 3.1 24.0 8.8 17.6 22.1 3.9 7.8

Average
(200–500 Hz)

21.7 1.2 2.4 21.9 8.9 17.8 20.4 3.3 6.6

The variation in the average sound insulation values in third-octave bands
depending on the applied excitation signal is shown in Fig. 19. The results
presented in figure below facilitate the observation of the impact of excitation
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Table 6. Sound insulation of two-layer sample.

Type
of excitation

Pink noise Sine wave FM sine wave

Results

A
ve
ra
ge
,
dB

u
c
(R

),
dB

U
9
5
(R

),
dB

A
ve
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ge
,
dB

u
c
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),
dB

U
9
5
(R

),
dB

A
ve
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,
dB

u
c
(R

),
dB

U
9
5
(R

),
dB

100 Hz 22.3 3.0 6.0 33.8 8.5 17.0 32.4 6.2 12.4

200 Hz 20.4 1.8 3.7 18.3 12.5 24.9 21.5 3.9 7.8

315 Hz 24.3 1.6 3.1 22.9 11.4 22.7 22.4 4.4 8.7

500 Hz 25.7 2.1 4.2 26.8 8.7 17.4 24.0 2.4 4.7

Average
(100–500 Hz)

23.2 2.1 4.2 25.4 10.3 20.5 25.1 4.2 8.4

Average
(200–500 Hz)

23.5 1.8 3.7 22.7 10.8 21.7 22.6 3.5 7.1

Fig. 19. Sound insulation of homogenous sample using different excitations.

type (tonal excitation modulated and noise excitation) on the sound insulation
results measured in 1/3 octave bands. With tonal excitation, the highest insu-
lation value was obtained at the 100 Hz frequency band (Fig. 19). This band
also exhibited the most significant data dispersion (Fig. 20). The expanded un-
certainty was 5.3 dB with noise excitation, 17.0 dB with tonal excitation, and
11.5 dB with FM excitation (Table 5). In the other analyzed third-octave bands,
the results are more closely aligned. When using FM excitation, the results fall
“between” those obtained with noise and tonal excitation, though with a slightly
larger deviation in the 500 Hz band.
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Employing tonal excitation, the highest value of sound insulation was ob-
tained in the 100 Hz frequency band, which also exhibited the widest variability
of measurements across all examined third-octave bands (Fig. 19), ranging from
8.5 dB to 9.5 dB.
Conversely, the findings acquired using FM excitation show intermediate

values of sound insulation, with decreasing dispersion at higher frequencies
(Fig. 21).

Fig. 20. Sound insulation of homogenous sample using tonal excitation.

Fig. 21. Sound insulation of homogenous sample using FM excitation.

The results of the sound insulation calculations for the layered sample are
presented in Table 6. Based on the results in Table 6, it can be observed that
the type of excitation significantly impacts both the acoustic insulation and the
measurement uncertainty.
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The results presented in the figure below illustrate the impact of excita-
tion type (tonal, modulated and noise excitation) on sound insulation measure-
ments in 1/3 octaves bands. The highest value of sound insulation was obtained
using tonal excitation, with an average value across all analyzed third-octave
bands of 25.4 dB. This value is heavily influenced by an outlier result in the
100 Hz band, where insulation reached 33.8 dB, which is significantly higher
than the results obtained with other excitations. The lowest acoustic insula-
tion was measured with pink noise excitation, with an average value of 23.2 dB,
showing a noticeable increase in insulation at higher frequencies (25.7 dB at
500 Hz). The results obtained with FM excitation were similar to those with
tonal excitation, but with less dispersion. Both the standard and expanded
uncertainties were lower. Comparing the averaged values of expanded uncer-
tainty to that determined with pink noise (4.2 dB), tonal excitation resulted in
a five-fold increase (20.5 dB), while FM excitation yielded a two-fold increase
(8.4 dB). Additionally, the sound insulation of the layered sample was measured
(Fig. 22) using pink noise across third-octave bands in the frequency range of
50 Hz to 5 kHz.

Fig. 22. Sound insulation of layered sample measured using broadband noise.

Comparing the average acoustic insulation values of the layered sample, it
is also difficult to observe a clear trend indicating a dependence of insulation
on the type of excitation. In the 200 Hz, 315 Hz, and 500 Hz third-octave bands,
the results are similar, without any noticeable trend (Fig. 23). However, in the
100 Hz band, both tonal and FM excitations yielded significantly higher insula-
tion values compared to pink noise excitation.
The result variations for tonal excitation are shown in Fig. 24, while those

for FM tonal excitation are depicted in Fig. 25. As with the plexiglass sample,
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Fig. 23. Sound insulation of layered sample using different excitations.

Fig. 24. Sound insulation of layered sample using tonal excitation.

Fig. 25. Sound insulation of layered sample using FM excitation.



Employing frequency-modulated signals for tonal excitation. . . 121

the result variations are significantly larger with tonal excitation compared to
FM tonal excitation, without any substantial difference in the obtained sound
insulation values.
The results obtained with FM excitation demonstrate intermediate values

of sound insulation, with the degree of variation diminishing at higher frequen-
cies (Fig. 25). The highest dispersion, measuring 6.2 dB, is observed in the low-
est band of 100 Hz, while the smallest variation of 2.4 dB, is found in the 500 Hz
band. Variations for the 200 Hz and 315 Hz bands exhibit comparable levels,
measuring 3.9 dB and 4.4 dB, respectively.

4. Summary and conclusions

This study aimed to assess airborne sound insulation by employing tonal
excitation. However, due to considerable variations in the sound pressure level
distribution across both testing chambers, additional measurements were con-
ducted utilizing FM tonal excitation. The resulting data were then compared
with measurements obtained under tonal and broadband noise-based stimuli.
The comparative analysis focused on the acoustic insulation measurement out-
comes, as well as the variability in the determined values of L1, L2, and T . For
each sample tested, the L1, L2, and T values were derived from measurements
taken at 192 distinct locations.
The noise excitation measurements across the full frequency spectrum were

used as a benchmark. Tonal and FM excitation measurements were performed at
100 Hz, 200 Hz, 300 Hz, and 500 Hz, corresponding to the 1/3 octave band center
frequencies of 100 Hz, 200 Hz, 315 Hz, and 500 Hz. The evaluation of the method
was based on the variations in sound pressure levels in the source room, receiving
room, and reverberation time in the receiving room. The tests were carried out
on two distinct samples placed in the measurement aperture of the reverberation
chamber located at the Department of Mechanics and Vibroacoustics at AGH
University of Science and Technology in Krakow.
The research findings can be summarized as follows:
� Tonal excitation yielded the highest variability in sound insulation and
uncertainty results across most frequency bands, whereas noise excitation
produced the lowest variations. For both samples, the expanded uncer-
tainty calculated from average value (100–500 Hz) was five times greater:
17.6 dB to 3.1 dB for the homogenous sample and 20.5 dB to 4.2 dB for
the two-layer sample. Similarly, for the average calculated in 200–500 Hz,
the expanded uncertainty was again about five times larger for tonal ex-
citation: 17.8 dB to 2.4 dB for the homogenous sample and 21.7 dB to
3.7 dB for the two-layer sample, compared to pink noise excitation.
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� The values of the measured sound insulation in the 200, 315, and 500 Hz
bands were similar regardless of the excitation type, with no noticeable
trend.

� At the 100 Hz band, significantly higher results of sound insulation were
obtained with tonal and FM excitations compared to noise excitation. For
the homogeneous sample, values were 30.2 dB and 27.2 dB for tonal and
FM excitations, respectively compared to 19 dB for noise excitation, repre-
senting a difference of 11.2 dB and 8.2 dB. For the two-layer sample, values
were 33.8 dB (sine) and 32.4 dB (modulated sine) compared to 22.3 dB for
noise excitation, with differences of 11.5 dB and 10.1 dB, respectively.

� Despite the overall high measurement uncertainty in the 100 Hz band,
along with the relatively consistent of results in the other frequency bands
and the significantly lower variation (approx. 10 dB smaller expanded un-
certainty both in individual and averaged values) with FM excitation com-
pared to tonal excitation, it can be concluded that the introduction of FM
improved the quality of the measurement results relative to tonal excita-
tion.

� In cases with fewer measurement points, which is standard even for high-
accuracy measurements, it is expected that the average values of sound
insulation will differ more depending on the type of excitation used, cor-
responding to the standard uncertainty.
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