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ABSTRACT 
The acoustic behavior of small rooms in the modal frequency band can be characterized by the modal decay times 

MT60. The paper explores a method for computing modal decay times from measurements of Room Impulse 

Responses (RIR), based on the wavelet transform. Once the resonance frequencies have been selected, the 

procedure computes a series of wavelet transforms of the Morlet type with decreasing bandwidth, exploiting the 

property that Morlet wavelets preserve the time history of energy decay. Then decay times can be calculated either 

by linear regression of the non-noisy portion of the curve, or by nonlinear fitting of a model of decay plus noise. 
Examples of application of the method to real RIR measurements are shown. 

1 Introduction 

The acoustic behavior of small rooms at low 

frequency – below the Schroeder frequency [1] – is 

characterized by the presence of isolated resonant 

modes. In this frequency band, models based on a 

single reverberation time per octave or 1/3 octave are 

unreliable [2], and a detailed analysis of the decay 

times of single modes is required. 

In the case of small rooms, the relevant frequency 

band can extend up to 100 Hz and more. In this band, 

the ear is less sensitive to modal decay times, but an 

acceptable performance requires values below 0.5 s at 

frequencies as low as 63 Hz [3]. 

The paper describes a measurement and computation 

method based on wavelet transforms and examines 

application to real rooms. 

2 Wavelet Transform 

Traditional methods of decay analysis are based on 

fractional octave IIR band-pass filters. These filters 

are not applicable to the estimation of decay times of 

room modes. The IIR band-pass filters exhibit a 

ringing proportional to their steepness, making the 

separation of adjacent modes impractical. 

Furthermore, the phase response of these filters is 

non-linear which leads to time distortion of the 

filtered RIR.  

Techniques based on FFT analysis such as 

Cumulative Spectral Decay (CSD) and Short Time 

Fourier Transform are also limited in their application 

due to the stationary nature of the FFT analysis.  

A good candidate for the separation of modes and 

estimation of decay times is the Continuous Wavelet 

Transform (CWT). 
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The CWT is defined as the inner product of a RIR 

ℎ(𝑡) and a function 𝜓𝑎,𝑏(𝑡) called mother wavelet. 
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It can be seen from eq. 1 that the impulse response is 

convolved with the scaled wavelet function. If this 

function is localized in the time-frequency domain, 

then the transform parameters 𝑊ℎ(𝑎, 𝑏) are a direct 

estimate of the time-frequency distribution of the 

RIR.  

The 𝑎  parameter is the scaling in frequency of the 

wavelet while the 𝑏 parameter is a time shift.  

In this article the wavelet function 𝜓 is a modified 

version of the complex Morlet wavelet, as introduced 

by Loutridis [4]: 

 

𝜓(𝑡) =
1

√𝜋𝐵
𝑒−𝑖𝜔0𝑡𝑒−

𝑡2

𝐵            (2) 

  

where 𝜔0 is the wavelet center frequency and 𝐵 is the 

bandwidth.  

 

 

Figure 1 – Complex Morlet Wavelet 

 

The modified Morlet wavelet function is a complex 

sinusoid modulated by a gaussian, thus exhibiting a 

bandpass property with no ripples in the frequency 

domain. The bandwidth can be easily adjusted using 

the 𝐵  parameter to trade frequency selectivity and 

time resolution.  

The magnitude of the CWT coefficients |𝑊ℎ(𝑎, 𝑏)|2 

can be represented in a three-dimensional plot, or a 

color map plot, where 𝑎 can be mapped to frequency 

and 𝑏  can be represented as time. This graphical 

representation on a time-frequency plane is called 

scalogram (Fig. 2), and can be interpreted as the time-

frequency fingerprint of the RIR under analysis. 

 

 

Figure 2 – Top: example Room Impulse Response; 

bottom: scalogram of the RIR based on CWT 

 

Resonant phenomena can be identified as ridges in 

the CWT time-frequency representation [5]. 

Identification of decay time of close modal 

components present at low frequency in RIR is not 

trivial, because each mode has usually a different Q.  

 

The method introduced in this article uses a set of 

wavelet analysis with a selection of Q to fit the decay 

time of each mode. In order to target a specific single 

frequency, i.e. a single room mode decay, the scaling 

parameter can be fixed at a value �̂� and the CWT can 

be evaluated as a function of time 𝑡: 

 

|𝑊ℎ(�̂�, 𝑡)|2 (3) 
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3 Computational procedure 

The first step in the analysis of a RIR is identifying 

the resonant peaks in the frequency domain. From a 

Fourier transform of a RIR – like the one in Fig. 3 – 

the resonance frequencies can be found with simple 

methods; in this case, the  function in 

MATLAB. Then the value can be further refined by a 

parabolic interpolation of the three frequency points 

closest to the local maximum [6]. 

 

Figure 3 – Fourier transform of the RIR of figure 2. 

The cross markers show the result of a simple peak 

finding operation, including some false positives 

The second step is testing a number of different 

bandwidth values, searching for the best tradeoff 

between frequency selectivity and time resolution. 

This involves changing the B parameter in the 

definition (2) of the Morlet wavelet, before 

convolving with the RIR.  

 

Figure 4 – Wavelet transforms of the RIR in Fig. 3, 

at the peak of 49.4 Hz, with different bandwidths 

Fig. 4 shows three decay curves at the 49.4 Hz peak, 

computed by CWT with different bandwidth 

parameters. The 1/3 octave bandwidth (solid curve) is 

too wide and shows a lot of beating with adjacent 

resonances. On the other hand, the 1/96 octave 

bandwidth (dotted curve) is too selective, washing out 

most of the time dynamics and leaving only a short 

straight segment for the fitting of the decay time. The 

intermediate solution of 1/24 octave (dashed curve) 

appears to be the best compromise. 

 

 

Figure 5 – Spectrum of the wavelet transforms in 

Fig. 4, against the complete FFT (thin line) 

Thanks to the time-frequency nature of the wavelet 

transform, the same bandwidths can be evaluated in 

the frequency domain, by examining what part of the 

spectrum is actually included for every B value (fig. 

5). 

After some testing, the choice of the bandwidth 

parameter was automated by looking for the best fit 

of the decay curve. The computation of the modal 

decay time is based on two different methods. 

 

The first method, illustrated in Fig. 6, searches for the 

best fit to a linear decay (in decibel), after removing 

the noisy part of the curve.  

 

Figure 6 – Linear fit of the decay curve at 49.4 Hz 
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A figure of merit was introduced to evaluate 

quantitatively the goodness of fit to a certain decay 

curve. The figure of merit is the sum of the used 

dynamic range – the “height” in dB on the vertical 

axis of the dashed line in Fig. 6 – up to a maximum 

of 40 dB, and the closeness to 1 of the regression 

parameter r, expressed in decibel and with a 

maximum of 40 dB as well. Therefore, a maximum of 

80 dB is theoretically possible, and one can set a 

cutoff point of minimum acceptable fitness, for 

example at 60, 65 or 70 dB, depending on the overall 

quality of the measurement. 

 

Figure 7 – Nonlinear fit of decay plus noise to the 

same curve of Fig. 6 

This method yielded good results in many cases, but 

depended too much on the details of the noise 

removal method. In order to improve robustness, the 

authors switched to a different method, based on the 

work of Karjalainen et al. [7]. 

The method uses a nonlinear model of exponential 

decay plus noise, and fits the parameters of the model 

to the curve. A typical example of the results is shown 

in Fig. 7. 

4 Applications 

The method was used to compute the low frequency 

modal decay times of a number of small rooms. Some 

of the results, and comparisons with FEM 

simulations, are detailed in previous papers [8][9] 

[10]. Here we want to emphasize some aspects of the 

practical application of the method. 

4.1  Stability of measured values 

Fig. 8 shows all the computed value pairs of 

resonance frequency and MT60 across 10 

measurements for 21 different modes in the 

reverberant room of the University of Bologna [10, 

§3.3]. The measured values of resonance frequencies 

are remarkably stable: standard deviations are all 

below 0.2%, allowing a clear separation even of very 

closely spaced modes, like 42.7 and 43.2 Hz, or 65.3 

and 66.1 Hz. 

MT60 values exhibit a wider dispersion, but all 

standard deviations are below 10%, with an average 

of 5%. 

 

 

Figure 8 – Frequencies and decay times in a reverberant room 
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4.2  Degeneration and mode shapes 

The measurement of a small music rehearsal room 

[10, §3.1] posed a challenge of degenerate modes. 

The tangential mode (1,2,0) and the oblique mode 

(2,1,1) were almost exactly degenerate in frequency, 

with a difference below 0.1 Hz. However, thanks to 

the knowledge of the modal function shapes, we 

could find four microphone positions on the nodal 

surface of one mode and close to the maxima of the 

other (and vice versa). 

This way, two different decay times of 1.75 s 

(tangential mode) and 1.05 s (oblique mode) could be 

distinctly measured. 

 

4.3  Acoustic impedance values 

The most successful case of application of the method 

belongs to a B&C Speakers testing chamber [10, § 

3.2]. The geometry is illustrated in Fig. 10, and the 

use of the four surface groups in the figure led to the 

correspondence between measured and simulated 

decay times shown in Fig. 9. 

Optimization of the FEM model for that room yielded 

the values of normalized specific acoustic impedance 

(NSAI) listed in Table 1 for each surface group. 

 

 

Figure 9 – Measured and simulated decay times in 

B&C Speakers test chamber 

 

Surface group NSAI 

1 (floor and ceiling) 232 

2 (short side walls) 97 

3 (long side walls) 186 

4 (door) 26 

Table 1 – Normalized specific acoustic impedances 

for the surface groups of Fig. 10 

It is remarkable that the highest value of NSAI 

belongs to the group including the floor, surely the 

hardest surface in a partially underground room, and 

the lowest value belongs to the door. In other words, 

the computed impedance values fit well with the 

known characteristics of the real environment. 

 

 

 

  

Figure 10 – Geometry and surface groups in the 

FEM model of B&C Speakers test chamber 
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5 Conclusions 

This paper has presented a method for the 

computation of modal resonance frequencies and 

decay times, based on the Continuous Wavelet 

Transform of Room Impulse Responses. The method 

exploits the lack of phase distortion of the CWT to 

retrieve precise and stable values of decay times, 

which in turn can be used to improve the predicting 

power of FEM simulations and estimate the actual 

values of acoustic impedance at the boundaries. 

Details of the computational procedure were 

described, and some examples of application to real 

environments were given, to emphasize the practical 

usefulness and reliability of the method. 
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