
Characterization of non-stationary sources using three
imaging techniques

M.-H. Mouleta,b, M. Melonc, J.-H. Thomasa and E. Bavuc
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Over the last decades, different imaging techniques have been developed to characterize and localize non-stationary

acoustic sources. This study focuses on three of them: Time Domain Holography (TDH), Sonic Time-Reversal

Sink imaging (TRS) and Real-Time Near-field Acoustic Holography (RT-NAH). In the present study, we first

briefly recall the principles of these methods and detail the validation technique used to compare the reconstruction

quality of the three proposed imaging techniques. In the second part of this paper, a comparison is drawn between

results assessed using TDH, TRS, and RT-NAH for point-like sources in a semi-anechoic room. Advantages and

drawbacks of each method are discussed. The reconstruction quality is studied as a function of distance between

source plane and microphone array. We also detail the influence of the frequency content radiated on reconstruction

quality.

1 Introduction
The inverse problem of identification, localization and

characterization of acoustic sources have received attention

from the scientific community over the last decades. Dif-

ferent imaging technique categories have been proposed in

order to solve this problem from pressure measurements on

a microphone array nearby the source plane, such as acoustic

holography or sonic time reversal imaging. Some recent de-

velopments of these techniques led to localize and character-

ize precisely both in time and space domains non-stationary

or transient acoustic sources. The present paper aims at com-

paring three of them: Time Domain Holography (TDH),

Sonic Time-Reversal Sink imaging (TRS) and Real-Time

Nearfield Acoustic Holography (RT-NAH). These methods

are experimentally applied to the case of point-like sources

in a semi anechoic room (baffled 5 cm diameter Aurasound R©
NSW2-326-8A) driven by transient signals. In this paper,

we first recall the principles of the three methods and the

experimental set-up. Different reconstruction quality indica-

tors in space and time domains are also introduced. Using

these indicators, we study the ability of the three methods

to back-propagate efficiently and precisely the pressure field.

We also detail the influence of back-propagation distance on

reconstruction quality. The influence of transient signals fre-

quency content is also investigated for two back-propagation

distances.

2 Theoretical background
Table 1: Schematic diagram of the three imaging methods

P(kx, ky, zm, t) ⇒ RT-NAH⇒ P(kx, ky, zre f , t)
↑ |

T Fx,y T F−1
x,y

| ↓
p(x, y, zm, t) ⇒ TRS⇒ p(x, y, zre f , t)

| ↑
T Ft T F−1

t↓ |
P(x, y, zm, ω) P(x, y, zre f , ω)

| ↑
T Fx,y T F−1

x,y
↓ |

P(kx, ky, zm, ω) ⇒ TDH⇒ P(kx, ky, zre f , ω)

Table 1 synthetically presents the imaging methods used

in this study to backward propagate time-dependent pres-

sure fields. These methods involve pressure measurements

p(x, y, zm, t) on a microphone array at a distance zm from

the source plane. p(x, y, zre f , t) corresponds to the back-

propagated (BP) time-dependent pressure signal at a dis-

tance zre f from the source plane; P(kx, ky, zi, t) is the time-

dependent wavenumber spectrum at zi; P(x, y, zi, ω) is the

frequency spectrum at zi and P(kx, ky, zi, ω) is the frequency-

wavenumber spectrum at zi.

2.1 Time Domain Holography (TDH)
Time Domain Holography makes use of time and

2D-space Fourier transforms of the measured pres-

sure field p(x, y, zm, t) to compute the pressure spectrum

P(kx, ky, zm, ω). Then, the backward propagation is processed

by using classical NAH for each angular frequency. Finally,

inverse time and 2D-space Fourier transforms are applied

to the backward propagated spectrum in order to recover

the time-space signals p(x, y, zre f , t). As this problem is ill-

posed, regularization techniques have to be used in order to

obtain a reliable solution. In this paper, the Tikhonov filter in

its standard form is applied. Since the reference field is mea-

sured in the experiments conducted here, the optimal filter

parameter was chosen as the one which gave the lowest dif-

ferences between the reference and the backward propagated

fields. Mathematical details of this method could be found in

refs. [1, 2].

2.2 Real-Time Nearfield Acoustic Holography
(RT-NAH)

Real-Time Near-field Acoustic Holography is based on

a formulation which describes the propagation of time-

dependent sound pressure signals on a forward plane (direct

problem) using a convolution product between the measured

sound field and an impulse response in the time-wavenumber

domain [3]. Thus, this method does not involve calculations

in the frequency domain. In order to obtain the sound field

on the source plane, it is necessary to solve an inverse prob-

lem using deconvolution. The time-dependent wavenumber

spectrum on the source plane is obtained from the convolu-

tion between the time-dependent wavenumber spectrum ac-

quired by the microphone array and an inverse impulse re-

sponse. This inverse impulse response - which depends on

the distance between the source plane and the measurement

plane and also on the wavenumber considered - can be com-

puted by at least two methods. The first one, which was used

in this study, is based on inverse Wiener filtering of the di-

rect impulse response [4]. The second one uses a Singular

Value Decomposition to invert a matrix describing the direct

propagation in the time-wavenumber domain, coupled to a

standard Tikhonov regularization [5]. Both approaches yield

a continuous time reconstruction of the pressure field on the

source plane.

2.3 Sonic Time-Reversal Sink imaging (TRS)
Sonic time reversal sink (TRS) imaging technique is com-

puted in the space-time domain and does not involve any

Fourier transform. Classical time-reversal (TR) procedures

ensure that if a pressure field p(�r, t) is solution of the wave

equation, the time-reversed acoustic field p(�r,−t) has a math-
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ematical and physical existence [6]. Using a time-reversed

version of the time domain Helmholtz-Kirchhoff equation

(HK), a focusing pressure field pTR(�r, t) can be BP in (V)

using measurements of the acoustic pressure and its nor-

mal derivative on a surface (S ) surrounding the volume (V).

pTR(�r, t) has the property to back-propagate to the acoustic

sources positions and to reconstruct the time evolution of

the radiated field at focal point, thus allowing to partially

solve the inverse problem and to localize and image acous-

tic radiating sources. However, pTR(�r, t) using classical TR

imaging is not strictly equal to p(�r,−t), since the TR back-

propagation gives rise to a divergent wave following the con-

vergent focusing wave [7, 8]. In order to completely solve the

inverse problem and to assess the exact dual pressure field

p(�r,−t), TRS imaging method has been proposed [8], us-

ing a numerical sink source located at focal point, that emits

the exact pressure field that destructively interferes with the

unwanted diverging component of pTR(�r, t). When a single

layer measurement array is used as it is in this study, TRS

technique has also the advantage of giving access to an ap-

proximation of the normal derivative of measured pressure

field involved in HK equation, thus improving field recon-

struction. Detailed physical and mathematical explanations

of this method in the sonic range and its implementation can

be found in [8].

3 Material and Methods

3.1 Experimental set-up
A 10 × 10 microphone array is used to simultaneously

measure the radiated acoustic pressure (Figure 1) at a sam-

pling frequency of 32768 Hz. Adjacent microphones are reg-

ularly spaced by 8.5 cm, corresponding to an array size of

76.5 × 76.5 cm. This experimental set-up ensures frequen-

cies included in the [440 − 2000] Hz range respect the space

domain Shannon theorem. Measurements are achieved at a

distance from source plane varying from 5 cm to 25 cm by 5

cm steps. Reference pressure pre f is measured by the array

at zre f = 1 cm, thus allowing to calculate objective indicators

in order to assess the relevance and precision of the methods.

(a) (b)

Figure 1: Microphone array in front of sources (a) and repartition

of loudspeakers in the source plane (b).

Five small baffled loudspeakers (5 cm diameter Aurasound R©
NSW2-326-8A) are fixed on a plane of larger dimensions

than the array. Positions of the loudspeakers are given

for reference in Figure 1. Each loudspeaker is sequen-

tially driven by a transient signal. Six different central

frequencies fc are used for the broadband impulse sig-

nals (Hanning-window spectra from 0 Hz to 2 fc) : fc ∈
[425, 750, 1000, 1335, 1865, 2000] Hz. The aim of this study

is to reconstruct the sound field on the plane zre f = 1 cm

from the sound field measured by the microphone array on

the plane zm.

3.2 Reconstruction quality indicators
In order to compare the results obtained with the three

methods, two reconstruction quality indicator maps (T1 and

T2) are calculated for a point (xi, y j) of the source plane.

They are similar to those used in [5]. T1 is a correlation coef-

ficient which is sensitive to the similarity between the shapes

of the signals and thus between their phase difference. The

best value for T1 is 1. T2 is sensitive to the magnitude differ-

ences between the reconstructed signals and the references.

The best value for T2 is 0. The following equations (1) and

(2) define T1 and T2 :

T1(xi, y j) =
< pre f (xi, y j, zre f , t)p(xi, y j, zre f , t) >t

prms
re f (xi, y j, zre f )prms(xi, y j, zre f )

, (1)

T2(xi, y j) =
|prms

re f (xi, y j, zre f ) − prms(xi, y j, zre f )|
prms

re f (xi, y j, zre f )
, (2)

where pre f (xi, y j, zre f , t) is the reference time dependent

pressure signal and p(xi, y j, zre f , t) is the BP time-dependent

pressure signal. In Eq.(1), <>t is the time averaged value. In

order to evaluate the quality of back-propagation as a func-

tion of time, a third criterion is defined (Eq. (3)), which de-

scribes a mean spatial error of reconstruction. Perfect recon-

structions yield En(t) = 0.

En(t) =

√
< [pre f (x, y, zre f , t) − p(x, y, zre f , t)]2 >s

< prms
re f (x, y, zre f ) >s

, (3)

where <>s is the spatial averaged value.

4 Results and discussion

4.1 Time domain back-propagation
An example of back-propagated (BP) pressure at a sin-

gle position corresponding to microphone (4, 4) is presented

on Figure 2 and compared with the measured reference pres-

sure at the same position. The position of microphone (4,4)

is indicated for reference on figure 3. In Figure 2, TDH

method seems to give the closest results in terms of ampli-

tude, when compared to the reference pressure. T2 values for

this microphone confirm this statement : T T DH
2 (4, 4) = 0, 04,

T RT−NAH
2

(4, 4) = 0, 08 and T TRS
2

(4, 4) = 0, 08.

Figure 2: Comparison of BP pressures from zm = 10 cm to zre f

with the measured reference pressure on microphone (4, 4)

position when loudspeaker A2 emits a 1000 Hz impulse. Green:

reference pressure - Blue: TDH - Red: TRS - Black: RT-NAH -

Orange vertical dotted line indicates ts = 6.77 ms

In terms of phase reconstruction, TRS results present

a slight phase difference before the impulse signal

(T TRS
1

(4, 4) = 0, 90) while for the two other methods,
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results present a slight phase difference at the end of the im-

pulse signal (T T DH
1 (4, 4) = 0, 96 and T RT−NAH

1
(4, 4) = 0, 88).

A comparison of BP pressure fields at a single time (ts =

6.77 ms, indicated for reference in Fig. 2) with the reference

pressure field measured at 1 cm is also given in Figure 3 for

a 1000 Hz signal on source A2. This figure shows that for the

time considered, there is a good agreement with the reference

field for TDH methods (ET DH
n (ts) = 0, 86). TRS results show

at this particular time a slightly underestimated pressure level

((ETRS
n (ts) = 1, 56). RT-NAH results show at this particular

time some spatial distortions and the level at source location

is not estimated accurately (ERT−NAH
n (ts) = 1, 96).

(a) (b)

(c) (d)

Figure 3: BP pressure fields maps at t = 6.77 ms: reference

measured at 1cm (a), obtained with TDH (b), TRS (c), and

RT-NAH (d). Case of a 1000 Hz impulse BP from 10 cm to 1 cm

for A2. The white circle represents the source position and size.

The green square on (a) represent the position of microphone (4,4).

4.2 Reconstruction quality indicators
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Figure 4: Spatial maps for indicator T1 obtained with TDH (a),

TRS (b) and RT-NAH (c). Backpropagation of a 1000 Hz impulse

from 10 cm to 1 cm for A2. The red circle represents the source

position and size.
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Figure 5: Spatial maps for indicator T2 obtained with TDH (a),

TRS (b) and RT-NAH (c). Backpropagation of a 1000 Hz impulse

from 10 cm to 1 cm for A2. The red circle represents the source

position and size.

Examples of mapping results for T1 and T2 are given in

Figure 4 and Figure 5 for the three methods. The radiating

source is the loudspeaker A2 driven by a 1000 Hz impulse

signal and the signal is back-propagated from 10 cm to 1 cm.

As shown on Figure 4, TDH seems to be the more effective

method for T1 indicator for the studied back-propagation

distance (10 cm). TRS method provides high level of T1

close to the source location while RT-NAH method gives

high levels of T1 in a small area near the source and in an

extended area farther the source but also shows low levels

of T1 at the edges of the studied area. Figure 5 shows

that for the studied backpropagation distance, TDH and

TRS methods present the best results. Spatial distributions

for each methods are different: TRS estimates correctly

the pressure level close to the source location while TDH

presents good results in a more spreaded way. For the

two indicators T1 and T2, edge effects can be noticed for

RT-NAH and TRS results.

Figure 6 shows En obtained for the three methods with ra-

diating source A2 driven by a 1000 Hz impulse signal, back-

propagated from 10 cm to 1 cm. TDH and RT-NAH errors

present peaks of magnitude at times corresponding to high

levels of magnitude for the BP pressure field (see Fig. 2).

Reconstruction errors En(t) obtained with TRS method is less

oscillating in time and appears to have lower values.

0 0.005 0.01 0.015

0.5

1

1.5

2

2.5

Time (s)

E
n

Figure 6: Spatial error En(t) obtained with the three methods for a

9 cm back-propagation distance (1000 Hz impulse emitted by A2) -

Blue: TDH - Red: TRS - Black: RT-NAH.

In the following, for the sake of compactness of this pa-

per, T1 and T2 maps and time domain evolution of En will

not be presented for each studied back-propagation. In order

to compare imaging efficiency for the three methods in a syn-

thetic way, we rather present the mean, median, and standard

deviation values of each indicators for each experiment.

4.3 Influence of back-propagation distance
In all experiment presented in this subsection, the loud-

speakers are driven by a 1000 Hz impulse signal. T1 evo-

lution with back-propagation distance is given in Figure 7(a)

for a centered source A2 and in Figure 7(b) for an off-centered

source A5. For a distance of 5 cm, TDH and TRS methods

appear to be really effective for both sources. For distances

of 10 and 15 cm, TDH gives the best mean values while the

median value of RT-NAH gives better results for the centered

source and a distance of 15 cm. For distances of 20 and 25

cm, results obtained using TDH method are more deteriorat-

ing than with the two other methods, especially for the cen-

tered source. RT-NAH method gives the best results for T1 at

large back-propagation distances (20/25 cm).
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Figure 7: Variation of T1 against back-propagation distance for

the 1000 Hz impulse signal; (a) source A2, (b) source A5 - Blue:

TDH - Red: TRS - Black: RT-NAH.

T2 evolution with back-propagation distance is given in

Figure 8 for the same loudspeakers as in Fig. 7. Similarly to

T1 indicator results, both methods TDH and TRS are more

effective than RT-NAH for a distance of 5 cm. For the cen-

tered source and a back-propagation distance of 10 cm, TDH

gives better results than the two others. For backpropaga-

tion distances larger than 15 cm, TDH and RT-NAH results

are deteriorating while TRS method gives good results espe-

cially for 25 cm and a centered source. RT-NAH results show

a less accurate reconstruction than the two other methods for

a centered source. For the off-centered source, TDH and RT-

NAH give good results for all distances while TRS results

are deteriorating with an increase of the distance.
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Figure 8: Variation of T2 against back-propagation distance for

the 1000 Hz impulse signal; (a) source A2, (b) source A5 - Blue:

TDH - Red: TRS - Black: RT-NAH.

En evolution with back-propagation distance is shown in

Figure 9 for the source A2 (a) and the source A5 (b). Figure

9(a) shows that for the centered source and whatever the dis-

tance, TRS method gives best results for mean values than

TDH and RT-NAH. The three methods present an increase

of errors with the distance.
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Figure 9: Variation of En against back-propagation distance for

the 1000 Hz impulse signal; (a) source A2, (b) source A5 - Blue:

TDH - Red: TRS - Black: RT-NAH.

Figure 9(b) shows that for the off-centered source, TDH

method provides the smallest mean error for small distances

(5/10 cm) and RT-NAH method provides the smallest mean

error for large distances (20/25 cm). On the other hand, me-

dian values are really close for the three methods and remain

constant with the distance, except at a 5 cm back-propagation

distance, exhibiting smaller median values.

4.4 Influence of frequency content
In this subsection, we only present results obtained

for two back-propagation distances of 5 cm and 20 cm.

Loudspeakers are driven by impulse signals with different

central frequencies. Since the signal spectra correspond to

Hanning windows between 0 and 2 fc, it should be noted that

the spatial Shannon theorem is not fulfilled for central fre-

quencies above 1335 Hz. Results for these frequencies allow

to investigate the ability of the methods to back-propagate

high frequencies with an under-sampled array.

The evolution of indicator T1 as a function of signal’s

central frequency is given in Figure 10 for sources A2 and

A5. For a back-propagation distance of 5 cm and for fre-

quencies below 1335 Hz, TDH and TRS methods are sim-

ilarly effective for both sources while RT-NAH shows more

difficulties to reproduce the phase difference. For frequencies

above 1335 Hz, the three methods provide similar results and

degrade in a similar way when the Shannon sampling theo-

rem is not fulfilled. For a back-propagation distance of 20

cm, the same evolutions are observed for the two sources:

for low frequencies (≤ 750 Hz) TDH gives the best results

but its T1 values decrease with frequency. On the other hand,

RT-NAH method is the best for 1000 Hz while TRS method

seems to be more robust at high frequency, when the spatial

sampling theorem is not fulfilled.
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Figure 10: Variation of T1 against central frequency of the

impulse signals; (a) source A2 at 5 cm, (b) source A5 at 5 cm (c)

source A2 at 20 cm, (d) source A5 at 20 cm - Blue: TDH - Red:

TRS - Black: RT-NAH.

The evolution of indicator T2 as a function of signal’s

central frequency is given in Figure 11 for the source A2

and the source A5. For this indicator, TDH seems to be the

most reliable method to describe correctly signal amplitudes

for a distance of 5 cm, even if RT-NAH gives similar re-

sults for frequencies above 1335 Hz. On the contrary, TRS

method presents better results than RT-NAH for frequencies

below 1335 Hz and shows the best results for low frequen-

cies when the off-centered source is imaged. For a 20 cm

back-propagation distance, different trends are observed: for

a centered source, except for the low frequency limit, the best

results are obtained using TRS method. Stable correct values
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are obtained using TDH method and it seems that RT-NAH

method has difficulties to reconstruct the true amplitudes,

particularly above 1000 Hz. For an off-centered source, TRS

method and to a lesser extent RT-NAH method are deterio-

rating with an increase of frequency while TDH method re-

mains constant. Up to 1335 Hz, THD and RT-NAH methods

give similar T2 values.
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Figure 11: Variation of T2 against central frequency of the

impulse signals; (a) source A2 at 5 cm, (b) source A5 at 5 cm (c)

source A2 at 20 cm, (d) source A5 at 20 cm - Blue: TDH - Red:

TRS - Black: RT-NAH.

The evolution of the error criterion En with the central

frequency of the impulse signal is given in Figure 12 for

sources A2 and A5. For a 5 cm back-propagation distance,

TDH and TRS give very small errors while RT-NAH pro-

vides larger errors for central frequencies below 1335 Hz.

Results are similar for higher frequencies. For a 20 cm BP

distance, results are similar for the three methods, even if RT-

NAH and TRS seem better when the frequency increases for

a centered source and RT-NAH and TDH remain constant for

an off-centered source.
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Figure 12: Variation of En against central frequency of the

impulse signals; (a) source A2 at 5 cm, (b) source A5 at 5 cm (c)

source A2 at 20 cm, (d) source A5 at 20 cm - Blue: TDH - Red:

TRS - Black: RT-NAH.

5 Conclusion
Results obtained for the three studied imaging techniques

in the case of point-like sources show that the different meth-

ods are complementary. Depending on the back-propagation

distance or the frequency range of the tested source, a partic-

ular method should be chosen. This preliminary report is the

first step of an ongoing project. In near future, complemen-

tary experiments will be conducted, such as multiple simulta-

neously driven loudspeakers or impacted plates. Eventually,

industrial cases will also be investigated. A special atten-

tion will be dedicated to the resolution ability of the different

methods. Note that, other formulations of the three methods

used here should also be included:

• For RT-NAH, as the method implemented in the

present paper is based on inverse Wiener filtering, no

regularization was involved and it is possible that using

the method proposed in [5] would improve the results.

• For TDH, the direct and inverse spatial Fourier trans-

form can be suppressed when using a propagator writ-

ten in the (x, y, ω) domain. This formulation involves

a spatial convolution and has been shown to be more

suited to large distance propagation [2] though slightly

increasing the computation time.

• For TRS, the implementation used in the present study

makes use of an approximated extrapolation of the

pressure field normal derivatives thanks to the sink

method. Even if the present study shows satisfying re-

sults, more accurate reconstructions could be achieved

using a double layer measurement array.
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