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Abstract

Fast response Pressure-Sensitive Paint (iPSP) developed at the German Aerospace Center (DLR) in Göttingen is evaluated for
measurements of acoustic pressure distributions. A test facility is constructed, which allows to measure these acoustic pressure
distributions with iPSP. The aim of this evaluation is to detect pressure amplitudes below 100 Pa with sinusoidal and white noise
acoustic excitation between 1 and 4 kHz. The following data analysis methods are applied to increase the signal-to-noise ratio
(SNR): phase averaging, proper orthogonal decomposition (POD), dynamic mode decomposition (DMD), and fast Fourier trans-
form (FFT). DMD is identified to be very powerful in extracting acoustic pressure fluctuations and eliminating image noise, but
FFT achieves comparable results in this application. The used measurement setup combined with the DMD or FFT are capable of
detecting pressure levels below 11 Pa or 114 dB sound pressure level (SPL) in cases with white noise excitation with detected mode
frequencies up to 4615 Hz. The minimal detectable pressure limit during this investigation is 5 Pa or 108 dB (SPL) at 1318 Hz and
sinusoidal acoustic excitation. The results from iPSP are compared to conventional measurement technique, flush with the surface
mounted microphones, with good agreement.
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PSP Pressure-Sensitive Paint

iPSP fast response Pressure-Sensitive Paint
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PC polymer/ceramic

SPL sound pressure level
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STD standard deviation

PMT photomultiplier tube

FFT fast Fourier transform

CCD charge-coupled device

CMOS complementary metal-oxide-semiconductor

SVD singular value decomposition

POD proper orthogonal decomposition
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DMD dynamic mode decomposition

COP coherent output power

DFT discrete Fourier transform

PSD power spectral density

DTFT discrete-time Fourier transform

1. Introduction

In the research of aerodynamics the experimental investiga-
tion of surface pressures is indispensable for the understanding
of principal flow phenomena. Also in acoustic applications the
study of surface pressure distribution is mandatory to under-
stand noise sources, noise propagation and other phenomena.
Typically, pressure is measured at discrete positions with e.g.
pressure taps situated on the investigated surface. To accom-
plish an acceptable pressure information on complex geome-
tries hundreds of sensors are needed.
Pressure-Sensitive Paint (PSP) is an established measurement
technique to investigate pressure distribution on a surface with
a high spatial resolution. Acoustic measurements using PSP
are particularly challenging since PSP is an absolute pressure
sensor and the acoustic pressure fluctuations are low compared
to the ambient pressure. In this work an investigation of fast
response Pressure-Sensitive Paint (iPSP) developed at German
Aerospace Center (DLR) in Göttingen is performed to measure

Preprint submitted to Experimental Thermal and Fluid Science September 12, 2019



acoustic pressure fluctuations similar to those found inside the
Aeroacoustic Wind Tunnel (AWT), Leibniz University Han-
nover. To simulate those conditions inside the test setup, two
speakers are used to induce pressure fluctuations between 1000
and 5000 Hz with pressure levels up to 400 Pa or 146 dB (SPL).

1.1. Basic Principles of Pressure-Sensitive Paint
PSP is an optical pressure measurement technique based on

a photo-physical phenomenon of luminophores. Exciting the
paint by light with a certain wavelength, the luminiphores in
the paint emit light with longer wavelength, Liu and Sulli-
van (2005). Another method of how the excited luminophore
can lose its absorbed energy is oxygen quenching. Oxygen
quenching is a process in which the energy from the excited
luminophore is transferred to a nearby oxygen molecule with-
out emitting a photon in visible range, Gregory et al. (2014).
With higher oxygen concentration around the surface, the oxy-
gen quenching is more likely to happen and less light is emitted
by the luminophores. According to Henry’s law, the concentra-
tion of oxygen in the paint layer is proportional to the pressure
on the surface. By having a constant oxygen concentration in
the gas above the surface, the pressure is directly related to the
luminescence intensity of the PSP luminophores.

1.2. Intensity Method
There are two methods to measure pressure distribution with

PSP; intensity and lifetime method. The intensity method is
used in this work and requires a continuous illumination of the
paint. The intensity of the light emission is measured by a cam-
era. To determine the pressure from the registered images, the
Stern-Volmer equation

Ire f

I
= A + B

p
pre f

(1)

is used with predetermined temperature dependent coefficients
A and B.

1.3. Fast Response Pressure-Sensitive Paint and Low Pressure
Applications

Acoustic measurements with iPSP are especially challeng-
ing because of the high frequencies and the low pressure fluc-
tuations compared to the high ambient pressure. Previous
measurements conducted inside the AWT reached sound pres-
sure levels (SPLs) of up to 136 dB (126 Pa), Bartelt et al.
(2013). With an ambient pressure of 105 Pa the absolute pres-
sure change is only 0.126%. Therefore, absolute pressure sen-
sors with a high SNR are required.
McGraw et al. (2003) were measuring acoustic resonance in-
side a cylinder with iPSP. The pressure field was induced by a
speaker with frequencies between 150 and 3500 Hz. The iPSP
was continuously excited by an ultraviolet (UV)-light-emitting
diode (LED) and the changing intensity of emitted light was
captured by a photomultiplier tube (PMT). The data of the
point measurement was averaged and analysed via the FFT.
The results were compared to a reference microphone. McGraw
et al. (2003) were able to measure acoustic pressure fluctuations

above 110 dB (6.32 Pa) with frequencies up to 3500 Hz.
To utilize the high spatial resolution advantage of PSP over con-
ventional microphones, the PMT has to be replaced with a high
speed camera. Gregory et al. (2006) were using a 14-bit charge-
coupled device (CCD) camera to record the intensity changes of
a standing wave in a rectangular cavity induced by a compres-
sion driver. The 100 W compression driver induced the mode
(1 1 0) with a frequency of 1.3 kHz. Mode (1 1 0) appears
when exactly half of the wavelength of the sound waves fits be-
tween the walls in x and y direction. In this test fast response
polymer/ceramic (PC)-PSP was coated on the back wall of the
cavity and excited by a pulsed UV-LED. A total of 200 images
were phase averaged and a 10 pixel square area was average
to increase the signal-to-noise ratio (SNR). The resulting iPSP
data was compared to an analytic solution and a measurement
of one fast response pressure sensor (Kulite) situated in a corner
of the cavity. The minimum detectable pressure in this test was
115.8 dB (12.3 Pa).
To further enhance the SNR of iPSP data and investigate lower
pressure magnitudes Pastuhoff et al. (2013) were using singular
value decomposition (SVD).

SVD is part of linear algebra and separates the matrix A into
three matrices U,Σ and W (Strang, 2003). A can be recalculated
with the equation

A = UΣWT =

N∑
i=1

σiuiwT
i , (2)

where U and W contain the left and right singular vectors
ui and wi and diagonal entries of Σ contains the square root
of the eigenvalues σi sorted with descending magnitude. By
recalculating the matrix A using only modes with a high
magnitude, the SNR can be improved, since the noise is
contained in eigenvalues with low magnitudes. Pastuhoff et al.
(2013) investigated the fluctuating pressure field on the side of
a square cylinder at low speed flow and improved the SNR by
using SVD.

In order to investigate multi frequency phenomena, different
data analysis methods need to be applied. Peng et al. (2016)
presented a measurement of wall-pressure fluctuations in low-
speed flows as low as 10 m/s. They successfully employed and
compared FFT, phase-averaging and POD, a related method to
SVD, on structures measured by iPSP and caused by the wake
of a cylinder. A POD mode is a left singular vector of the
SVD and can be calculated with the known SVD algorithm.
They compared POD filtered and reconstructed data to micro-
phone measurements with good agreement. Ali et al. (2016)
used POD and DMD to reduce the noise and measure multi fre-
quency phenomena. DMD calculation using flow field data is
well described by Schmid (2010) and can be used in similar
procedure for pressure field data.

The experimental setup used by Ali et al. (2016) is similar
to the setup of Gregory et al. (2006), which includes an ex-
citation of standing waves (modes) inside a rectangular cav-
ity, except a second speaker is mounted at the side of the box
for resonance with two different frequencies. The principles of

2



POD and DMD are described and their results compared to each
other, the phase averaging method, and the analytic solution. It
is notable that both methods were able to separate two different
modes induced simultaneously. According to Ali et al. (2016),
DMD is the more robust method in discriminating between the
two modes and eliminating the noise of the CMOS sensor.
Noda et al. (2018) measured trailing edge noise of a NACA0012
wing profile with iPSP and analysed the data with the coherent
output power (COP) method. COP uses the iPSP data and the
amplitude and phase information of a separate microphone lo-
cated behind the wing. Therefore, the SNR was significantly
higher than using the averaging method. Noda et al. (2018)
were capable of detecting power spectra amplitudes of 20 Pa2.
Disotell and Gregory (2011) presented a measurement of two
dimensional unsteady pressure distribution inside the same cav-
ity as Gregory et al. (2006), using a single-shot lifetime tech-
nique. They were able to detect transient pressure fluctuations
exited by a 1.3 kHz acoustic excitation for different phase an-
gles with pressure amplitudes above 154 dB SPL (1000 Pa).
Using phase averaging the used setup was able to resolve pres-
sure amplitudes of 125.4 dB SPL (52.7 Pa).

2. Experiment

2.1. Test facility
The measurement of acoustic pressure distributions inside

the AWT requires a setup which can detect pressure levels up to
126 Pa (136 dB) and multiple frequencies between 1000 Hz and
4000 Hz. To investigate the iPSP in similar conditions, a new
test facility is built. Ali et al. (2016) already measured acoustic
pressure distributions with multiple frequencies inside a rect-
angular cavity. They induced pressure amplitudes above 600
Pa with frequencies up to 2200 Hz. The dimensions of the test
section are 216 mm in width, 168 mm in height and 102 mm in
depth. In order to predict if such rectangular cavity is capable
of providing the right measurement conditions, an analytic so-
lution of the acoustic phenomena inside the cavity is calculated.
The theoretical excitation frequency of a mode inside a rectan-
gular cavity is given by the solution of the Helmholz equation
(Pierce, 1981) with,

f =
c
2

√(
nx

Lx

)2

+

(
ny

Ly

)2

+

(
nz

Lz

)2

(3)

where Lx, Ly, and Lz are the length, height, and depth in the
x, y, and z direction, respectively; nx, ny, and nz representing
the mode number along their dimensions; and c is the speed
of sound. By using the same dimensions for the test section
as Ali et al. (2016), 70 modes with frequencies ranging from
1029 Hz to 4910 Hz can be excited. 28 of these modes induce
distinct pressure distributions on the back wall. The modes are
well distributed with single modes in a 300 Hz frequency band
and with some close modes, e.g. mode (2 2 0) and (3 1 0) with
frequencies of 2607 Hz and 2614 Hz, respectively. Investiga-
tions of the modes (1 1 0), (1 2 0), and (2 1 0) have already
been published by Ali et al. (2016) and can be used for compar-
ison. Therefore, the setup to reproduce AWT similar acoustic

conditions is a rectangular cavity, further designated as acoustic
box, with the same dimensions as in the tests of Gregory et al.
(2006), Disotell and Gregory (2011), and Ali et al. (2016).
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Figure 1: 3D CAD construction of the acoustic box

The 3D CAD construction of the test facility is shown in Fig.
1.
The pressure distribution on the back wall of the acoustic box is
investigated with iPSP. For later comparison and verification of
the pressure on the back wall, a second pressure measurement
technique is included. To measure acoustic phenomena pre-
cisely Möser (2012) suggest condenser microphones. The mi-
crophones are mounted in different positions on the back wall
of the box. The number of microphones and their position can
be determined with the analytic solution of the pressure distri-
bution inside the acoustic box. The theoretical pressure distri-
bution of a specific mode can be calculated with the equation

P(x, y, z) = cos
(

nxπx
Lx

)
cos

(
nyπy
Ly

)
cos

(
nzπz
Lz

)
(4)

shown by Pierce (1981). The microphone positions are ob-
tained by calculating the pressure distributions of the modes
inside the frequency band given by the AWT with Eq. 4. The
resulting absolute values of the modes, with a maximum mode
number of three, are added.

Mic 1Mic 2Mic 3Mic 4

Mic 6

Mic 8

Mic 9

Mic 5
Mic 7

Ref. Mic 4

Figure 2: Overlapped modes to determine microphone positions

This leads to a point symmetric pressure distribution shown
in Fig. 2. Nine microphones, represented by the black dots,
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are placed in the resulting convexities. The Nyquist-Shannon
sampling theorem for modes with a mode number of four and
lower is satisfied with the chosen microphone positioning.
Due to the symmetry of the modes, every microphone has
a reference position on the back wall to compare with. The
signal of the microphones and the signal of the iPSP at the ref-
erence position can be correlated to each other and a pressure
recalculation of the iPSP with the microphones is possible.
The oxygen level of the air inside the acoustic box has also
an effect on the calibration and sensitivity of the iPSP. By
flushing the box with synthetic air with a known oxygen level
of 20%, an oxygen meter is not required. This also ensures dry
air conditions inside the box, which is part of the assumption
for the analytic calculations of modes, Pierce (1981). One
temperature sensor (Pt100) and one absolute pressure sensor
are added to the test facility to ensure that the facility is always
operated at the same temperature and pressure conditions.
Same temperature is ensured by waiting after each flushing
until the equilibrium with the temperature inside the laboratory
is reached. This way, the influence of temperature on the
iPSP response characteristic is minimised. Since during the
operation the LEDs are only switched on for the duration of
the image acquisition (tON < 1s), no detectable temperature
changes inside the box are observed.

2.2. Instrumentation

The paint developed by the DLR is coated on the back wall
of the acoustic box. The recipe is a modification of the paint
developed by Gregory (2004). It consist of a polymer/ceramic
base layer and an active layer. The base layer is a mixture of
a polymer (Duromax B-1000), a ceramic particle (titanium sili-
con oxide TiS iO4, 50 nm), dispersant (Aldrich PANa 4160029)
and distilled water. The active layer includes toluene and the
luminophore PtTFPP. Base layer and active layer are subse-
quently coated on the surface of the back wall creating a coating
as shown in Fig 3.

Model substrate
Polymer
Particle TiSiO4
Luminophore

Figure 3: Sketch of iPSP paint composition

The luminophore is excited by a LED light source with a cen-
tral wavelength of 390 nm and features an emission peak at the
wavelength of 650 nm.
The devices required for the iPSP measurement are one high
speed complementary metal-oxide-semiconductor (CMOS)
camera and two UV-LEDs equipped with lenses and optical fil-
ters.

The two UV-LEDs are HardSoft IL-106 UV, emitting light at
a wavelength of 390 nm. The LEDs are equipped with 720 mm
lenses and optical band-pass filters. The filters are selected to
pass light with wavelength between 380 nm and 400 nm and are

500 mm

24
0

m
m

x
z

Figure 4: Installation of the LEDs and the camera

mounted on the front of the lenses. The LEDs are placed beside
the camera and angled towards the acoustic box as shown in
Fig. 4, so that the whole back wall is illuminated. The angle
between the z axis and the LED is 13.8◦. The distance between
the LEDs and the acoustic box is 500 mm. The LEDs are 240
mm apart in x direction.
The camera is a Photron Fastcam SA-Z, equipped with a Nikon
85 mm lens and a band-pass filter passing light with wavelength
from 640 nm to 660 nm. The camera is set to record 9000 im-
ages with a resolution of 768 x 768 pixel. The maximum frame
rate at this resolution is 32 kHz. The used image sensor is a
CMOS sensor with 12 bit dynamic range. The camera can be
triggered and synchronised.
To obtain pressure references and calibration information for
the iPSP measurement, nine calibrated microphones, an abso-
lute pressure sensor, and a temperature sensor are used. The
used microphones are Brüel&Kjaer Type 4944 1/4” micro-
phones with a dynamic range of 46 dB to 170 dB and detectable
frequencies between 4 Hz and 70,000 Hz. The microphones
are distributed as shown in Fig. 2 and mounted without the
protection grid flush to the surface. The microphone signals
are simultaneously sampled by the VIPER HD data acquisition
system with an A/D conversion of 24 bits and a sampling fre-
quency of 240 kHz. The recording period for the investigated
measurement is 20 seconds.
The modes inside the acoustic box are excited with two BMS
4540ND - 8Ω speakers. The placement of the speakers has only
a small influence on the modes inside the rectangular cavity
(Ali et al., 2016), so the speakers are arranged similar to the
measurement of Ali et al. (2016). The top speaker is located at
x

Lx
= 0.9, y

Ly
= 1, and z

Lz
= 0.5 and the side speaker at x

Lx
= 1,

y
Ly

= 0.5, and z
Lz

= 0.5. Each speaker can induce frequencies
from 700 Hz to 30 kHz. The maximum achievable continuous
free field SPL is 132 dB with a power of 60 W. The speakers are
driven by a signal generated by the function generator Agilent
33522A. The signal from the generator is filtered and amplified.
All voltage signals are logged with a data logging system. The
data logger is the Viper HDR, which can sample with a maxi-
mal sampling rate of 250 kHz. It has 64 analogue input chan-
nels with a resolution of 24 bit and is logging the signals of the
nine microphones, the absolute pressure sensor, the signal of the
function generator, and signals from the camera. The signals
from the camera are Synch Out Pos, Expose Pos and Trig Pos,
which are a synchronisation signal, the camera’s exposure sig-
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nal, and the output of the received trigger signal, respectively.

Function Filter Amplifier

SSD
Images

Sync, Expos, Trig
Viper HDR

Microphones
absolute

generator

Camera

Pressure Sensor

Figure 5: Synchronisation diagram of the measurements

Since the camera is recording with frequencies up to 32 kHz,
high sampling rates for the camera output signals are required.
The synchronisation of the measurement is shown in Fig. 5 and
consist of the function generator, generating two in phase sig-
nals. One sinusoidal signal is driving the speakers and the sec-
ond signal is a square wave, which is synchronising the camera
with the speakers. This is only done, when a specific mode is
excited and not during the white noise measurement. When the
speakers are driven with a white noise signal, the camera is run-
ning independently. In both cases the output signals are logged
and a post processing synchronisation can be carried out.

3. Data Analysis Methods

3.1. Microphone Data - Power Spectral Density
To obtain the SPL of a specific mode the power spectral

density (PSD) is calculated. The PSD is used to estimate
the total power distribution from a finite sample of stationary
phenomena. Stoica and Moses (2005) define the PSD as the
discrete-time Fourier transform (DTFT) of the covariance se-
quence with,

φ(ω) =

∞∑
k=−∞

x(k)e−iωk (5)

including a discrete set of real or complex numbers x(k), for all
integers k, and the angular frequency ω.
The PSD is calculated with the Welch’s power spectral density
estimation. The method includes sectioning, taking modified
periodograms of these sections and averaging these modified
periodograms (Welch, 1967).

3.2. Singular Value Decomposition and Proper Orthogonal
Decomposition

The singular value decomposition and its value for increas-
ing the SNR during iPSP measurements is described in Sec.
1.3. The mathematical principle is further described by Strang
(2003). Equation 2 can be calculated numerically with MAT-
LAB by using the inbuilt svd function. The resulting matrices
U, S , and W contain the left singular vectors, the singular val-
ues, and the right singular vectors, respectively. The singular
values are sorted by their energy in a descending order and are

the square roots of the eigenvalues. The left singular values
are also known as the proper orthogonal decomposition (POD)
modes. The POD mode ui describes the pressure fluctuation of
the singular value si. They contain several frequencies. The
included frequencies can be obtained by calculating the single
sided frequency spectrum of the right singular vector wi.

3.3. Dynamic Mode Decomposition (DMD)
The dynamic mode decomposition is introduced in Sec. 1.3.

To calculate the DMD the data is given by a matrix VN
1 ,

VN
1 = v1, v2, v3, ..., vN , (6)

in form of a snapshot sequence, where vi stands for the ith pres-
sure field. The time ∆t between each snapshot is constant. The
decomposition is based on a linear assumption that a pressure
field vi is mapped with a matrix A to a subsequent pressure field
vi+1, that is,

vi+1 = Avi (7)

and A is constant for the whole interval. Due to the con-
stant mapping the snapshot sequence can also be expressed as
a Krylov sequence,

VN
1 = {v1, Av1, A2v1, ..., AN−1v1}. (8)

The dynamic characteristic of the pressure field can be investi-
gated by calculating the eigenvalues and eigenvectors of A. By
increasing the number of snapshots, the linear dependency is
approached for the data set and the last vector vN can be ex-
pressed by

vN = a1v1 + a2v2 + ... + aN−1vN−1 + r (9)

as a linear combination of the previous and linear independent
vectors vi, with i = 1, ...,N − 1. Equation 9 can also be written
in matrix form that is,

vN = VN−1
1 a + r (10)

with aT = {a1, a2, ..., aN−1} and r as the residual vector. By
following Ruhe (1984) the equation 10 can be written in

A{v1, v2, v3, ..., vN−1} = {v2, v3, v4, ..., vN}

= {v2, v3, v4, ...,VN−1
1 a} + ret

N−1

(11)

or in matrix form

AVN−1
1 = VN

2 = VN−1
1 S + reT

N−1 (12)

with eN−1 ∈ RN−1 as the (N − 1)th unit vector. The matrix S in
Equation 12 is a low dimensional representation of the matrix
A and shifts the snapshot sequence index from one to N − 1.

S =



0 a1
1 0 a2

. . .
. . .

...
1 0 aN−2

1 aN−1


. (13)
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The eigenvalues λi of S approximate some of the eigenvalues
of the full system matrix A (Schmid, 2010). A robust method is
to calculate a matrix S̃ , which is related to S , by using the SVD
of the snapshot sequence VN−1

1 with

VN−1
1 = UΣWT . (14)

By neglecting the residual term reT
N−1 and substituting equation

14 into equation 11, the equation

VN
2 = UΣWT S (15)

is given and the approximated matrix

S̃ = UT VN
2 WΣ−1 = UT AU (16)

can be calculated by projecting A on to U. The eigenvalues λi

and eigenvectors yi of S̃ can be calculated with the eigenvalue
decomposition, such that S̃ yi = λiyi. The dynamic modes Φ are
calculated with the matrix U, containing the POD basis of the
snapshot matrix VN−1

1 and the eigenvectors y as follows:

Φi = Uyi (17)

The SVD is used to calculate UΣWT in Eq. 14 and the eigen-
values and eigenvectors are calculated numerically with the eig
function in MATLAB. The other calculations are matrix multi-
plication and inversions, which do not require additional func-
tions. Every dynamic mode represents the dynamic at a specific
frequency. The angular frequency of a specific mode can be ob-
tained with

ωi = log (λi) /∆t, (18)

which can be calculated into the frequency with

fi = ωi/2π. (19)

The frequency resolution of DMD can be calculated ana-
logue to FFT frequency resolution with

∆ f = f ps/Nimages (20)

For Condition 1 and Condition 2 with f ps = 13180 and
Nimages = 8192 the ∆ f = 1.61 Hz. For Condition 3 with f ps
= 22000 and Nimages = 8192 the ∆ f = 2.69 Hz.

3.4. Pixel-wise Fast Fourier Transform (FFT) on images

The f f t function included in MATLAB is used to calculate
the discrete Fourier transform (DFT) of the temporal image se-
quence matrix for each pixel using a fast Fourier transform al-
gorithm, (Frigo and Johnson, 2005). To reconstruct an image
of a mode the spatial magnitude distribution of the specified
frequency is plotted. To obtain pressure level distribution, this
image is scaled with the reference measurement from a micro-
phone. The frequency resolution of pixel-wise FFT is analogue
to DMD resolution for Condition 1 and 2 ∆ f = 1.61 Hz and
Condition 3 ∆ f = 2.69 Hz.

3.5. Phase averaging
Phase Averaging is commonly used to analyse periodic and

quasi periodic phenomena. In this study the phase averaging
is performed in the later described condition 1 and 2 measure-
ments, where the camera frame rate is synchronised with the
sinusoidal speaker signal. During these measurements 10 im-
ages are acquired for each speaker signal period and images
corresponding to each phase are averaged.

4. Measurement and Results

4.1. Pressure, Temperature and Frequency calibration of iPSP
Several aluminium samples, coated with iPSP, are prepared

and their response to periodic pressure change and pressure and
temperature sensitivity is evaluated. The pressure and temper-
ature sensitivity are evaluated in a calibration facility at DLR
in Göttingen featuring a pressure sensitivity of 77.0 %/100 kPa
and temperature sensitivity of 2.3%/K at reference condition of
100 kPa and 293 K.
The frequency response calibration is performed at the Tohoku
University in Japan using an acoustic resonance tube, Sugimoto
et al. (2016). The resulting response is shown in the Bode plot
in Fig. 6. In order to approximate the gain change due to chang-

(a) Bode Plot Gain

(b) Bode Plot Phase

Figure 6: Frequency calibration

ing temperature, the iPSP response is modelled using a first
order system as proposed by Sugimoto et al. (2016), with an
initial time constant τ(tau) = 25 µs as shown in Fig. 6a. From
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Figure 7: Modelled gain change due to temperature increase of 10 K

measurements conducted by Sugimoto et al. (2016) with a very
similar polymer/ceramic iPSP a decrease of time constant of
∆τ = 0.4 µs due to increase of Temperature by 10 K is used
to model the gain change as shown in Fig. 7. Since the tem-
perature change inside the test section is significantly smaller
than ∆T < 1 K the influence of temperature is considered to be
negligible.

4.2. Condition 1, Mode (1 1 0), high amplitude

During the measurement of condition 1, the mode (1 1 0)
with a frequency of 1318 Hz is excited with a high sound pres-
sure level. The camera is synchronised with the speaker and
is capturing images with a frame rate of 13180 Hz. The expo-
sure time of the camera is 64 µs. The 768x768 pixel images are
cropped to only show the area of the back wall surface. To re-
duce the needed memory size and time for further calculations,
the image is 2x2 spatial binned. This leads to a final resolution
of 278 pixel in y and 358 pixel in x direction. Since the back
wall is 168 mm in height and 216 mm in width, the pixel reso-
lution in both direction is 1.65 pixel/mm.
The analytic solution of mode (1 1 0) is shown in Fig. 8. The
PSD is calculated for each microphone and the data of micro-
phone 4 and 5 are shown in Fig. 9. Microphone 5 is placed
closer to the center of the back wall and is therefore measur-
ing smaller pressure fluctuations. This is also predicted by the
analytic solution and therefore confirms the measurement. The
PSD is showing that the multiple modes of mode (1 1 0) are
excited as well. The mode (2 2 0) with a frequency of 2636 Hz
is achieving a SPL of 116.2 dB at microphone 4 and 114 dB at
microphone 5. The mode (3 3 0) with a frequency of 3954 Hz
is excited with a SPL of 96.5 dB for both microphones.

The analytic solution as presented in Fig. 8 is calculated with
pressure levels between 0 and 1 and is then scaled to fit the
estimated pressure of the PSD at 1318 Hz.

The scaling is done by calculating the ratio of the resulting
values of the mode at the pressure reference region and the par-
ticular microphone pressure. So the pressure distribution is cal-
culated with

P =
pmic

Ire f
I, (21)

Mic 4 Mic 5

Ref. Mic 4

Figure 8: Analytic solution of mode (1 1 0)

Figure 9: PSD of microphone 4 and 5 in measurement 1

where P is the quantitative pressure distribution of the mode, I
is the qualitative pressure distribution, pmic is the pressure of the
specific microphone and Ire f is the pressure reference region of
this microphone. To increase the precision of the recalculation,
the value of the pressure reference region is taken of an aver-
aged 5 pixel square area. The same scaling procedure is done
for the averaged, POD, FFT and DMD mode.
In Fig. 10, the results of the different data reduction methods
are shown. All four of the used data reduction methods are able
to visualise the mode (1 1 0) in a good agreement to the analytic
solution. The pressure field looks similar for each method. The
phase averaging method has the advantage over the other three
methods, that no additional pressure information is required to
quantify the pressure field. But to achieve a better comparison,
the averaged result, shown in Fig. 10a, is scaled, with the pres-
sure level from PSD of microphone 4.
To compare the noise reduction efficiency of the different meth-
ods, the standard deviations of the pressure from iPSP is calcu-
lated at the 5x5 pixel reference position of microphone 4.

The resulting standard deviation (STD) and the signal-to-
noise ratio (SNR) are listed in Tab. 1. In the presented test
case, FFT appears to have the highest SNR closely followed by
DMD. At pressures below the detection limit of the setup, the
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(a) Averaged, calibrated in situ

(b) POD

(c) FFT

(d) DMD

Figure 10: Results of different data reduction methods, Mode (1 1 0)

Methode average POD FFT DMD
STD 45.3 Pa 32.8 Pa 23.6 Pa 27.9 Pa
SNR 9.03 11.58 17.35 14.70

Table 1: STD and SNR of different data analysis methods during condition 1,
calculated of 5x5 pixel area at position of reference microphone 4

colormap is set to be grey. Sec. 4.3 explains how the pressure
detection limit is obtained.
The camera noise pattern is indicated by horizontal lines in
the corners of each result image. The FFT and DMD methods
are suppressing these patterns more efficiently compared to the
POD method. In the averaged result of Condition 1, the camera
noise pattern is partially concealed by random noise resulting
to the lowest SNR of all four methods.

The specific mode of the camera noise pattern is shown
in Fig. 11 with a mode frequency of 608 Hz. The better

Figure 11: Dynamic mode of the camera noise at 608 Hz

results of the FFT and DMD method relate to their property, to
include only patterns which occur at the specific frequency of
the investigated mode. The POD and averaged result images
contain phenomena of different frequencies and therefore, also
the camera noise occurring at 608 Hz.

The averaged images, the FFT, and DMD are further com-
pared by cutting through the resulting images and plotting one
line for each method. To enhance the SNR of the lines and im-
prove the comparison, 5 parallel pixels along the center line,
which roughly compare to the diameter of the microphone,
are averaged. Furthermore, a smoothing spline curve is fitted
through the pressure points of the averaged center line. For
some points on the line the standard deviation of the 5 parallel
pixel is calculated and shown with error bars. In Fig.12 the cuts
in x direction at y = 8 mm or y/Ly = 0.05, and y = 108 mm or
y/Ly = 0.64 are shown. Since the lines average several pixels
in y direction, they contain information from y = 6.5 mm to 9.5
mm and y = 106.5 mm to 109.5 mm. The plot confirms that
the FFT and the dynamic mode features a higher SNR than the
average method. Furthermore, it can be seen that each method
is following the analytic solution. This is the case for the line
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Figure 12: Cut through the different results of mode (1 1 0)

at y/Ly = 0.05, where the microphone 1, 2, 3, and 4 are po-
sitioned. The SPLs of microphone 1 - 8 at 1318 Hz are also
integrated in Fig. 12. It is notable, that all microphones have
similar pressures as the scaled pressure of the resulting modes
at the position of the microphones. Also the line at y/Ly = 0.64
is in a good agreement with the analytic solution and with the
pressure references from related microphones. For example,
the pressure of the PSD calculation of microphone 7 at 1318
Hz is 72 Pa. The estimated pressure from the analytic solu-
tion, the average image, the FFT, and the DMD is between 68
and 75 Pa. Therefore, the pressure scaling for the whole mode
using one reference microphone is usable. Figure 12 is also in-
dicating, that the iPSP is able to detect lower pressure levels.
Between the microphone 7, with 72 Pa, and the center of the
back wall, with very low pressure levels, the paint is still de-
tecting pressure information. The gained pressure in this region
is also similar to the analytic solution.
The investigation of condition 1 reveals, that measurements
of acoustic applications with iPSP developed by the DLR
Göttingen are possible. The used iPSP setup is able to detect
acoustic pressure fluctuations of good coherence with the ana-
lytic solution and the microphone pressures. From the different
data analysis methods, FFT and DMD are the most powerful
and are delivering results with the best SNR. But to obtain
quantitative pressure level information, a pressure reference de-
vice, such as a microphone, is needed.

4.3. Condition 2, Mode (1 1 0), low amplitude

During the measurement of condition 2 the mode (1 1 0) is
excited with low speaker output. This is done to investigate
the limit of the lowest detectable pressure level. The excitation
frequency is the same as in condition 1 at 1318 Hz. Also the
settings of the camera are the same, with a frame rate of 13180
Hz and an exposure time of 64 µs. The SPL of microphone 4
and microphone 5 are 129.2 dB (57.68 Pa) and 112.9 dB (8.83
Pa), respectively.

(a) Phase averaged, calibrated in situ

(b) FFT

(c) DMD

Figure 13: Results of different data reduction methods, Mode (1 1 0)

To increase the SNR, the measurement is performed 8 times.
The phase averaged image, the FFT and the dynamic modes are
calculated for each measurement separately. The 8 phase av-
eraged results are organised to the same phase and averaged to

9



one. The same procedure is done for the FFT and the dynamic
modes, first the result of a single measurement is calculated
with the specific data analysis method and later the results are
averaged. Therefore, each pressure distribution contains infor-
mation from 65536 images.
The resulting pressure distributions are shown in Fig. 13. The
pressure of the modes is scaled as described in condition 1 with
the pressure level of microphone 4 and its reference region with
Eq. 21.

Methode average FFT DMD
STD 22.8 Pa 10.1 Pa 11.6 Pa
SNR 2.54 5.76 5.00

Table 2: STD and SNR of different data analysis methods for condition 2, cal-
culated on a 5x5 pixel area at the reference position of microphone 4

The resulting STD and the SNR of the data analysis methods
at the 5x5 pixel reference area of microphone 4 are shown in
Tab. 2. The comparison shows that the noise reduction is more
efficient by using the FFT or DMD method over the phase aver-
age method. However, all data analysis methods are capable of
detecting the pressure field, which is distributed similar to the
results in condition 1. The phase averaged pressure field is nois-
ier than the other two results and is detecting slightly different
pressure magnitudes for positive and negative pressure. This is
seen in the corner of the acoustic box at positive pressure. At
these areas, the pressure is above 80 Pa, which is neither de-
tected by the microphones nor by the FFT or DMD method.
To obtain the pressure level limit with the used setup at a fre-
quency of 1318 Hz, only the magnitude of the mode is plotted.
The mode is cut again, with a similar procedure to Condition 1,
at y/Ly = 0.05 and y/Ly = 0.64 in x direction and shown in Fig.
14. In this Figure, the x axis is cropped to show the x direction
between 45 and 170 mm or x/Lx = 0.21 and x/Lx = 0.79. The
pressures levels of the microphones 2, 3, and 7 at the mode fre-
quency are included as well. The pressure levels of the FFT and
the dynamic mode are in a good agreement with the pressure
levels of the microphones. The smallest pressure level of 114
dB (10 Pa) is measured by microphone 7. Figure 14 reveals,
that even smaller pressure levels can be detected by this iPSP
setup. The analytic solution predicts a pressure level reduction
to 0 Pa in the center of the back wall. However, by looking at
the magnitude of both methods the obtained pressures do not
follow the analytic solution below 5 Pa. No pressure informa-
tion is gained and only noise occurs around the center of the
back wall, where the pressure levels are below 5 Pa. Therefore,
the pressure detection limit with this setup at a frequency of
1318 Hz is at 5 Pa.
The DMD is a very powerful tool to separate the mode of inter-
est from other acoustic modes or modes containing noise. In a
low pressure level application, the pressure recalculation using
a reference pressure is working with the DMD method better
than with the phase averaging method. However, the data re-
quired to obtain results for this low pressure case is high. A
hard disc storage of 75 Gigabyte and about 64 gigabyte RAM
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Figure 14: Cut through the magnitude of low amplitude mode (1 1 0)

are required to calculate the dynamic modes from 8192 images.
Also, the FFT method is capable of detecting the pressure field
with similar precision but with less resources. The calculation
from 8192 images needed 16 gigabyte RAM. Image binning or
spatial image division into smaller regions can also be used to
reduce resource requirements.

4.4. Condition 3, white noise excitation

Condition 3 is set up to test the iPSP for acoustic phenom-
ena with multiple mode appearances. The speakers are driven
with a white noise signal. The camera is running independently
at a frame rate of 22000 Hz with an exposure time of 36 µs.
Due to the dimension of the acoustic box and the white noise
excitation, several modes are induced, each with a specific fre-
quency and power. Therefore, the PSD is more similar to a
broadband phenomena than a single frequency phenomena as
in condition 1 and 2. In Fig. 15, the PSD for the multi-mode
excitation is shown and reveals a variety of modes with different
SPLs. Microphone 1 measures peaks with SPLs between 110
dB (6.32 Pa) and 132.5 dB (84.34 Pa). Each peak represents a
specific mode or mode combination. For example, the mode at
a frequency of 2217 Hz with a SPL of 130.7 dB (68.55 Pa) has
the mode number (1 2 0). Hence, half of a wave is fitted be-
tween the walls in x direction and one period is fitted between
the walls in y direction. This mode is a superposition of the
mode (1 0 0) and (0 2 0). The modes at frequencies of 2532
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Figure 15: Power spectral density of microphone 1 in measurement 3

Hz and 4615 Hz have the mode number (2 1 1) and (3 2 2), re-
spectively. The three modes are investigated by calculating the
DMD of the images captured in condition 3 and extracting the
dynamic modes for the given frequencies. The resulting pres-
sure distributions are shown in Fig. 16.

According to the PSD of the microphone 1, the mode (1 2 0)
has one of the highest pressure levels in the condition 3 mea-
surement. The SPL measured by microphone 1 for this mode is
130.7 dB (68.55 Pa) at a frequency of 2217 Hz. The extracted
dynamic mode is shown in Fig. 16a.
The next detected mode is the mode (2 1 1) with an excitation
frequency of 2532 Hz. This mode is induced with a lower am-
plitude, microphone 1 is measuring a SPL of 126.8 dB (43.8
Pa). Compared to the other extracted dynamic modes in this
evaluation, this mode is distorted more by the camera readout
noise patterns. This pattern can be seen in the whole image
and not only in the corners. These pattern are also occurring in
dynamic modes with frequencies around 2532 Hz. They also
feature higher noise levels and lower SNR. Because of the pro-
nounced camera noise this mode shows a higher pressure level
detection limit of 8 Pa (112 dB) at a frequency of 2532 Hz.
The dynamic mode (3 2 2) has a frequency of 4615 Hz. The
pressure field on the back wall is a superposition of the modes
(3 0 0) and (0 2 0). The wave in z-direction has no influence
on the pressure distribution of the back wall. The pressure dis-
tribution of the extracted dynamic mode is shown in Fig. 16c.
Although the pressure levels are very similar compared to the
pressure levels in mode (2 1 1), the SNR is slightly increased.
This could be a function of to the camera read out noise which
is slightly less pronounced at a frequency of 4615 Hz compared
to the modes with frequencies around 2532 Hz. The iPSP setup
is detecting in mode (3 2 2) pressure levels above 7 Pa (110.9
dB), which is 1 Pa lower than the detection limit of mode (2 1
1). The selected DMD modes show that, with the current setup,
it is possible to extract pressure distributions of modes with fre-
quencies up to 5000 Hz.
During the white noise excitation the acoustic box accommo-
dates several modes within a close frequency range. In exam-

(a) Mode (1 2 0) at 2217 Hz

(b) Mode (2 1 1) at 2532 Hz

(c) Mode (3 2 2) at 4615 Hz

Figure 16: Selected DMD modes at specific frequencies

ple, the modes (2 2 0) and (3 1 0) with theoretical excitation
frequencies of 2607 Hz and 2614 Hz, respectively. The PSD,
which has a frequency resolution of 3.7 Hz, shows at this fre-
quency range only one peak. It can be assumed, that the mode
(2 2 0) and (3 1 0) overlap with each other with an indicated
frequency peak at 2611 Hz.
The weighting w for the overlapping modes can be determined
by a reconstruction of the modes using calibrated microphone
data. To obtain the weighting factors the microphone data,
which is acquired with a sampling frequency of 240 kHz for
20 seconds, are processed using an overlap of 50% and a fast
Fourier transform block size of 216 samples, with a Hann win-
dow, yielding 144 averages and a narrow band frequency res-
olution of 3.7 Hz. To determine the amplitudes and phase re-
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Figure 17: Solution of linear equations using microphones 1-9)

lations of the individual modes, a system of equations based
on equation 4 is established. With 9 microphone signals this
yields 9 equations for a large number of possible modes. In
order to reduce the number of unknowns the relevant modes in
the vicinity of 2611 Hz are determined with equation 3 in the
range of 2.5 kHz to 2.7 kHz including 4 modes: (2 1 1), (2 2
0), (3 1 0) and (0 2 1) and thus an over-determined system of
equations with 4 unknowns. Figure 17 depicts the solution of
this system of equations in terms of amplitude and phase. It
shows that at the 2611 Hz the modes (2 2 0) and (3 1 0) are
the most dominant, with normalised amplitudes of w = 1 for
the mode (2 2 0) and w = 0.6 for the mode (3 1 0). For these
modes the phase difference at 2611 kHz is approximately π.
The normalised amplitudes can be used as weighting factors for
the analytic solution. The analytic solution of the overlapping
modes is then calculated by a sum of the 2 modes multiplied by
the weighting factor w. Figure 18 shows the analytic solution
in comparison to the DMD and FFT results obtained from the
iPSP measurement.

The comparison shows a very good agreement.

5. Conclusion

In a typical application, the Aeroacoustic Wind Tunnel in
Hannover provides sound pressure levels up to 136 dB (126 Pa)
with frequencies between 1000 Hz and 4000 Hz.

The minimal detectable pressure level limit which is nec-
essary for the usage of fast response Pressure-Sensitive Paint
inside the AWT is assumed to be around 134 dB (100 Pa).
The results of the experimental evaluations show that the iPSP
developed at DLR is capable of detecting acoustic pressure
levels in this range and below. Advanced data reduction
methods such as POD and DMD are used and compared to
analytic solutions, microphone measurements and conventional
phase average and FFT analysis of the iPSP data. The condition
1 measurement reveals, that time step images detected with
iPSP are not usable without further post processing, due to a
low SNR in each image. However, the data analysis methods

(a) Mode (2 2 0),
w = 1.00

(b) Mode (3 1 0),
w = 0.60

(c) Analytic solution of overlap

(d) Dynamic mode of overlap

(e) FFT mode of overlap

Figure 18: Pressure distribution of overlapping modes at a frequency of 2611
Hz

phase averaging, proper orthogonal decomposition, fast Fourier
transform, and dynamic mode decomposition are capable of
increasing the SNR significantly.
The phase averaging method is simple to use and to implement
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which also allows for a direct pressure calculation using
the Stern-Volmer equation. This calculation does not need a
reference pressure device on the surface investigated with iPSP.
This makes an implementation of the iPSP possible on surfaces
without pressure reference devices e.g. on turbine blades inside
the AWT. However, the calculation of small pressure levels in
acoustic applications is difficult and a temperature correction
is often required to remove any local or global offsets which
would usually lead to pressure level distortions. Additional
measurement of the surface temperature needs to be performed
simultaneously and could significantly complicate the setup
for the phase averaging method. Furthermore, multi-frequency
phenomena can not be investigated with the averaging method,
except in cases where the frequency of those phenomena are
known or measured directly. Therefore, concluding from the
results of this evaluation, especially in condition 2, the phase
averaging method is only recommended for pressure levels
above 50 Pa (128 dB) and with single frequency phenomena.
POD, closely related to SVD, is only considered in condition
1 measurement. The extracted POD mode shows a similar
SNR as the extracted dynamic mode, but with a significantly
pronounced camera read out noise pattern. Especially in
multi-frequency measurements, the determination of specific
mode frequencies is required, in which case DMD or FFT are
the preferable methods.
Within the acoustic box setup, the more common FFT analysis
delivers comparable results to DMD. Since the calculation
time of FFT is one order of magnitude lower than for DMD, it
should also be considered for post processing.
The used setup, together with the DMD or FFT data reduction,
is capable of detecting pressure levels as low as 5 Pa (108 dB).
The detectable pressure level limit of the setup is varying with
the frequency, which can be related to the camera noise being
more pronounced at certain frequency bands. The detectable
pressure level limits in this measurement are 5 Pa (108 dB) at
1318 Hz, 8 Pa (112 dB) at 2538 Hz, and 7 Pa (111 dB) at 4615
Hz.

The white noise excitation proved the capability of the iPSP
to detect multiple frequency phenomena, even with pressure
levels below 20 Pa (120 dB). Furthermore, DMD and FFT are
capable of extracting modes of interest with specific frequency
and increase the SNR significantly. The drawback of the DMD
and FFT methods is that a pressure reference device (e.g.
microphone) is needed to calculate the correct pressure levels.
This device must have a fast response time and should be able
to detect low pressure amplitudes. The same device can also be
used to calculate and reconstruct mode structures analytically.

Overall, the iPSP together with DMD and FFT is capable of
measuring acoustic pressure phenomena, similar to the acoustic
phenomena found inside the AWT. Pressure levels above 20
Pa (120 dB) are well observed and the minimal detectable
pressure level limit of 5 Pa at 1318 Hz is a good basis for future
development and measurements.
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