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Investigations on operational transfer path analysis in combination with
additional artificial excitation by the use of a physical model
LUCAS HEIDEMANN
Division of Applied Acoustics
Department of Architecture and Civil Engineering
Chalmers University of Technology
Müller-BBM GmbH

Abstract
This thesis covers the influence on artificial excitation used together with opera-
tional data from an engine applied on operational transfer path analysis. Therefore,
a physical model was built with two structure-borne sound paths and one airborne
sound channel.
The history and theory of transfer path analysis is treated briefly and the setup of
the model is explained. All paths of the model have been measured individually as
well as combined to receive a basis to evaluate the transfer path synthesis results
from both operational and combined operational and hammer data.
The crosstalk cancellation needed to receive the transmissibilities was performed
with different data than the input signal of the synthesis. Three sets of impulse
hammer measurements were used to see if artificial excitation is best to be per-
formed before the source, at the interfaces or on the individual paths. All impulse
hammer measurements were used for two different reference planes to derive mea-
surement rules for combined measurements.
The results of the thesis indicate that impulse hammer measurements can be com-
bined with operational data, if certain paths are calculated insufficiently. Therefore,
every path has to be reached and hammer impacts have to be performed in all di-
rections at or before the reference sensor. If the source is insufficient to excite all
frequencies it can also help to excite the source itself with an impulse hammer.

Keywords: OTPA, Path Analysis, Physical model, TPS, CTC, Impulse hammer.
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1
Introduction

The Transfer Path Analysis (TPA) is a tool used in mainly the automotive sector of
acoustics to describe the sound and vibration transmission from a sound source to
a receiving point. This source can be for example mechanical noise produced by the
motor or tires, electro-mechanical noise emitted by transformers or pressure changes
in fluids or gases.
The noise is then transmitted through various paths to a receiving point, which is
in TPA mostly called the answer point. This answer point is usually the sound
pressure level at the driver’s ears, but also vibrations of the steering wheel, the seat
or the sound pressure level and vibration at any other position even outside the car
can be chosen. Besides the automotive sector, TPA is also used for trains, ships,
agricultural machinery and also sometimes in building acoustics. TPA can be used
for trouble shooting, sound design and also as a step on the way to fulfil regulations.

Depending on the purpose of the TPA, different measures can be of interest. The
first TPA measurements were performed to receive the operating forces of the source.
Further developments were made that lead among others to the Transfer Path Syn-
thesis (TPS), where the information gained from the analysis can be used to predict
the sound with a different source, or to calculate the contribution of each path to
the resulting sound pressure level at the answer point.
There are different approaches to obtain the transfer paths or transmissibilities be-
tween source and receiver. Best known is the Matrix Inversion (MI), also often
referred to as traditional TPA. For this method, the sound source has to be re-
moved and all coupling points have to be excited by either an impulse hammer or a
shaker. The excitation force is then derived by the measured input force of the ham-
mer, indicator accelerometers close to the mounting points and the measured sound
pressure level or acceleration at the receiving position in both hammer measure-
ments and measurements with the real source. This procedure has the advantage to
result in a complex transfer function from each impact point to each answer point,
a well known measure in all fields of acoustical engineering .
As this method can be very time consuming, further developments of the TPA were
made in the last years. One of these developments is the Operational Transfer Path
Analysis, OTPA. In the OTPA, transmissibilities are calculated from measurements
with an operating real sound source like an engine. A transmissibility is not a re-
lation between the input and the output of a system, but between two outputs.
Among the advantages of this method, is that it leads to more realistic measure-
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1. Introduction

ments, as the weight of the source can influence the paths, and saving of time, as
the examined object can be used as it is. In operational measurements, all sen-
sor positions are connected to each other via the object that should be measured.
Therefore, all transfer functions are coupled and crosstalk occurs. To obtain linearly
independent transfer functions, this crosstalk has to be cancelled. The crosstalk can-
cellation (CTC) needs varying input signals to calculate correct path contributions.
These signals are usually reached by different operating conditions. While this can
be easily reached in a car, a run up and a run down in different gears is sufficient,
it can be difficult or impossible to have different operating conditions with other
sound sources. For example a transformation unit in a train where the operational
sound and vibration can not be changed easily can be hard to investigate with an
OTPA. The excitation of the structure of interest to a singular point can also not
be measured directly. Therefore the result of the CTC is usually called a set of
transmissibilities.
An other limitation of the OTPA comes up if correlated signals are to be examined.
This can happen if various electro-mechanical sources have the same function and
are always operated together. If in the process of improving the sound transmission
these sources have to be examined separately it may not be possible to distinguish
the contribution of each source via OTPA.

1.1 Situation and task of the thesis
In OTPA measurements it is usually assumed that the signal of the source is suf-
ficient to excite all frequencies of interest. If this is not the case or if the signal is
highly correlated, it can happen that certain paths are estimated with inaccurate
contributions.
The aim of this thesis is to investigate on a simple object if the transfer paths,
obtained by an Operational Transfer Path Analysis with correlated signals can be
improved by additional artificial excitation on the object, for example with an im-
pulse hammer. For this, a simple model is built with known transfer paths for
airborne and structure-borne sound.
The contribution of each path is measured separately to receive a set of measure-
ments to validate the syntheses. These syntheses are performed with the same
settings on different sets of transmissibilities. Each set of transmissibilities is calcu-
lated with a CTC with constant settings, but changing excitation. The excitation
leads from pure operational data to pure impulse hammer impacts and various steps
in between. It will be investigated if an additional artificial excitation can help to
compute the measured contributions of each transfer path.

2



2
Theory

In this chapter, the underlying theory of both Transfer Path Analysis (TPA) and
Operational Transfer Path Analysis (OTPA) will be explained. Furthermore, a
literature study about investigations on TPA methods from the last years is pre-
sented. As the measurements are performed on a small scale model, also the theory
of scaled models in acoustics is briefly explained. The model might be suitable for
scaled measurements, but it is not used as such for this thesis.

2.1 Literature Study
The OTPA is also known under different names, depending on the developing com-
pany. Most common are Binaural Transfer Path Analysis (BTPA) by Head Acous-
tics [1], Operational Path Analysis (OPA) by LMS International [2] and Operational
Transfer Path Analysis (OTPA) by Müller BBM [3]. Even if they use different math-
ematical models and assumptions, all tools show similarities in their purpose and
results. In the following literature study, all tools are commonly named as OTPA if
the considered characteristic is not a unique feature of one specific product.
A good overview about the history of different TPA Methods can be seen in [3].
This paper divides the purpose of a Path Analysis into three main fields: Secrecy,
Safety and Comfort. Nowadays, the main usage of TPA is the reduction of noise in
vehicles and can be such seen as a comfort problem. But the trigger for the first
TPA studies in the 1950s can be seen in secrecy, or more precisely the stealth of
ships. With the progress of aviation and astronautics, the safety began to gain im-
pact on the research and usage of TPA in the 1960s as increasing vibrational levels
threatened the structural integrity of aircrafts and space ships. But these first steps
were almost purely analytical.
The first experimental approaches were done in the early 1980s by Verheij with what
is nowadays called the classical TPA, based on impulse hammer measurements [4].

The transmissibility-based TPA, that lead into the OTPA was also developed at the
same time by Magrans [5], but could only be developed to a working procedure by
Noumura and Yoshida around 2006 [6].
The idea of blocked forces TPA, which is a method from roughly 2000, was at first
imagined in 1987 by Mondot and Petersson [7]. This method reduces the dynamics
of the receiving structure to a coupling function and uses the characteristic power
of a source to describe the vibration transfer. As each part is examined separately,

3



2. Theory

this method is called component-based TPA.
In 2013, Roozen and Leclère showed, that artificial excitation can be used together
with OTPA to figure out the number of transmission paths [8]. For that experiment,
they built a model of a gearbox and used an usual hammer without force transducer
to excite the setup. By using singular value decomposition they were able to detect
and describe the transmissibility matrix more correctly than by using operational
data with even shorter laboratory time. However, this method can’t predict the
influence of coherent excitation.

2.2 Transfer Path Analysis
One of the aims of the TPA is to obtain the operating forces of an exciting structure.
Usually these forces are difficult to be measured directly as the usage of for example
ring sensors would need too many changes in the structure to receive a reasonable
result. A usual detour is to measure the transfer functions from the mounting points
without the exciting structure to the receiver. With knowledge of this information,
the force of the exciting structure can be calculated based on the sound measured
with the operating system and the measured transfer functions. To do so, the level
at the answer point is multiplied by the inverse of the transfer functions. If the
transfer function is obtained by impulse hammer hits, this multiplication leads di-
rectly to the force of the real source at the excitation point.
If the system would be excited with an impulse hammer with the exciting struc-
ture attached to the receiver, a part of the induced force would go into the source
component. For the determination of the operational forces by means of a matrix
inversion and of the transfer function H = p

F
, the sound source has therefore to be

removed.
The transfer function H in P a

N
from each interface between sound source and re-

ceiver can then be calculated, as the measured sound pressure p in Pa has only one
singular source, the force of the hammer F in N .

Hi = pi

Fi

(2.1)

If the sound source is at a position where the geometry doesn’t allow it to use
an impulse hammer or a shaker, it is also possible to use a reciprocal approach.
This means that the excitation is not located at the source but with a volume sound
source at the receiving point. With the measured acceleration at the original source,
the same information can be gathered. The ratio of the acceleration a in m

s2 at the
reference point and the volume velocity q in m3

s2 at the answer point gives the transfer
function H in

m
s2
m3
s2

= P a
N

.

Hi = ai

qi

(2.2)

This way to obtain the transfer functions is just briefly shown here to show that
many various approaches have already been made to gather the data necessary to
measure the operating forces.
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2. Theory

Other possibilities like measuring the bearing stiffness with accelerometers before
and after the bearing are mostly unpracticable or have too many limitations and
are therefore not further explained.
The operational forces can be determined using several techniques. In this study, the
matrix inversion method is used. The usual measurement procedure is to separate
the active and the passive parts and to mount indicators on the passive parts. The
passive parts are then excited by the impulse hammer directly on the connection
points. With this procedure, the induced force and the sound pressure or velocity
at the answer points is known as well as the velocity at each indicator. By inverting
this matrix and multiplying it with the sound pressure or velocity at the answer
point with the real source, the operational forces can be determined.
A matrix can be inverted if at least as many indication signals as force transmissions
are available. The more indication signals are measured, the more stable the matrix
inversion can be calculated. If every excitation fi leads to a different response signal
ai at the indicators, the matrix can be inverted. The inertance matrix Ha/f can
such be inverted to receive the dynamic mass matrix Hf/a.

H−1
a/f =



a1(ω)
f1(ω)

a1(ω)
f2(ω) . . . a1(ω)

fn(ω)
a2(ω)
f1(ω)

a2(ω)
f2(ω) . . . a2(ω)

fn(ω)
... . . . ...

am(ω)
f1(ω)

am(ω)
f2(ω) . . . am(ω)

fn(ω)



−1

(2.3)

In the end, the operational forces gj can be calculated by applying the inverted
matrix Hf/a to the measured signal with the original sound source and the indicators
around the mounting positions aj.

aj ∼ gj fi pi P

H−1
a/f Hp/f Σpi

Figure 2.1: Signal processing scheme of the Transfer Path Analysis.

Even if the TPA is mostly used for investigations of structure-borne sound, it is also
possible to use a volume flow source instead of an impulse hammer and microphones
instead of accelerometers as indicators to get an insight on airborne sound problems.

2.3 Operational Transfer Path Analysis
The aim of the OTPA is to avoid taking the structure of interest apart and to use
only operational measurements. This is done by defining reference planes, where
sensors are located to measure the acceleration or the sound pressure at this point.

If the operational forces are not of interest but only the transfer path contributions,
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2. Theory

it is also possible to use a method developed from the TPA, the Operational Transfer
Path Analysis. The big advantage of this method is that it’s not necessary to remove
the sound source. Additionally, no forces or pressure flows have to be measured. The
analysis is based on so called reference signals, like velocities and sound pressures
close to the source.

aj pj P

H−1
a/p Σpj

Figure 2.2: Signal processing scheme of the Operational Transfer Path Analysis.

In a linear system, the response signal Y can always be directly calculated from
the input signal X with the transmissibility H. While the traditional TPA method
explained above only has one single excitation per measurement, the OTPA has
to detect the different paths from measurements with multiple sound sources. A
requirement for the Operational Transfer Path Analysis (OTPA) is the appropriate
location of the indicator sensors and a variety of excitation signals. This way, the
excitation of the receiver during operation can be described simultaneously at various
points. The differentiation of the paths is done by crosstalk cancellation (CTC),
based on the statistical methods singular value decomposition (SVD) and Principle
Component Analysis (PCA) [9]. The CTC extracts the transmissibilities H

a
from

the operational data. These are later used in a transfer path synthesis to determine
the contribution of each reference to the answer point.
To receive a correct reproduction of all transfer paths it is important to set the
reference planes of the object of interest correctly. A reference plane should be a
plane in the object in which the transfer paths of interest can be clearly separated
from all others. If one transfer path can be described on multiple measurement
points on the reference plane it should be considered to change the plane. It might
not be explicitly possible to describe the path correctly with this set of measurement
points.
The OTPA is usually combined with a TPS, a synthesis of the level at different
places on the reference planes with the aim to investigate the level of each measured
path. By combining different paths, the contribution by for example structure-borne
sound or two paths joining at a point closer to the answer can be calculated.

2.4 Physical models in Acoustics
Physical models are a widely used tool in various fields of acoustics. Measurements
on scaled physical models can be traced back to the 1930s in room acoustics [10],
but since then also in building acoustics [11], environmental acoustics [12] and au-
tomotive acoustics [13], different physical models were used to investigate particular
qualities with reasonable effort.
For measurements using scaled models considering only airborne sound, the frequen-
cies have to be adjusted to the dimensions of the structure. So if a room is supposed
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2. Theory

to be rebuilt in the scale 1:10, the frequency range also shifts up by a factor 10.
For room acoustical and environmental acoustical scaled measurements, only few
properties like air attenuation and the absorption factors of the materials have to
be adjusted as well. For geometrical investigations the models usually show a good
agreement to a not scaled object.
For structure borne sound, the scaling becomes more difficult, as the speed of sound
might be frequency dependent and it might be difficult to find materials with a
matching shift in the dispersive aspects.
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3
Model

In this chapter, the setup built to perform the measurements is described and ex-
plained. The setup consists of two chambers: the left one can be seen as source
structure or sending box, the other one is the receiver structure or receiving box.
These two are connected by three connecting bars for structure-borne sound and one
channel for airborne sound. Each path can be removed and therefore be examined
individually.
In the sending box two exciters are located in one corner on a metal mount to ex-
cite structure-borne sound. In the adjacent corner, one loudspeaker is placed for
airborne noise.

Figure 3.1: Drawing of the measurement model. The bars (blue) are used to trans-
mit structure-borne sound while the channel (red) is the airborne sound connection.

8



3. Model

3.1 Measurement Environment
To obtain a closed measurement environment, a model was built to have known
airborne and structure borne sound propagation. The structure borne sound is
excited by two exciters on a steel mount that is further described in subsection 3.2.1.
All coupling elements between excitation points and the measurement points are
made in either acrylic glass or any kind of metal, resulting in homogenous materials
with known properties. Three metal bars connect the two chambers. The bar on the
side, later called bar 3, is attached to the acrylic plates by four screws, two on each
plate. The two bars on the floor have in addition to those screws also two (bar 1,
further back) or one (bar 2) screws where the exciter mount is firmly connected to
both the acrylic glass and the bar. Each bar has the same length of 78.5 cm and is
made of a quadratic aluminium pipe with an inner side length of 1.6 cm and a wall
thickness of 0.2 mm.
The airborne sound cavities are made from coated chipboard and acrylic glass. The
structure-borne sound propagation occurs only on the glass plates, the purpose of
the wooden plates is to shield the setup from exterior noise and to have a known
environment. The acrylic glass has a thickness of 12 mm. This was decided as
it is sufficiently stable while also having an adequately high coincidence frequency.
The wavelength in air is calculated in accordance to Equation 3.1 and the equation
for the wavelength of bending waves in acrylic glass is shown in Equation 3.2. λ
is hereby the wavelength, cair is the speed of sound in air with the value of 343 m

s

and f is the frequency. For the speed of sound of bending waves, also the Young’s
modulus E, the thickness of the material d, the density ρ and the loss factor µ are
needed for calculation [15]

λair = cair

f
(3.1)

λB = 4

√√√√ E·d2

12(1−µ2)

ρ
·
√

2π

f
(3.2)
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Figure 3.2: Wavelength in air and of bending waves in acrylic glass

The sound propagation to the receiving box happens through a wooden channel
with an inner side length of 11 cm. The channel is 16.5 cm long and attached to
both boxes with a press fit. It can be closed with wooden plates and filled with
mineral wool to suppress airborne sound propagation.
The whole construction is supported by elastic layers. The stiffness of the layers
and the weight of the model is tuned to have its resonance frequency around 50 Hz.

The coupling of the structure-borne sound between the sending and the receiving
box was decided to be made by three aluminium bars. These are mounted directly
underneath the exciting structure as well as on the adjacent acrylic plates. Each bar
is mounted with four screws on the acrylic plates. The exciting structure is mounted
with three screws on both the acrylic glass and the aluminium bars.

3.2 Exctitation
To excite the setup with known signals, one loudspeaker and two bending wave
exciters were used. Those commercial parts were tried to be assembled on a small
structure to achieve an excitation similar to an engine in a car, where torque, vi-
bration and airborne sound emerges at roughly the same place. Two mounting
brackets, a plate based structure and beam based smaller structure, were built and
examined to obtain an optimal excitation of the whole system. For the airborne
sound excitation, a 10.2 cm broad band loudspeaker was built into a wooden box.
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3.2.1 Structure-borne sound
3.2.1.1 Plate based mount

A first mounting structure was built from steel plates with similar dimensions as the
exciters. This was decided as the exciters are supposed to be mounted on a plate to
stimulate bending waves.

Figure 3.3: Drawing of the plate
structure.

Figure 3.4: Picture of the plate
structure with soldered and screwed
bars with attached exciters.

3.2.1.2 Bar based mount

As the plate based mount was too soft and vibrated too much it was decided to build
a stiffer holder for the exciters. A welded structure made from steel bars seemed
like a possibility to achieve good results with reasonable effort.

11



3. Model

Figure 3.5: A very stiff mount op-
tion with bearings and outlined ex-
citers, consisting of four welded bars.

Figure 3.6: A simplified mount op-
tion with bearings and outlined ex-
citers, consisting of three welded bars.

To attach the mount on the acrylic glass, different column bearings can be used.
All bearings have the same height of 15 mm and the same M04 threads on both
sides. One set of bearings is made of brass with a diameter of 10 mm to obtain
a rigid connection. The other two are rubber buffers with 10 mm and 15 mm
diameter. The different bearings were intended to investigate the structure borne
sound transmission change between the mount and the acrylic glass but weren’t
used in the end.

Figure 3.7: Picture of the bar based structure and the different footings. Attached
to the structure is a three-dimensional accelerometer.

3.2.2 Airborne sound
The 12 mm acrylic plates are framed by 19 mm coated chipboard plates, resulting in
an enclosure with known airborne sound properties. The dimensions of the resulting
boxes were chosen such that in the frequency region where most measurements were
supposed to happen, a sufficient high modal density could be reached. The sending
box has an inner height of 40 cm, a length of 50 cm and is 30 cm broad. The
receiving box is 10 cm larger in each dimension. The frequencies of the modes,
calculated in accordance to Equation 3.3 [14], are shown in Figure 5.4.
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3.3 Physical modifications
To verify the assumptions made in the measurement setup, various measurements
were performed. This was also necessary to check if the results of the OTPA are
reliable.
The measurements were performed on July 11 2019, in the afternoon, in the anechoic
chamber at the Müller-BBM Headquarter in Planegg close to Munich, Germany.
During the measurement period, the temperature in the room was stable between
25.5 ◦C and 25.8 ◦C and the humidity rate remained between 39 % and 43 %.

3.3.1 Signals
The measurements were performed to check the sound contribution of each source
and the influence of each transfer path. For this measurement, all sources were
excited with white noise, bandpass-filtered from 200 Hz to 5 kHz. The frequency
range was chosen as lower frequencies are usually dominated by modes. In higher
frequencies, the wavelength is in the same range as the size of the sensors and
therefore no phase information can be gained reliably.
In most applications the airborne sound contribution is significantly lower than the
structure-borne part. Therefore, the volume was scaled so the unweighted total
sound pressure level in the receiver box from the two exciters was about 10 dB
higher to the one produced by the loudspeaker if all paths were available.
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Figure 3.8: Output signal for all measurements. In the following, the first minute
with all sources is signal 1, the second minute with only the loudspeaker active is
signal 2 and the minute with both exciters is signal 3.

With these signals, the airborne and structure-borne sounds were excited both sep-
arately and combined. The signal used for the combined and separate excitation
was the same and was generated just once for all measurements.
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3.3.2 Setups
To measure the influence of each transfer path on the sound pressure level in the
receiving box, each connection was measured separately. With this measurements,
the results of the TPS can be verified, as the contribution of each path found by the
OTPA has to fit these measurements.

Setup Bar 1 & 2 Bar 3 Channel for airborne sound
1 attached attached open
2 removed removed open
3 removed removed closed
4 removed attached closed
5 attached removed closed
6 attached attached closed

Table 3.1: Setups used to investigate the influence of each transfer path.

The combinations with only one structure-borne sound connection attached and
the airborne sound channel open were not measured as no investigation on these
combinations were planned.
All measurements were performed twice. Each screw was always attached at the
same position with a torque wrench set to 2 Nm. During the measurements, the
anechoic chamber was empty except for the necessary cables and the measurement
setup. The ventilation system was shut down and the lights were switched off. The
sending box had to be left open for the measurements, as excitation with an impulse
hammer was not possible otherwise.

Figure 3.9: Setup 3, with removed bars and closed airborne sound channel.
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4
Measurements

All following measurements were performed with the whole system, Setup 1 from
section 3.3. The measurements were performed in the same room and on the same
day as the previous ones.

4.1 Equipment and Calibration
All microphones and accelerometers have been calibrated before and after the mea-
surements were performed on July 11 2019. The location, position, direction and the
calibration difference of each sensor before and after the measurements are shown
in Table A.2. The position is also shown in Figure 4.1. Detailed information about
the measurement equipment can be seen in Table A.3.

Ch 1

Ch 2Ch 4:6
Ch 7:9

Ch 10:12

Ch 13:15

Ch 16:18

Ch 19:21
Ch 22

Ch 23

Ch 24

Figure 4.1: Accelerometer and microphone positions. All reference sensors are
marked magenta, the answer sensors are shown in green.
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Figure 4.1 shows the location of each sensor. Some of the sensors, for example the
green one in the receiving box, are triaxial accelerometers. These are mounted at
one point but measure the acceleration in all three spatial dimensions. Therefore,
the location of three channels in Table A.2 is identical, but the direction varies.
As the output of the sensor is fixed, the direction of each channel had to be set in
accordance to the location of the cable and is not always +X for the first channel of
the sensor, +Y for the second one and +Z for the third channel.
For the OTPA measurements, a cable was connected directly from the loudspeaker
amplifier to the MKII measurement system. For the impulse hammer measurements,
the hammer was connected to the same input channel.
For all measurements, the sampling frequency was 22050 Hz. The FFT was per-
formed for the whole signal length of 60 s with a blocksize of 8192 samples without
overlap.

4.2 Impulse Hammer
To see if the OTPA can be improved by additional artificial excitation, measurements
on various points using an impulse hammer were performed. The 16 measurement
positions stated in Table A.1 are partitioned into three groups:

H1 The first six positions are located before the source, so on the housing of
the exciters. These locations can be assimilated to hitting with the hammer
anywhere on the motor in a car if the transfer paths from the motor to the
driver are to be investigated.

H2 The second four positions are on the metal mount, so after the source but still
before the interface. The analogy to this would be hitting the screws of the
engine suspension with an impulse hammer.

H3 The third group of hammer positions is placed on the connection bars. From
this, it can be deduced if artificial excitation anywhere on each transfer path
could help improving the result.

4.3 OTPA

4.3.1 Reference planes
For the Operational Transfer Path Analysis the excitation signals shown in subsec-
tion 3.3.1 were used. The reference planes are shown in Table 4.1 and Figure 4.2.

Name Location References
i On the sources 1-3
ii On the mount 4-6, 22
iiC On the mount 4-6, 23
iii On the acrylic glass 7-9, 22
iv Connections between the boxes 10-18, 23

Table 4.1: Reference planes for the OTPA.
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i
+Amplifier

ii C +Channel Mic
+SR Microphone

iii

iv

Figure 4.2: Reference planes for the OTPA.

Reference plane i contains the structure-borne excitation directly from the exciters
and the amplifier output. Therefore it has to be able to differentiate the airborne
and structure-borne sound contributions correctly, if the OTPA works properly.
The planes ii and iii should reveal very similar results, as they are located very
close to each other. Both should be able to calculate at least the structure-borne
sound content correctly. The airborne sound is with this setup always a mixture
between the noise produced by the loudspeaker and secondary airborne sound from
the exciters. Plane iiC has the same structure-borne sound information as ii, but it
uses the microphone in the channel to calculate the airborne sound contribution.
In a perfect OTPA, plane iv should show exactly the same results as the investigation
with physical modifications shown in subsection 5.2.2. It is the only reference plane
that can differentiate between the bars.

4.3.2 Crosstalk cancellation
The CTC of an OTPA can be performed using various parameters that can influ-
ence the result quite substantially. The CTC for this thesis was performed using a
normalisation, meaning that the levels of all input channels were normalised. If this
option is disabled, a sound pressure will have a much higher influence on each path
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than an acceleration, as the value is much larger.
The second setting made identical for all CTCs was the method to separate the
paths. This option was set to 95 % cumulative contribution. This means, that
95 % of the detected principal components were used to perform the CTC. The
last few principal components usually contain only noise produced anywhere in the
measurement chain. If less than 95 % of all principal components were used, the
complex transfer function between all references and the answer points was stable.
Therefore, this value was used to perform all CTCs as it can be assumed that all
the noise was in the 5 % that have been skipped.
The references used to calculate the CTCs are shown in Table 4.1. The answer
position for all calculations was always channel 24, the microphone in the receiving
box.

4.3.3 Synthesis networks
Synthesis networks are a visualisation of calculations performed in the Transfer Path
Synthesis. In the used software from Müller-BBM called PAK, the most important
calculations are sources, transmissibility matrices and additions. A synthesis net-
work has to be set for each reference plane. The result of the synthesis can be
obtained at different points in the network, and therefore these results can be veri-
fied with the physical modifications.
An input to a calculation is always marked with a red box while an output can be
shown in green or blue. A blue output will be saved while both green and blue
outputs can be connected to an input. Each out- and input has to be specified with
one channel. Every input needs to be connected to an output, which is marked
in the software with a blue line. The networks shown in the following are such a
graphical representation of the calculations made by the software.
A source provides measurement data that are fed into a transmissibility matrix,
where the designated answer and the reference have to be set to the same positions
as in the source, to receive parallel connections. After the transmissibility matrix,
multiple outputs can be added into a combination.

Figure 4.3: Synthesis network for reference plane i.

In this network, the source contains the channels 3, 1, 2 and 24 of a measurement
with both sources active. This means that the first output is the voltage of the
amplifier, the second and third are the sensors on the exciters Y and Z and the last
output is the sound pressure in the receiving box. The last one is saved directly and
only used for further comparison.

18



4. Measurements

The other three channels are fed into the transmissibility matrix, where they are
multiplied with the transmissibilities from their position to the receiving box micro-
phone calculated in the CTC. The airborne sound contribution is saved and also fed
into the addition for the total sound pressure synthesis in the receiving box. The
two structure-borne sound paths are added to a structure-borne sound contribution
which is as well saved as fed into the total sound pressure synthesis in the receiving
box.

Figure 4.4: Synthesis network for reference plane ii, iiC and iii.

This network is similar to the one for plane i. The structure-borne sources at the
mount or on the acrylic glass go from the source to the transmissibility matrix
and are added to a structure-borne sound contribution before being added to the
airborne sound contribution to receive a sound pressure synthesis in the receiving
box.

Figure 4.5: Synthesis network for reference plane iv.

The network shown in Figure 4.5 is the most complex one used in this thesis. The
transmissibilities in all three directions on each bar are first added separately, then
the two bars on the floor are added, saved and passed on to the total structure-
borne sound contribution together with bar 3. The airborne sound contribution
is calculated from only one microphone, therefore no further calculation is needed
except for the addition with the structure-borne sound to synthesize a sound pressure
in the receiving box.
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Results

5.1 Model

5.1.1 Excitation
The plate structure was found to have strong eigenfrequencies in the frequency region
of interest from 500 Hz to 2 kHz. At those eigenfrequencies, the plates started to
vibrate strongly, which resulted in audible peaks and noise. A stiffening of the
structure with screwed and soldered metal bars only changed the frequency of the
eigenmodes slightly but didn’t solve the problem.

Figure 5.1: An Eigenmode of the plate structure at 851.7 Hz. This mode corre-
sponds with a measured mode at 830 Hz of the plate structure without stiffening
steps.

The measured frequencies of those modes corresponded well with FEM simulations
performed in Comsol, so it was decided to first simulate other structures before they
were built.
Different possibilities were simulated with a FEM program and the resonance fre-
quencies were calculated. The highest eigenmodes could be detected in structures
with a T-like support for the horizontal exciter as shown in Figure 3.6. As it was
planned to only consider frequencies up to 2000 Hz, the simplified version with only
an I-like support was simulated, found suitable and was therefore built.
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Figure 5.2: First Eigenmode of a
possible mount at 8506.4 Hz.

Figure 5.3: First Eigenmode of the
built mount at 4692.8 Hz.

5.1.2 Box modes
The box modes were calculated in accordance to Equation 3.3 for both boxes.
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Figure 5.4: Modes in the boxes

To see the influence of the removed walls of the sending box, another measurement
was performed with setup 1 from section 3.3 and a closed sending box. In this
measurement, all 1/3 octave band levels were about 10 dB higher but showed the
same development regarding the switched-on sources. If the small band spectrum is
reviewed, some of the box modes can be observed as it can be seen in Figure 5.5.
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Figure 5.5: Difference between the sound pressure level in the sending box with
and without closed box in red and calculated frequencies of the box modes as vertical
lines in grey.

For Figure 5.5, the sound pressure level with open box was subtracted from the SPL
with closed box. This way, a lower level with the closed box leads to a negative
value.

5.2 Physical modifications

5.2.1 Reproducibility of the measurements
To see if the setup was reproducible, all measurements were performed twice. This
was done in a way that first all measurements were performed from Setup 1 to 6
and then backwards from 6 to 1.
The sound pressure level (Figure 5.6) and the acceleration level in Z-direction (Fig-
ure 5.7) in the receiving box were chosen to show the reproducibility. In this section,
the left figure shows the first measurement, on the right side the second run is shown.
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Figure 5.6: Sound pressure level in the receiving box in setup 1.

The sound pressure level in the receiving box is dominated by the sound produced
by the exciters, but the two measurement runs lead to a good match of the results
above 1000 Hz.
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Figure 5.7: Acceleration level in the receiving box in setup 1.

When the acceleration in the receiving box is reviewed, the domination of the sound
produced by the exciters is even higher.

5.2.2 Estimation of the influence of each transfer path
The sound pressure level measured in the receiving box with each setup from the
first measurement run is shown in 1/3 octave bands in Figure B.1 and as a single
value in Table 5.1.
Table 5.1 shows the setups explained in Table 3.1 briefly on the left side with +
meaning attached, - removed, o open and c closed. The left side shows the un-
weighted total sound pressure level in the receiving box.
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Setup Sources
B1 & 2 B3 Channel All Sources Loudspeaker Exciters

1 + + o 87.7 75.2 87.5
2 - - o 83.6 75.1 82.9
3 - - c 68.5 52.0 68.5
4 - + c 81.8 52.5 81.8
5 + - c 84.6 51.9 84.6
6 + + c 85.2 52.7 85.1

Table 5.1: Unweighted total sound pressure level in the receiving box from 1000 Hz
to 5000 Hz in dB [ref = 2 E-5 Pa] of each setup and source combination from
Figure B.1

5.3 Measurements

5.3.1 CTC using operational measurements - Shift of refer-
ence planes

To investigate if the OTPA works correctly and where something could be improved
by using additional artificial excitation, a CTC was performed using only the op-
erational measurements. Therefore, the reference planes shown in subsection 4.3.1
were used.
An OTPA gives an almost perfect result if the same signal is used for the CTC and
the TPS as it does the same calculation twice in opposite directions. Therefore,
the CTC in all following calculations was performed using the measurements with
alternating sources, signal 2 and 3, and the input for the TPS was the combined
measurement, signal 1.
In the following, the results of the transfer path syntheses are shown in a table as
single values together with the measured sound pressure levels of the appropriate
setup from subsection 5.2.2. The single values are the unweighted sound pressure
levels, summed from 1 kHz to 5 kHz, as this frequency range was found to be well
reproducible.
Measurement T means that all sources were active to obtain these results, meaning
that different values result from the different setups. For measurement S, the sources
planned to radiate the matching kind of sound were used, so for the contribution
from air only the loudspeaker was used and for the other contributions only the
exciters were active. The Total is of course the same as all sources had to be active.

Only the reference plane iv had sensors on each bar and is therefore able to detect
the influence of these paths separately.
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Contribution from
Total Air Structure B1 & 2 B3

Measurement T Setup 1 2 6 4 5
Signal 1 1 1 1 1

Measurement S Setup 1 2 6 4 5
Signal 1 2 3 3 3

Table 5.2: Explanation of the difference between the Measurements T and S used
in Table 5.3, with the use of the setups introduced in Table 3.1 and the signals
shown in Figure 3.8.

Contribution from
Total Air Structure B1 & 2 B3

Measurement T 87.7 83.6 85.2 84.6 81.8
Measurement S 87.7 75.1 85.1 84.6 81.8
Plane i 87.2 74.7 86.9 - -
Plane ii 87.1 75.8 86.8 - -
Plane iiC 87.2 84.5 86.1 - -
Plane iii 87.2 76.2 86.9 - -
Plane iv 87.3 84.3 86.7 85.6 73.6

Table 5.3: Unweighted summed sound pressure level from 1000 Hz to 5000 Hz in
dB [ref = 2 E-5 Pa] of the measurements and synthesis results without additional
excitation on all reference planes.

5.3.2 CTC using Hammer measurements
The CTC can be performed not only using the operational data, but also with the
frequency data of the hammer measurements. This data is not the usual application
of a CTC, but to see the possible influence of the impulse hammer measurements it
is nonetheless worth to contemplate.
The impact points are divided into three groups as it is shown in section 4.2. In the
following, the hammer measurements are reviewed in each group, called H1, H2 and
H3, as well as combined, which is called H123. As each hammer measurement can
be combined with each reference plane, only the planes iiC and iv were considered.
The input signal for the TPS was the same as the one used for the OTPA, signal 1
from Figure 3.8.
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Contribution from
Total Air Structure

Measurement 87.7 83.6 85.2
H1 91.7 91.2 81.3
H2 94.5 94.3 80.9
H3 109.8 97.0 109.5
H123 99.7 89.7 99.3

Table 5.4: Unweighted summed sound pressure level from 1000 Hz to 5000 Hz in
dB [ref = 2 E-5 Pa] of the measurements and synthesis results with only hammer
impacts in reference plane iiC.

Contribution from
Total Air Structure B1 & 2 B3

Measurement 87.7 83.6 85.2 84.6 81.8
H1 88.9 81.8 88.2 87.0 79.3
H2 89.2 86.2 87.5 86.9 78.0
H3 93.1 88.7 91.5 91.1 80.3
H123 92.3 88.3 90.7 90.2 81.0

Table 5.5: Unweighted summed sound pressure level from 1000 Hz to 5000 Hz in
dB [ref = 2 E-5 Pa] of the measurements and synthesis results with only hammer
impacts in reference plane iv.

5.3.3 Combination of operational and impulse hammer mea-
surements

The goal of this thesis is to investigate the combination of operational measure-
ments and impulse hammer measurements for OTPA. After all influences have been
investigated separately, the combination is made in this section.

Contribution from
Total Air Structure

Measurement 87.7 83.6 85.2
w/o Hammer 87.2 84.5 86.1
H1 87.0 83.7 81.3
H2 86.5 84.2 80.9
H3 90.2 89.3 109.5
H123 97.3 96.8 99.3

Table 5.6: Unweighted summed sound pressure level from 1000 Hz to 5000 Hz in
dB [ref = 2 E-5 Pa] of the measurements and synthesis results with operational data
and additional artificial excitation in reference plane iiC.
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Contribution from
Total Air Structure B1 & 2 B3

Measurement 87.7 83.6 85.2 84.6 81.8
w/o Hammer 87.3 84.3 86.7 85.6 73.6
H1 87.2 83.8 86.5 85.4 74.0
H2 87.2 82.9 86.2 85.2 76.5
H3 88.3 87.0 88.4 87.8 80.8
H123 88.0 86.7 88.2 87.6 80.9

Table 5.7: Unweighted summed sound pressure level from 1000 Hz to 5000 Hz in
dB [ref = 2 E-5 Pa] of the measurements and synthesis results with operational data
and additional artificial excitation in reference plane iv.

5.3.3.1 Amount of impulse hammer impacts

For all previous syntheses, the CTC was performed with all impulse hammer impacts
for the selected position. To derive a measurement rule for future application, the
effect of the amount of impacts was also considered relevant. One impact means
hereby a single impact at each location of the set.

Contribution from
Total Air Structure B1 & 2 B3

Measurement 87.7 83.6 85.2 84.6 81.8
w/o Hammer 87.3 84.3 86.7 85.6 73.6
1 Impact 87.3 84.8 87.2 86.7 81.2
5 Impacts 87.7 86.0 88.2 87.8 81.8
10 Impacts 87.8 86.7 88.3 87.7 80.8
20 Impacts 88.3 87.0 88.4 87.8 80.8

Table 5.8: Unweighted summed sound pressure level from 1000 Hz to 5000 Hz in
dB [ref = 2 E-5 Pa] of the measurements and synthesis results with operational data
and additional artificial excitation in reference plane iv with a different number of
impulse hammer impacts.

5.3.3.2 Necessity of impacts on all paths

The results of this thesis have shown so far that a decent amount of impulse hammer
impacts is sufficient if the reference plane was chosen correctly to improve the OTPA.
It will be now investigated if every path has to be artificially excited to get this result.
Therefore, the CTC and TPS were also performed with just the impacts on each
connection separately, impacts in just one direction, and finally one single impact
on Bar 3 from the top as this one is the easiest point to hit.
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5. Results

Contribution from
Total Air Structure B1 & 2 B3

Measurement 87.7 83.6 85.2 84.6 81.8
w/o Hammer 87.3 84.3 86.7 85.6 73.6
All Bars 87.7 86.0 88.2 87.8 81.8
Bar 1 and 2 87.7 86.8 88.6 87.7 83.5
Bar 3 87.3 84.6 87.4 87.3 79.6
All Bars z 87.5 86.6 88.6 88.4 82.1
Bar 3 z 87.3 84.0 86.5 86.1 76.3

Table 5.9: Unweighted summed sound pressure level from 1000 Hz to 5000 Hz
in dB [ref = 2 E-5 Pa] of the measurements and synthesis results with operational
data and additional artificial excitation in reference plane iv with 5 impulse hammer
impacts on different paths of the reference plane.
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6
Discussion

6.1 Physical modifications

6.1.1 Box modes
Figure 5.5 shows a good coincidence of the modes in some frequencies. The high
amplitude differences around 400 Hz and 1100 Hz indicate the influence of room
modes at some frequencies.
In the receiving box, the calculated box modes have a lower coincidence with the
measured sound pressure level differences. This can be deduced from the interference
of the modes in both boxes measured in one box.

6.1.2 Reproducibility of the measurements
Figure 5.6 shows a high deviation at lower frequencies. Therefore it was decided to
only consider the higher range between 1 kHz and 5 kHz for further conclusions. This
deviations are to be deduced to small changes in the setup, and thus a discrepancy
in the transfer paths between the two boxes.
If the acceleration level is reviewed, the deviation between the measurements is
higher, so it was decided to use only the sound pressure level as answer point for
the OTPA.

6.1.3 Estimation of the influence of each transfer path
Comparing the setups 1 and 2 in Table 5.1, the bars have basically no influence
on the airborne sound propagation from the loudspeaker. A comparison between
the different sources in setup 2 also shows, that the exciters produce a significant
amount of airborne sound in the sending box and such in the receiving box.
The contribution of the bars is shown in the case of the closed airborne sound
channel, setup 3 to 6. The bars directly below the source have a higher contribution
than the one on the side. The nonetheless high level with only bar B3 attached can
be derived to the good sound propagation in the acrylic glass.
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6. Discussion

6.2 Measurements

6.2.1 CTC using operational measurements - Shift of refer-
ence planes

Plane i uses the amplifier signal, plane ii and iii the microphone directly at the
loudspeaker. This means, that the sound radiated by the exciters and secondary
sound radiated by the acrylic plates have almost no influence, similar to just the
loudspeaker being used. On the other hand, the microphone in the channel measures
also the secondary sound from the exciters, resulting in a higher level and such a
higher contribution from sound in air in the planes iiC and iv.
So it can be said that all reference planes can be calculated more or less correctly
when it comes to airborne sound. It just has to be taken care which sources can be
measured at each point.
With the used sensors, reference plane iv is the only one able to determine the
contribution from the bars separately, while plane i is not able to be combined
with hammer measurements as the input was used differently. In addition to that
plane ii and iii show the very similar results, the following investigations will only
be performed for the planes iiC and iv. This is still enough to see the influence
on hammer points before, at and after the reference plane. Additionally, the same
physical modification measurement can be used as reference for all planes.
Table 5.3 and Figure B.2 indicate that the contribution by air can be synthesized
well for the reference planes i, ii and iii if the comparison is made to only the
loudspeaker being active, measurement S. Reference plane iv on the other hand fits
well (when only the contribution in air is considered) for all sources, measurement
T. Because of that, plane iiC was introduced, with the accelerometers from plane ii
but the microphone in the connection channel.

6.2.2 CTC using Hammer measurements
6.2.2.1 Reference plane iiC

Table 5.4 shows an overestimation of the total sound pressure level in the receiving
box. This can be attributed to the strong overestimation of the airborne sound.
A possible explanation for this is the reflection from my body during the hammer
measurements that could not be avoided and that a person in an anechoic chamber
always increases the SPL in the room. Another possibility is the changed source
location of airborne sound, as the hammer impacts were around the exciters and
the loudspeaker for the measurements was in an adjacent corner. It also has to
be mentioned that the hard plastic cap of the hammer resulted in a high-pitched
noise when hitting the metal parts, which might explain the overestimation of the
airborne sound at high frequencies that can be seen in Figure B.3. Therefore, using
only Hammer measurements to perform a CTC should not be considered for usual
applications, especially if airborne sound has to be included.
Nonetheless it is to be noted, that the overestimation results only for the first two
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groups of impact points from the contribution in air, while the structure-borne sound
dominates in H3.
The overestimation of structure-borne sound in H3 results from a strong increase
at high frequencies as it can be seen in Figure B.3. This can be explained by the
frequency dependency of damping. The loss factor η is defined as the ratio between
lost energy per period and reversible energy [15].

η = Eloss

2πEreversible
(6.1)

As the period at high frequencies is shorter, more energy is lost on the way from
the excitation point to both the answer point and the reference point. If the energy
is induced in the transfer path, the transmissibility might be calculated with less
energy at high frequencies at the reference point than at the answer point, leading
to unphysical results. Even if the material damping in the path to the reference is
lower than to the answer point, the measurement will be wrong and especially high
frequencies will be overestimated.
A combination of all impact measurements is mostly dominated by the high levels
obtained by H3 and results in levels with high deviation from real measurements.

6.2.2.2 Reference plane iv

If the transmissibilities are calculated for the reference plane iv, so for the physical
separation plane, the overestimation by using only impulse hammer measurements
of each path and also for the total SPL is much lower. Additionally, each impact
point group is able to show if a path contributes more or less than any other. The
1/3 octave bands in Figure B.4 are showing an underestimation of low frequencies,
while the high frequencies can be determined well. As the connection bars are hollow
rectangular pipes and the excitation happened not on the same side as the sensor
was mounted, this effect is also to be attributed to the frequency dependency of
damping.

6.2.3 Combination of operational and impulse hammer
measurements

6.2.3.1 Reference plane iiC

The reference plane iiC was able to separate well between the contribution from
airborne and structure-borne sound when operational data were used. Also the to-
tal sound pressure level in the receiving box could be calculated with an acceptable
accuracy.
When only impulse hammer measurements were used, the contribution by air was
always overestimated, mostly at higher frequencies. The contribution by the struc-
ture was calculated too low when the impact point was far away from the answer
point or drastically overestimated above 500 Hz if the hammer was used between
the reference and the answer point.
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The syntheses with a combined hammer and operational excitation result in a higher
deviation from the measured data than the TPS performed with only operational
data as it can be seen in Figure B.5. The overestimation in the airborne sound seen
in subsubsection 6.2.2.1 for the first two hammer points, leading to a too high total
level, is corrected to a more correct contribution. But the underestimation of the
structure-borne sound seems to be dominant compared to the purely operational
synthesis. The combination leads to an underestimation of the total level at the
answer point.
The overestimation of all paths for the third hammer impact location is also passed
on to the combined synthesis, leading to an overestimation of the total level.
Combining the operational measurements with all hammer impacts leads to a com-
bination of two effects: the almost similar values of airborne and structure-borne
contributions are mixed with the overestimated total level, resulting in too high
levels in all three points.

6.2.3.2 Reference plane iv

The reference plane iv is the only one that is able to show all connections separately.
In a synthesis performed with only operational data, the contribution of airborne
sound was calculated correctly as a single value, and also the 1/3 octaves bands
values in Figure B.2 match well. The total structure-borne sound contribution is
slightly overestimated even if the contribution from bar 3 is underestimated.
The synthesis performed with only hammer measurements showed a good corre-
spondence to the measurements, especially for the whole system. For the separate
paths an overestimation towards high frequencies and an underestimation in low
frequencies has to be noted.
When hammer and operational measurements are used together, each path can be
determined well, especially if more information is available. The level for the whole
system shows a slight deviation in some frequency bands (see Figure B.6), but the
frequency development can be reproduced correctly. The contribution of airborne
sound also shows a similar development, especially the hammer position on the
exciters improves the calculation.

6.2.3.3 Amount of impulse hammer impacts

If only a single impulse hammer impact per location is added to the calculations,
the contribution of bar 3, that couldn’t be calculated correctly with a pure OTPA,
increases to an almost correct total value. The 1/3 octave values in Figure B.7
reveal, that the deviation between the amounts of impacts is smaller than the devi-
ation from the measurement. It can be said that a single impulse hammer hit per
connection is already sufficient. In practice, at least 3 impact measurements should
be performed as in a real setup the path is usually not as well accessible and to
exclude measurement errors.
The contribution of all paths is hardly affected by the variation of impulse ham-
mer impact points. The contribution of airborne sound is overestimated as soon
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as an impulse hammer is included, which can be deduced to the study shown in
subsubsection 6.2.2.2. But with decreasing number of impact points, this deviation
decreases.

6.2.3.4 Necessity of impacts on all paths

The same can be said about the total calculated structure-borne noise contribution
and the overestimation of the influence of the bars 1 and 2. The contribution of bar
3 on the other hand can only be calculated correctly if all bars are excited by the
impulse hammer, and also the deviation to the measured influence is the smallest in
most frequency bands if every connection is included. This can be seen in Figure B.8.
The best results can be reached for the contribution, if all bars are excited in both
y and z directions.

6.2.4 Mesurement Rules
This thesis leads to the conclusion, that in case of inadequate excitation of the
structure of interest an improvement of the contribution of each path can be reached
by artificial excitation. A few things have to be considered if one wants to do so:

• The artificial excitation with an impulse hammer has to happen on all paths
of the reference plane in as many directions as possible.

• One impact is sufficient, but more will increase the accuracy to a certain
extend.

• If the reference plane considers more paths it can show a better compliance to
the measurement than a reference plane close to the source.

• Artificial excitation should be performed either directly on the source if the
signal is not sufficient to excite all frequencies, or on each path close to the
indicator sensors if a path contribution is not calculated correctly. Excitation
anywhere in between didn’t bring any profit in the measurements performed for
this thesis, excitation after the indicators resulted in wrong transmissibilities.

• For the Müller-BBM PAK Measurement system it has to be taken care that the
channel names for both hammer measurements and operational measurements
are identical. Additionally, for both, the frequency dependent data has to be
saved.

If these few things are respected it is to be assumed that artificial excitation improves
the result of an Operational Transfer Path Analysis.
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Conclusion

In this thesis, the history and theory of transfer path analysis was shortly explained
and recent developments especially in the OTPA were concluded.
A setup was developed to have a basis for transfer path measurements, in which
all paths can be removed and investigated separately. The model consists of acrylic
glass plates connected with aluminium bars for structure-borne sound transfer and
wooden boxes with a channel for airborne sound. Special focus had to be laid upon
the excitation of structure-borne noise as two commercial exciters, combined, should
be used to excite the structure. Secondary airborne noise, radiated by either the
exciters themselves or the acrylic glass plates in the sending box was used together
with a loudspeaker for airborne noise excitation.
For each path of the setup, a contribution to the total sound pressure level in the
receiving box could be derived and the reproducibility of measurements could be
proved between 1 kHz and 5 kHz. Therefore, only the 1/3 octave bands in this
region were used for further investigation.
Five reference planes could be found and all of them could be used well for an opera-
tional transfer path analysis and synthesis. It is shown that a crosstalk cancellation
performed with a reference microphone very close to the loudspeaker leads to a good
compliance in the synthesis to measurements with just the loudspeaker active, while
a microphone in the airborne channel could be used to determine the total airborne
sound contribution of all sources.
If the crosstalk cancellation was performed with only impulse hammer measurements
the airborne sound contribution was almost always overestimated. For structure-
borne sound excitation as close as possible to the reference plane has to be chosen for
a relative path contribution allocation, but the levels cannot be assessed correctly.

A combination of excitation with an impulse hammer and operational data for the
crosstalk cancellation lead to correct results of the synthesis of airborne sound if the
reference plane was close to the source. The structure-borne sound could not be
calculated correctly in this case. With a reference plane in the middle of the two
boxes all path contributions could be determined correctly if the impulse hammer
was used in the same plane. Impact points close to the source were not able to
determine the contributions from both structure-borne sound connections correctly.

Artificial excitation in combination with operational data seems to help to deter-
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7. Conclusion

mine the individual path contribution if the reference plane is not too close to the
source and if the artificial excitation occurs close to the reference sensors.
If each path is excited by an impulse hammer directly, less flanking paths are excited
and therefore the CTC has less influence on the result. But special attention should
be paid to avoid exciting the path after the sensor, as this can lead to miscalculation
due to the frequency dependency of internal losses.
If the excitation signal of the source is strongly coherent, an artificial excitation of
the source itself can bring an improvement of the OTPA. This will also not do any
harm to the measurement results.
If uncertainties exist if the hammer measurement were performed correctly it can
be tried to use the same measurement for both the CTC and as source of the TPS.
If the result at the answer of all paths varies substantially in the TPS, the hammer
measurements should not be used.
Further investigation is necessary to verify these results in real applications like a
car. This can be done by applying reference sensors close to the source and on each
path. If artificial excitation before the source and on each path leads to similar de-
viations from the pure OTPA, this methodology can be said to be an improvement
to the OTPA and also help to determine the path contribution if the operational
signal is not sufficient to specify all frequencies or all paths.
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A
Appendix 1: Measurement

Equipment

No Location Direction Pos X Pos Y Pos Z
in m in m in m

1.1 On Exciter Y +X 0.06 0.43 0.07
1.2 On Exciter Y -Y 0.1 0.45 0.07
1.3 On Exciter Y +Z 0.1 0.43 0.12
1.4 On Exciter Z +X 0.06 0.36 0.06
1.5 On Exciter Z +Y 0.1 0.33 0.06
1.6 On Exciter Z +Z 0.1 0.36 0.08
2.1 On Mount Southwest +X 0.07 0.4 0.03
2.2 On Mount Southwest +Z 0.07 0.4 0.04
2.3 On Mount Northwest -X 0.13 0.4 0.03
2.4 On Mount East +Y 0.1 0.34 0.03
3.1 On Bar 1 -Y 0.36 0.41 -0.02
3.2 On Bar 1 +Z 0.39 0.40 -0.01
3.3 On Bar 2 +Y 0.39 0.35 -0.02
3.4 On Bar 2 +Z 0.39 0.36 -0.01
3.5 On Bar 3 -Y 0.39 -0.03 0.1
3.6 On Bar 3 +Z 0.39 -0.02 0.11

Table A.1: Position and direction of all impulse hammer points.
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A. Appendix 1: Measurement Equipment

No Location Direction Pos X Pos Y Pos Z Calibration
difference

in m in m in m in %
1 Exciter Y -Y 0.13 0.41 0.07 -0.3
2 Exciter Z -Z 0.13 0.34 0.04 -0.56
3 Amplifier S 0 0 0 +3.99
4 Before Bearing -X 0.07 0.38 0.03 -0.22
5 Before Bearing +Z 0.07 0.38 0.03 -0.04
6 Before Bearing +Y 0.07 0.38 0.03 0.03
7 After Bearing -X 0.07 0.38 0 -0.02
8 After Bearing +Z 0.07 0.38 0 0.04
9 After Bearing -Y 0.07 0.38 0 0.22
10 Bar 1 -Z 0.39 0.41 -0.02 0.8
11 Bar 1 -Y 0.39 0.41 -0.02 -0.36
12 Bar 1 -X 0.39 0.41 -0.02 0.51
13 Bar 2 -Z 0.39 0.37 -0.02 0.45
14 Bar 2 -Y 0.39 0.37 -0.02 0.15
15 Bar 2 -X 0.39 0.37 -0.02 -0.10
16 Bar 3 -Z 0.39 -0.01 0.1 0.32
17 Bar 3 -Y 0.39 -0.01 0.1 0.04
18 Bar 3 -X 0.39 -0.01 0.1 -0.03
19 Receiving Point -X 0.74 0.15 0 1.19
20 Receiving Point +Z 0.74 0.15 0 0.51
21 Receiving Point +Y 0.74 0.15 0 0.59
22 Source box S 0.08 0.11 0.17 -0.90
23 Channel S 0.41 0.22 0.26 0.17
24 Receiving box S 0.74 0.15 0.24 -0.21

Table A.2: Position and calibration of all sensors in use for the measurements.
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A. Appendix 1: Measurement Equipment

Sensor type Channel Brand Model Serial Number
Monoaxial accelerometer 1 Brüel & Kjær 4507C 30070

Brüel & Kjær 2647A 2714078
Monoaxial accelerometer 2 Brüel & Kjær 4507C 30092

Brüel & Kjær 2647A 2714079
Impulse Hammer 3 Brüel & Kjær 8202 1461449

Brüel & Kjær 8200 unknown
Triaxial accelerometer 4:6 PCB 356A15 74018
Triaxial accelerometer 7:9 PCB 356A15 74019
Triaxial accelerometer 10:12 PCB 356A15 74685
Triaxial accelerometer 13:15 PCB 356A15 79321
Triaxial accelerometer 16:18 PCB 356A15 79322
Triaxial accelerometer 19:21 PCB 356A15 93883
Microphone 22 PCB 378B02 10367
Microphone 23 PCB 378B02 LW111128
Microphone 24 PCB 378B02 135494
Calibrator accelerometers Brüel & Kjær 4294 2849607
Calibrator microphones Brüel & Kjær 4230 1025957

Measurement System MKII by Müller-BBM VAS
PQ20 G2 1114M1309

1:16 SC42 1008M5139
17:24 SC42S7 0712M1741
1:4 ICP422 1007M9645
5:8 ICP422 0906M3811
9:12 ICP422 1007M9635
13:16 ICP429 0910M0260
17:20 ICP429 0910M0357
21:24 ICP422 0806M3134

Table A.3: Measurement hardware used for all measurements.
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B. Appendix 2: 1/3 octave levels

B
Appendix 2: 1/3 octave levels

B.1 Physical modifications
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Figure B.1: Sound Pressure Level in the receiving box of the model with different
settings of connections between the two boxes. The level from only the loudspeaker
in the setups 3 to 6 is between 35 dB and 50 dB and therefore not plotted here.
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B.2 Results
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Figure B.2: Sound Pressure Level in the receiving box of the measurements and
synthesis results without additional excitation on all reference planes.
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Figure B.3: Sound Pressure Level in the receiving box of the measurements and
synthesis results with only hammer impacts in reference plane iiC.
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Figure B.4: Sound Pressure Level in the receiving box of the measurements and
synthesis results with only hammer impacts in reference plane iv.
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Figure B.5: Sound Pressure Level in the receiving box of the measurements and
synthesis results with operational data and additional artificial excitation in refer-
ence plane iiC.
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Figure B.6: Sound Pressure Level in the receiving box of the measurements and
synthesis results with operational data and additional artificial excitation in refer-
ence plane iv.
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Figure B.7: Sound Pressure Level in the receiving box of the measurements and
synthesis results with operational data and additional artificial excitation in refer-
ence plane iv with a different number of impulse hammer impacts.
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Figure B.8: Sound Pressure Level in the receiving box of the measurements and
synthesis results with operational data and additional artificial excitation in refer-
ence plane iv with 5 impulse hammer impacts on different paths of the reference
plane.
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