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“Transfer path analysis - SW application of ŠKODA AUTO passenger car” 
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Path Analysis (SPC) SW, selection of the method useful for the 

analysis of the tyre cavity resonance transfer path to the car cabin 

Experimental part:  

Measurement accomplishment according to the selected method 

Analytical part:  

Transfer Path Analysis, measures recommendation to fix possible 

issues 

Pilot project:  

Engaging the method among the other methods used on a regular 

basis in the Skoda Auto Acoustic Centre 

Stay at ŠKODA AUTO 

1.7.2014 – 31.8.2014 (2 months) 
 

Summer internship: Transfer path analysis software evaluation, 

Preliminary measurements 
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Master thesis project 
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Abstract 

Even though there are no regulations on the interior noise level of 

passenger cars, it is a significant quality aspect both for customers and for 

car manufacturers. The reduction of many other car noise sources pushed 

tyre road noise to the forefront. 

What is more, well known phenomenon of the tyre acoustic cavity 

resonance (TCR), appearing around 225 Hz, makes the interior noise 

noticeably worse. Some techniques to mitigate this phenomenon right at 

the source are discussed in this thesis, however, these has not been 

adopted by the tyre nor car manufacturers yet. 

Therefore, there is a desire to minimise at least the transmission of the 

acoustic or vibration energy from the tyre to the compartment. This is 

where methods like TPA (Transfer Path Analysis) come into play. 

In this thesis, two different approaches to TPA are used to investigate 

transmission of the TCR energy. 

First, the coherence based road decomposition method is used to 

determine whether the TCR energy is transmitted by a structure-borne or 

an air-borne mechanism. The same method serves to identify if the TCR 

noise comes mainly from the front or the rear suspension.  

Second, the impedance matrix method was used to determine critical 

structure-borne transfer paths yielding clear results indicating two critical 

mounts at the rear suspension which dominate the transfer of vibro-

acoustic energy. Subsequent physical modification of the critical mount was 

tested to verify the results of the transmission study. 

Moreover, deflection shape analysis of the tyre, rim, front and rear 

suspension was performed to identify possible amplification effects of the 

TCR phenomenon. 

 

______________________________________________________________ 

Keywords: Transfer Path Analysis (TPA), Tyre cavity resonance, Deflection 

shape analysis, Source Path Contribution (SPC) SW, Impedance matrix 

method, Road decomposition method 
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Notations 

Symbol Description 

   speed of sound in the air         
 

 
  

 ,    frequency, critical frequency [Hz] 

  wavelength [m] 

He Helmholtz number [-] 

   time averaged sound power (Watt)  

    
  ordinary coherence [-] 

  sound pressure [Pa] 

  volume velocity [m3/s] 

 ,     vibrational acceleration [m/s2] 

    force [N] 

    transmission loss [dB] 

Abbreviations 

NVH Noise, Vibration and Harness 

CAE Computer Aided Engineering 

ICE Internal Combustion Engine 

R&D Research and Development 

TCR Tyre Cavity Resonance 

SPR Source-path-receiver 

SPL Sound pressure level 

AB Air-borne 

SB Structure-borne 

DVA Dynamic Vibration Absorber 

TPA Transfer Path Analysis 

FRF Frequency response function 
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LF, RF, LR, RR Left Front, Right Front, Left Rear, Right Rear 

ODS Operating Deflection Shapes 

DSA Deflection shapes analysis 

FFT Fast Fourier transform 

 

List of terminology 

 

Coast-by/coast down: refers to driving conditions of free rolling i.e. 

moving of the vehicle only due to its inertia forces (tyre/road noise 

dominates the total spectrum) 

Cruise-by/cruising: refers to a driving conditions under a constant 

speed 

Air-borne sound: refers to a sound being transmitted via the fluid 

medium (air) by means of exchange of the kinetic energy among the 

fluid particles [1] 

Structure-borne sound: refers to an acoustic energy which is being 

transmitted via the solid medium. The vibration energy travels in the 

form of bending waves and the structure itself vibrate and thus 

radiates sound. 

Auto-spectrum: also being called “power spectral density” (PSD). It is 

calculated as: 

            
            (1) 

 

Cross-spectrum: also being called “cross power spectral density” 

(CPSD). It is calculated as: 

            
            (2) 
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1. Introduction 
 

In this chapter, the current tendencies in the automotive industry with its 

impact on NVH area are discussed. The dominant noise sources related to 

IC engines vehicles are consequently presented and the primary objective 

of this master thesis is outlined.  

 

1.1 Current tendencies in automotive 
 

The automotive industry is one of the fastest developing and fiercely 

competing industries. The demand of the market is to provide new series of 

vehicles approximately every 6 years. The customers’ requirements on the 

silent and vibration-free environment in the car interior are constantly 

increasing. Moreover, the international regulations concerning pass-by-

noise are becoming stricter every decade. 

At the same time there is a strong competition among individual vehicle 

manufacturers and thus the overall R&D and the production costs are 

constantly pushed downwards. 

One of the means to decrease the costs is naturally the reduction of the 

prototype production and thus CAE needs to be pushed forward. However, 

in the NVH area this is becoming a serious issue since even highly 

developed numerical models are not capable to include all the factors 

influencing the final NVH performance. Therefore the NVH experimental 

testing has still a very important and irreplaceable position in the 

automotive field. 

In the prototyping stage of the car, the NVH testing department has the 

possibility to study the prototype vehicle only for limited period of time. 

Hence, there is a huge demand for fast enough analyzes which are 

producing useful information for early detection of the hot spots. Also, in 

the period of the beginning of the line production very fast troubleshooting 

methods of the NVH issues are often required.  

This is exactly where methods like TPA (Transfer Path Analysis) come into 

play. TPA is a powerful method which is intended to localize the individual 

sound or vibration sources and quantify their relative contributions to the 

interior/exterior sound [2]. These methods together with operating 

deflection shape analysis (ODS) and overall deflection shape analysis (DSA) 

are of the main concern in this master thesis. 
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1.2 Objective  
 

The main objective of this master thesis is to analyze and investigate the 

toroidal tyre cavity resonance (further referred as TCR) phenomenon. The 

first resonance frequency of tyre torus is regarded as one of the most 

serious NVH issues since this phenomenon causes very high SPL levels in 

the car interior and thus can be clearly perceived by vehicle occupants, 

often being evaluated as tonal and unpleasant noise. 

This investigation is performed by using various approaches to the TPA 

method in combination with complementary tools such as Operational 

Deflection shapes analysis (ODS) and Deflection shapes analysis (DSA). 

Scope of this master thesis comprise of performing the following steps. The 

first step consists of the study of the theoretical background needed for the 

choice of the appropriate TPA method and for subsequent evaluation of 

results obtained. The second step consists of the experimental part which 

involves performing laboratory and test track measurements needed for 

TPA inputs. Last step is computational part including data post-processing 

and TPA numerical computations is performed.  

Furthermore, additional measurements for verification of the FEM model of 

the tyre and both suspensions are made upon the request of 

simulation/computational department. 

The bulk of the investigation is to determine if the TCR noise in the vehicle 

interior is caused either by a structure-borne or an air-borne sound and to 

quantify their relative contribution to the measured SPL value at all 

passengers’ ear positions.  

Another desired result is to show, by using TPA, which parts of the vehicle 

structure are responsible for the vibration transmission and sound radiation 

to the passenger cabin. Therefore, complementary methods such as the 

ODS analysis and DSA analysis of selected suspicious parts of the vehicle 

structure were performed. 
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2. Theory part 

2.1 Source-path-receiver scheme 
 

The basic approach of the NVH troubleshooting procedure is to follow the 

so called SPR (source-path-receiver) scheme. 

The first task of the SPR scheme is to specify the main sources which appear 

to be responsible for the investigated phenomenon. In our case, the source 

is given a priori in the problem specification. It is well known that 

investigated phenomenon is caused by tyre cavity resonance which was 

observed and studied by NVH engineers and researchers already in the 

nineties.  

Knowing the source in advance is, however, not the case in the most of the 

other NVH troubleshooting situations when the source is a priori unknown 

and must be localized either by systematic investigation, trial and error 

procedure or by an experience based guess. 

The best of the mentioned practices is evidently to do a systematic 

investigation which brings not only the time-saving aspect but also the 

better understanding of the NVH behaviour of the whole structure analysed 

structure. 

 

2.1.1 Sources of noise and vibrations 

 
Sources of noise and vibration inside the passenger car compartment could 

be divided into subcategories according to the physical principle of their 

origin. 

a) Aeroacoustic sources  

Aero-acoustics sources originate on the boundary of the fluid and structure 

(structure-fluid coupling) and could be divided into three types according to 

its acoustics strength and directivity in the far field [1]. These are 

monopole, dipole and quadrupole.  

Monopole source is characterized by a pulsating volume flow causing a 

pressure fluctuation. 

Dipole source is characterized by a fluctuating fluid forces caused by flow 

separation around the extruding parts of the car’s body. Furthermore, 

oscillating forces also make object to vibrate thus radiate sound from the 

surface [3].  
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Quadrupole source originates from the momentum transport in a turbulent 

flow [3]. Turbulent pressure excitation mechanism acts on the solid surface 

(roof, windscreen, side glass) when driving at very high speeds.  

 

Fig. 1 - Turbulent pressure excitation on vehicle roof [1] 

 

Source type Source example 

Monopole 

Exhaust/Intake pipe 
Turbocharger 
Engine radiation 
Tyre tread air pumping 

Dipole 

Side-mirrors, antenna 
Windscreen wiper 
Roof luggage rack 
Rim 
Cooling Fans 
(Exhaust/Intake pipe) 

Quadrupole 
Wind-noise 
Turbulent excitation on 
roof 

Table 1 - Aeroacoustic sources for passenger vehicle 

 

Fluid driven aeroacoustic sources are related by their relative acoustic 

strength given by Eq. (3) from [3]. 

                                            (3) 

Where    indicates time averaged acoustic power and   denotes Mach 

number which is given by    
 

  
  

Nevertheless, in our case of the passenger car, the flow speed (U) is always 

below the speed of sound so the Mach number is well below one. This has 

the consequence that monopole source to contribute the most to the noise 

inside the car in the normal speeds according to Eq. (3) . However, for very 

high speeds (>200 km/h) dipole sources will dominate [3]. 
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b) Mechanical source (Structure-borne mechanism)  

 
This mechanism could either be caused by inertia forces (time varying) or 

by contact forces (friction) [3].  

Time varying inertia forces are caused by unbalances on the rotating parts 

or by unevenly moving parts [1] e.g. power-train which involves engine, 

gearbox, propeller shaft, differential etc.  

Contact forces are important in ball bearings and in tyre/road contact. Due 

to these forces the roughness of the surface is perceived as sound in the 

car.  

 

c) Electro-Magnetic force sources 

 
Alternating current generator is the main electro-magnetic source within 

ICE vehicles. Mechanisms responsible for the sound generation are the 

fluctuating forces from the air gap of the electric motor [3]. 

In the hybrid or fully electric vehicles, the electric engine is the dominant 

electro-magnetic noise source [4].  

 

d) Tyre-road interaction / Rolling noise 

 
Tyre/road generation mechanism of the rolling noise generation is of the 

major importance in this master thesis. Therefore, rather detailed insight is 

provided in the following part. 

2.1.1.1 Tyre/road exterior noise contribution 
 
Fig. 2 illustrates that noise generated by particular passenger car due to 

tyre-road generation mechanism dominates the overall exterior vehicle 

noise above 22 km/h. Below 22 km/h the power-train contribution prevails. 

Crossover speed is found to range between 15 to 25 km/h [5]. 
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Fig. 2 Contribution of power-train noise and tyre/road noise to the total noise 
emitted by a vehicle as a function of speed [5] 

As stated in [6] the proportion of T/R noise (acoustic power in %) in the 

overall vehicle noise is from 30 – 45 % when measured according to ISO 362 

(Measurement of noise emitted by accelerating road vehicles). It is from 30 

– 65 % when measured according to ISO 7188 (Measurement of noise 

emitted by passenger cars under conditions representative of urban 

driving). However, these two standardized ISO measurements indicate the 

noise contribution for the vehicle exterior during acceleration. 

Constant speed driving exhibits higher tyre/road noise contribution than 

accelerating. It has been also shown by the authors of [6] that when driving 

at constant speeds the tyre/road noise dominates the overall exterior noise 

for all gears and speeds except driving on the first gear. 

 

2.1.1.2 Tyre/road interior noise contribution 
 
The above mentioned rolling noise contribution concerns the exterior 

noise. The objective of this thesis is, however, the passenger comfort hence 

the interior noise level. Therefore, the whole experimental part deals 

mainly with the measurement and the analysis of the rolling noise 

contributions inside the cabin. 

 

2.1.1.3 Tyre/road noise generation mechanisms 
 
T/R noise is caused by more generation mechanisms which are very 

complex hence still not fully clarified. However, extensive studies were 

performed since 1970’s to find out the responsible mechanisms in order to 

reduce T/R noise.  

L A
m

ax
 [

d
B

(A
)]
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Generally, the T/R generation mechanisms are divided into two groups 

according to its characteristic media. The first is related to mechanical 

vibrations of the tyre itself (structure-born path) and the second is related 

to aerodynamic phenomena (air-borne path) [6]. 

Generating mechanisms of T/R noise and their related phenomena, as 

stated in Table 2, were summarized by Sandberg and Ejsmont in [6]. 

 

 

Type 

M
e

ch
an

is
m

 

Phenomenon Description Effect 

G
en

e
ra

ti
o

n
 m

ec
h

an
is

m
s V
ib

ra
ti

o
n

al
 (

st
ru

ct
u

re
-b

o
rn

e)
 

Im
p

ac
t 

Tread impact 

Impact of tyre tread block or 
other pattern elements on 
road surfaces (low freq. 
mechanism) 

Radial and 
tangential 
vibrations in the 
tyre tread and belt, 
spreading to the 
sidewalls 

Texture 
impact 

Impact of road surface 
texture (discontinuities) on 
the tyre tread 

Running 
deflection 

Deflection of tyre tread at 
leading and trailing edge 

Tyre belt/carcass 
vibrations 

A
d

h
e

si
o

n
 

Stick/slip 
Tread element motions 
relative to road surface 

Tangential tyre 
vibrations, also 
called “scrubbing” 

Stick/snap 
Rubber to road stick/snap 
(adhesive effect) 

Tangential or radial 
vibration 

A
e

ro
d

yn
am

ic
al

 (
ai

r-
b

o
rn

e)
 

A
ir

 d
is

p
la

ce
m

e
n

t 
m

e
ch

an
is

m
 

Air turbulence 

Turbulence around tyre due 
to the tyre displacing air 
when rolling on the road, and 
air dragged around by the 
spinning tyre/rim 

High frequency 
noise (broad band) 

Air-pumping 
Air displaced into/out of 
cavities in or between tyre 
tread and road surface 

High frequency 
noise (broad band) 

Pipe 
resonances 

Air displacement in grooves 
(“pipes”) in the tyre tread 
pattern amplified by 
resonances (λ/2 resonators) 

High frequency 
noise (tonal 
characteristics) 

Helmholtz 
resonance 

Air displacement into/out of 
connected air cavities in the 
tyre tread pattern and the 
road surface amplified by 
resonances 

High frequency 
noise (tonal 
characteristics) 

Table 2 – Mechanism of tyre/road noise generation [6] 
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In addition to main generation mechanisms there are also some closely 

related mechanisms responsible for the reduction or amplification of 

generated noise. These were also summarized by Sandberg and Ejsmont in 

[6] and are stated in Table 3. 

 Phenomenon Description 
A

m
p

lif
ic

at
io

n
 o

r 
re

d
u

ct
io

n
 m

ec
h

an
is

m
 The horn effect 

The curved volume between the tyre 
leading and trailing edges and the road 
surface creates exponential horn which 
amplify sound 

The acoustical 
impedance effect 

Voids in porous surfaces of roads act 
like sound absorbing material which 
affect source strength 

Voids affecting sound propagation to a 
far-field receiver 

The mechanical 
impedance effect 

The road surface reacts to tyre block 
impacts depending on dynamic 
tyre/road stiffness 

Transmission of the tyre vibration to 
the road surface and consequent 
sound radiation (speculation) 

Tyre resonance 
Belt resonances (mechanical 
resonances in rubber belt) 

Torus cavity resonance  
Table 3 - Amplification or reduction mechanisms of the T/R noise [6] 

 
Tread impact is characterized by a typical frequency which depends on the 

distance between the tread elements  [m] and the vehicle speed   [m/s] 

according to Eq. (4) from [7]. 

       (4) 

 

Generation mechanisms and the related typical frequencies are presented 

in Table 4. 

Phenomenon Typical frequency 

Tread impact Low, mid and high frequencies 
Dependency of vehicle speed and 
tread element/texture periodicity 
distance acc. to Eq. (4) 

Texture impact 

Stick-slip 1 – 10 kHz [6] 

Stick - snap 1 – 2 kHz [6] 

Tyre cavity 
resonance 

200 – 250 Hz 

Tyre structural 
resonances 

700 – 1300 Hz [6] 

Table 4 - Typical frequencies for T/R noise generation 
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2.1.1.4 Mechanisms important for vehicle interior noise 
 
Since this thesis is primarily focused on the interior noise it needs to be 

stated that some mechanisms contributes to it more than the others. These 

are mostly mechanisms which generates low frequency vibrations thus 

being transferred by the structure, such as: 

a) Tyre cavity resonance (TCR) 

- the most pronounced spectral peak (or two spectral peaks) in 

the interior noise spectrum 

- appears at characteristic frequency between 200 – 250 Hz for 

passenger vehicle tyres (16” – 18”) 

b) Tyre belt resonances 

- these are studied in the experimental part using deflection 

shapes analysis 

- 1st structural mode typically appears above 100 Hz 

c) Tyre/rim bending waves 

- below 100 Hz most of the energy from belt to rim is being 

transferred. This according to [6] is the main cause of interior 

sound in vehicles. 

d) Rim resonance 

- the first bending wave mode of the rim could be observed as a 

pronounced peak (around 250 – 300 Hz) according to [6] 

- sometimes, rim resonance frequency couples with TCR 

frequency leading to amplification of the effect  

- this phenomenon is also analysed in the experimental part  

 

2.1.1.5 Tyre torus cavity acoustic resonance (TCR) 
 
Tyre torus cavity resonance (TCR) noise is very important for the interior 

noise emission since rather high pressure deviations in the passenger cabin 

causes very high sound pressure level in the related frequency region as 

depicted in Fig. 3. This phenomenon is characterized by narrow frequency 

range content (almost tonal characteristic) which is quite often not masked 

by any other noise hence being subjectively regarded (by passengers) as 

strongly unpleasant roaring sound. 
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Fig. 3 – TCR example -  Left: spectrum at LR (average coast down 80 – 20 kph); 
Right: spectrogram at LR (coast down 125 – 20 kph) 

The TCR phenomenon originates from the standing wave behaviour in the 

air-tube cavity [7]. The most pronounced effect is mostly at its first 

resonance.  

The tyre acoustic cavity resonance is excited by the tyre/road contact 

interaction. The modal damping ratio of the acoustic resonances is 

remarkably lower than the damping ratio of the tyre structural modes, as 

proved by Kindt in [5]. 

TCR is characterized by one frequency which splits into two frequencies 

with increase of the rotational speed of the wheel (see Fig. 3). This is also 

known as bifurcation effect which will further be discussed. 

TCR phenomenon was firstly discovered and experimentally confirmed by 

Sakata et al. (1990) in [8] who measured both vibration and also noise 

measurement in a test vehicle.  

 

Fig. 4 - Vertical acceleration level at the spindle in a coasting test [8] 

In Fig. 4 above Sakata’s result is presented where peaks A and C correspond 

to the tire structural resonances. Peak B was identified as a TCR 

consequence. This was proved by filling cavity with polyurethane foam 

while observing damping of this peak as shown in Fig. 5. 
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Fig. 5 - Effects of filling the tire cavity with polyurethane foam on the sound 
pressure level at the driver place in a coasting test [8] 

 

2.1.1.6 Tyre cavity resonance split (bifurcation effect) 
 
Since the discovery of the TCR phenomenon it has been observed that its 

resonance frequencies are dependent on the rotational speed of the wheel. 

Hence, this resonance frequency split into two separate resonance peaks 

with increasing speed. This behaviour is sometimes also referred as the 

bifurcation effect [5] and its physical explanation is twofold: 

1) TCR frequency split due to break in the axis symmetry (non-rotating 

tyre) 

Sakata et al. (1990) in [8] claimed that presence of two acoustic modes for 

non-rotating tyre is the effect of the tyre deformation resulting from the 

contact with road which yields in break in the axis symmetry. 

Sakata et al. divided the resonance frequencies into a low and high mode 

while being 90° rotated. They claimed that the low frequency mode excites 

the spindle in the horizontal direction, whereas the high frequency mode in 

vertical direction. They also explained that high frequency mode has larger 

effect in the interior noise due to vertical excitation of the spindle [8]. 

This has later been studied and also by (Yamauchi and Akiyoshi, 2002) in 

[9]. They have measured both free suspended tyre and tyre mounted to the 

vehicle (loaded) while observing only one and two resonance peaks, 

respectively (see Fig. 6 – left). Therefore, they confirmed hypothesis of the 

two peaks being caused by the break in the axis symmetry. 

Nevertheless, they have confirmed the direction of spindle excitation of the 

lower and higher resonance frequency as shown in Fig. 6 (right). 
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Fig. 6 – LEFT: FRF of suspended and loaded tyre[9]; RIGHT: x-axis and z-axis 
vibration contribution to the loaded tyre FRF [9] 

Fig. 7 below from [9] describes the pressure distribution in the tyre cavity at 

low frequency    and high frequency    modes. Furthermore, the direction 

of spindle excitation is highlighted. 

 

Fig. 7 – Modes of the tire cavity resonance and related direction of excitation [9] 

Another author, who confirmed this theory, was (Kind, 2009) in [5]. He also 

studied suspended and loaded non rotating tyre (see Fig. 8) when observing 

bifurcation effect of the resonance frequencies in the latter case. It is 

mentioned in [5] that bifurcation effect causes the double poles of non-

rotating wheel to split up in two poles. 

 

Fig. 8 – Air cavity model of the loaded tyre [5] 

In addition, formulas for estimating first horizontal and vertical resonance 

frequency, respectively, were presented by [5] as Eq. (5) and Eq. (6). A good 

agreement with measurement was observed [5]. 

             
 

           
 (5) 

             
 

           
 (6) 
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where 
   denotes median circumferential length of the air cavity and     

represents contact path length.   is the ratio of the undeformed cavity 
cross-sectional area    to the cross-sectional area in contact path     

 

   
   
  

 (7) 

 

2) TCR frequency shift due to Doppler shift effect (rotating tyre) 

Alternative explanation of TCR frequency shift can be found for instance in 

[6]. The authors (Walker & Cortés, 1989) claim that the TCR frequency is 

doubled due to the Doppler shift effect (speed of sound ± rolling speed) 

which causes the single peak split up into two resonance peaks.  

The two resonance frequencies are then given by the wave travelling in the 

rolling direction and by the wave travelling the opposite direction, 

respectively [6].  Equation for the TCR frequency shift with increasing speed 

is defined in [6] by Eq. (8)  

                
    
  

 (8) 

   = tangential speed defined at r(m) [m/s] 

Kindt in [5] studied the travelling waves in tyre both with co-rotating 

reference system and in the fixed reference system. According to his 

observations, a backward travelling wave (opposite direction of the 

rotation) is associated with the higher TCR frequency, whereas a forward 

travelling wave is linked to the lower TCR frequency. This is caused by the 

different circumferential phase speed of the forward and backward acoustic 

wave [5] as the air inside the tyre cavity rotates together with tyre. Result 

of his study is presented in (8) which indicates the frequency shift. 

He has also pointed out that frequency shift due to the Doppler shift is 

much more pronounced that the shift caused by the bifurcation effect 

(break in axis symmetry) [5]. 

 

Fig. 9 – TCR frequencies as a function of rolling speed [5] 



14 
 

Kindt [5] has also shown that TCR frequency doesn’t change with und being 

dependably on temperature different inflation pressure whereas it strongly 

depends on the temperature change (since the speed of sound depends on 

temperature). 

3) TCR frequency shift due to increase of the tyre cavity mean radius 

(Yamauchi and Akiyoshi, 2002) in [9] have also studied dependency of the 

resonance frequency shift on the tyre rolling speed. They have evaluated it 

according to the vibration of the wheel hubs. It can be seen that when the 

vehicle speed is increasing then    is also increasing and    is decreasing. 

Moreover, the average resonance frequency     (dashed line) is also 

increasing [9] as shown in Fig. 10. 

 

Fig. 10 –LEFT : TCR peak dependency on the vehicle speed [9];  
RIGHT: Tyre cross section [9] 

However, the shift of the resonance frequency with vehicle speed is 

according to authors of [9] caused not by the Doppler shift effect but by the 

outward move of the gravity line with vehicle increasing speed thus 

increasing radius     . Centre of gravity of tyre acoustic cavity and the 

corresponding radius is depicted in Fig. 10. 

 

Comments on the argumentation of the TCR bifurcation effect 

The second explanation regarding Doppler shift effect has also been 

adopted by  ŠKODA AUTO NVH engineers and KTH researchers. 

The typical frequency of the TCR phenomenon has appeared to be defined 

only by the tyre and rim size together with the speed of sound of the 

medium which inflates the tyre. For standard tyre sizes of passenger cars 

(16”–18”), TCR frequency peaks occur in the frequency range 200 – 250 Hz. 

Simplified equation for the single cavity resonance is given in [6] by Eq. (9) 

              
 

  
 

 

        
 (9) 
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in which   is the speed of sound in the gas inflating the tyre [m/s] (cair ≈ 349 

m/s at 40°) and    is the mean length of the cavity [m] and      is the 

radius to the centre of gravity of the tyre cavity. 

 

2.1.1.7 Mitigation of Tyre cavity resonance effect 
 
Obviously, the most effective measure how to reduce tyre cavity resonance 

consequences in the vehicle interior is to reduce the source itself hence 

reduce the amplitude of the pressure variations. 

Various methods how to mitigate the tyre cavity resonance effect right at 

its source could be found across the literature. Summary of the available 

and already tested countermeasures follows as: 

e) Filling the tyre cavity with polyurethane foam as stated by Sakata et 

al. (1990) in [8] 

f) Filling the tyre cavity with some other gas than the air. For instance, 

the helium replacement effect was studied by (Mioduszewski, 

1999) 

g) Partly filling cavity with absorbing material while gluing it on the 

tyre (Haverkamp, 1999)  

- patented solution by Dunlop as “Noise shield” and “Veuro VE302” 

h) Gluing absorbing material with nickname “fox tail” on the rim 

(successfully proved in ŠKODA AUTO). 

i) Micro-perforated metal resonator located at rim by Fraunhofer IBP 

 

Fig. 11 – LEFT: Micro-perforated metal resonator solution, MIDDLE: Dunlop 
“Noise shield” patented solution, RIGHT: Dunlop Veuro VE302 [5] 

In addition, two novel methods have been described by (Molisani, 2004) in 

[10]. These are: 

j) Secondary cavities control approach / Quarter wave resonators 

- this approach is similar to Dynamic Vibration Absorber 

approach while detuning the tyre cavity resonance by using 

secondary cavities 

- using two secondary cavities 90° rotated in anti-nodes  

with coupling (damping) interface (e. g. viscoelastic screen). 
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Fig. 12 - Secondary cavity position and coupling interface detail [10] 

The length of the secondary cavity    should be chosen according to 

resonance frequency of the quarter wave resonator which occurs at 

frequencies according to Eq. (10): 

  
    

 
 
  
 
 

 

      

  
               (10) 

 

This is an innovative; however, not so practical solution. Firstly, when 

having TCR at 225 Hz this resonator should be            long exceeding 

the rim dimension. Secondly, the unbalance caused by adding non-

symmetrical components would be introduced. Thirdly, if the cavity length 

would be non-adjustable the countermeasure would be applicable only for 

one tyre type. 

e) Viscoelastic screen approach [10] 

- screens and elastic ring with high loss factor dissipate 

vibrational energy 

- screens are unfolded in the tangential direction due to 

centrifugal force 

- advantage of non affecting the tire structure 

 

Fig. 13 - Viscoelastic screen approach [10] 
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2.1.1.8 Discussion on the TCR control approaches 
 

Most of the above mentioned methods consist in filling the acoustic cavity 

with some absorbing material. Adopting this countermeasure leads to 

increase in cost of the vehicle which the automotive industry is reluctant to. 

However, the automotive industry would prefer primary integrated solution 

regarding the tyre, wheel construction or axle construction. 

Moreover, “filling cavity” solution (except viscoelastic screens) also disables 

using of the new tyre puncture kits which are replacing spare tyre in 

nowadays cars. It is also arguable if any of the “filling cavity” techniques 

conforms to the tyre manufacturer guideline and specification. 

Therefore, other steps have to be taken to suppress the adverse effect of 

the TCR in the passenger interior.  

This thesis, in its following experimental and modelling part, is primarily 

focused on these additional steps when the reduction of the source is not 

possible. These steps comprise of performing thorough transfer path 

analysis (TPA) of the whole car chassis with desire of detection of the most 

sensitive paths for propagation of the TCR vibrational energy and 

consequent examination of the suspected radiating panels (side-windows). 
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2.1.2 Transfer paths 

 
In general there are two main mechanisms for the acoustic and vibration 

energy to be transferred from the source to the receiver. It can be either via 

fluid or by solid medium. These two mechanisms are also referred as air-

borne mechanism and structure-borne mechanism, respectively. 

Sound spectrum in the car interior is composed from structure-borne and 

air-borne contributions when the transition region between them is 

typically said to be around 500 Hz [11] as depicted in Fig. 14. 

 

Fig. 14 - Transition region between Structure-borne and Air-borne noise [7] 

 
a) Air-borne mechanism  

Air-borne (AB) mechanism is characterized by the transmission of the 

acoustic energy in the form of the sound waves which are transferred from 

the source to receiver via fluid medium (e.g. air).  

AB mechanism has the dominant contribution to the interior noise in the 

frequency range of above approximately 500 Hz. 

Sound transmission through the cabin walls due to AB mechanism could be 

estimated by the transmission loss energy quantity which is defined by  

Eq. (11) as the ratio of the time averaged input power    incident to the 

car’s exterior and output power transmitted into the vehicle cabin   . 

            
  

  
  (11) 

 

Sound-waves can propagate into the car’s interior by various means: 

1. Structure-fluid interaction (coupling) on the car boundaries 

which is also referred as direct path. This mechanism depends 

on the coincidence frequency    which occurs when the 

wavelength of the incident sound is equal to the bending 

wavelength of the car wall[1]. For the simple plate (e.g. 

windshield) it is given by Eq. (12) from [1]. 
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 (12) 

 

In which            denotes mass per unit surface and    

denotes bending stiffness of the plate. 

 

a. Under the coincidence frequency     the sound 

transmission through the cabin walls is described by 

the so called Mass Law[12]. The salient feature of the 

Mass law for single plate is that the transmission loss 

   increases 6 dB for each doubling the mass (mass per 

unit surface) or frequency. 

 

 

Fig. 15 - Transmission loss curve for a single leaf panel [13] 

b. Above coincidence frequency, very good coupling is 

obtained and the structure itself begins to radiate 

which leads to higher sound transmission into the 

interior. [12] 

 

2. Leakage around door and window sealing deteriorates 

transmission loss of the cabin walls. It is important especially at 

high enough frequencies that the in-plane dimensions of the 

leakage are large, in terms of Helmholtz number, which relates 

frequency and the dimension  of the leakage according to Eq. 

(13) 

         
 

 
    

  

 
   (13) 

 
where   [m-1] is the wave number and   [m] is the typical 

dimension of the leakage area. 
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3. Flanking transmission or an indirect path denotes acoustically 

induced vibrations which are transmitted via the structure into 

the interior surfaces (plastic covers, windows) which are 

consequently radiate sound into the interior. 

 

b) Structure-borne mechanism 

Structure-borne (SB) mechanism consists in the transmission of the 

vibration energy from the source to receiver along structural paths - via 

solid medium [7]. The energy of vibrations travels in the form of bending 

waves – combination of longitudinal and transverse waves [1]. 

SB mechanism has the dominant contribution to the interior noise in the 

frequency range of bellow approximately 500 Hz. 

The vibration energy which is not reflected in joints or dissipated in the 

vibration isolators (mounts, shock absorbers) is being transmitted to the 

panels which surround the vehicle interior. Therefore, these panels tend to 

vibrate thus radiate sound which then is being perceived by the receivers.  

 

Fig. 16 - Structure-borne noise transfer diagram [7] 

 
Reduction of the structure-borne mechanism 

SB mechanism and its consequences may be reduced by various ways in the 

different stage of the transfer path: 

a) By reducing source power which can be achieved e.g. by using 

better bearings in power-train, balancing rotating parts etc. 

However, reducing tyre/road noise source is hardly possible since 

meeting requirements for safety factors (i.e. prescribed contact 

surface/tread pattern etc.)  

b) Isolating car body from source excitation – by using vibration 

isolators (as mentioned in the section 2.1.5) 

c) Reducing transmission into the body structure – by frequency 

dependent structural measures [7] 
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d) Reducing cabin panel sound radiation – by covering them with 

insulation or absorptive layers. [7] 

 

2.1.3 Acoustic sensitivity of the transfer paths 

 
The vibration energy travels through the whole structure while crossing the 

joints and mounts where the energy could partly be reflected or dissipated.  

In the contrary, if the certain part of the structure is sensitive to specific 

frequency then vibration amplitude can even by amplified. This 

phenomenon typically occurs when the excitation frequency meets the 

resonance frequency (eigenfrequency) of the part of the chassis or body 

(e.g. axle, suspension).  

This could happen both in airborne-mechanism and structure-borne 

mechanism while the latter is more significant for vehicles. 

Estimation of the acoustic sensitivities of certain chassis components in 

terms of their transfer functions will be of the tasks of the experimental 

part of this thesis. 

 

2.1.3 Vibration isolation of the main sources 

 
In some cases, it is possible to use vibration isolator directly at the source 

location. This method is used especially for rotating parts (e.g. shafts) 

where the bending or torsion modes of the shaft meet the excitation 

(rotating) frequency leading to excessive levels of vibration amplitude.  

Therefore, the tuned vibration isolators also referred as Dynamic Vibration 

Absorber (DVA) as shown in Fig. 17 are often used.  

 

Fig. 17 – Vibration hydraulic absorber made by Continental [14] 

The DVA approach consists in detuning i.e. shifting the resonance and 

adding damping to the primary system. The resonance shift is controlled by 

the mass of the secondary system and the amplitude reduction by the 

amount of damping in DVA [10] as shown in Fig. 18. 
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Fig. 18 – Concept of the Dynamic Vibration Absorber [10] 

This concept can be used not only directly at the source location but also at 

the sensitive parts of the transfer path or at the selected radiator locations. 

Concerning the main source of interest of this master thesis – rolling noise / 

tyre cavity resonance issue, this strategy is, however, not applicable since 

the TCR problematic frequency changes with vehicle speed as previously 

discussed. 

 

2.1.5 Vibration isolation of transfer paths 

 

To decrease transmission of vibrations from the tyres/road interaction, the 

engine and other sources, various vibration isolators are used across the car 

body. 

Vehicle suspension is provided by shock absorbers which consist of 

hydraulic piston and the spring-based absorber. Hydraulic piston absorbs 

and dissipates vibration whereas spring serves to only absorb energy [15]. 

 
 

Fig. 19 - Commercially-available vibration isolators (picture by B&K) [1] 

 
Attachment of the engine to chassis and the chassis to car trunk is provided 

by various types of rubber isolators. These rubber mounts can specifically 
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be designed according to its dynamic stiffness and the loss factor which are 

two fundamental properties of the vibration isolators [1]. 

Nevertheless, the detailed dynamic stiffness characteristics specified by the 

isolator manufacturer is not very often provided or it is only so called 

corrected static stiffness [1]. Therefore, the FEM or direct modelling 

approaches of the vibration transmission from the sources to the cabin 

requires additional measurement of the isolator characteristics.  

In the modelling part of this thesis will, however, be used an indirect 

approach with no need of dynamic stiffness measurements which would be 

far beyond the scope of this thesis. 

 

2.1.6 Radiation efficiency of cabin walls  

 
The last part to complete the source-path-receiver scheme is to determine 

which panels of the car cabin walls radiate the noise of concern. To 

determine this experimentally, the so called panel contribution analysis 

(PCA) needs to be performed. Nevertheless, this is rather time-consuming 

task concerning car interior due to the number and complexity of single 

panels. Hence, this task is not involved in this investigation due to time 

constraints. 

Nevertheless, deflection shape analysis and FEM modal analysis determines 

the resonance frequencies of the single panel; hence suspicious sound 

radiators can be estimated. 

It is worth mentioning here that plate (panels) radiation efficiency is the 

highest at critical (coincidence) frequency fc which was defined by Eq. (12). 

Below this frequency the radiation is much lower. Radiation efficiency also 

differs within plate resonant behaviour for odd and even eigenmodes when 

odd eigenmodes are more efficient radiators since incomplete cancelation. 

[12] 

 

2.1.7 Vibroacoustic insulation of the cabin walls 

 
When it comes to cabin walls, the current tendency is to reduce the 

thickness of almost all metal sheets (plates) in order to decrease the weight 

of the car and meet CO2 limits. As a consequence to this measure, the 

plate’s stiffness is reduced; hence the point mobility is increased. 

Therefore, plates could vibrate and thus radiate sound more easily. 
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To prevent single plates to radiate sound into interior several measures can 

be made: 

a) The certain surfaces of the steel panels may be coated by the 

vibration damping materials which reduce their vibration levels. 

Bitumen (heavy oil) or polymer, single layer sheets or sprayed-on 

pads, multilayer sheets constrained with a thin metallic layer [16]. 

 

b) The largest panels (roof, 5th doors) may be stiffened which leads to 

shifting its resonance frequency up in the frequency region. 

Sometimes also mass is added to certain panels to shift their 

resonance frequency down.  

 

c) By attaching tuned vibration absorber which absorbs the vibration 

energy as mentioned in the section 2.1.3. This is used especially for 

low-frequency phenomenon (e.g. booming noise).  

 

d) Sandwich construction such as using the new type of multi-layered 

laminate windows which consists of two glass layers with 

transparent foil in between. Therefore, vibration behaviour is 

improved as well as its acoustic performance. 

 

e) The cabin floor may be covered with the carpet fastened to it by 

pins (i.e. avoiding of direct contact of the carpet and metal floor). 

 

2.1.8 Acoustic insulation of the passenger compartment 

 
In addition to above mentioned countermeasures to minimize the vibration 

transmission and consequent sound radiation, other noise 

countermeasures are used directly in the passenger compartment (cabin): 

a) Reducing the sound pressure in the cabin cavity by using absorptive 

materials (e.g. seat absorption, carpet absorption)[16] 

b) Reduce sound near driver’s ear position (e.g. roof absorptive layer) 

c) Eliminate acoustics leaks through holes, windows by sealing [16] 

d) Active noise control at the driver’s ear position (rarely used in 

automotive) 
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2.2 Transfer Path Analysis 
  

Transfer path analysis (TPA), also known as source-path-contribution (SPC) 

and Noise path analysis (NPA) is a widely used technique in the automotive 

industry. TPA is intended for rank ordering noise and vibration sources with 

quantifying their relative contribution to the interior/exterior sound [17]. It 

is a very powerful tool known to provide in-depth analysis bringing useful 

diagnostic information. It is however rather time consuming to apply. 

 

2.2.1 Transfer Path Analysis Applications 

 
TPA is used especially in the automotive and aviation industry where 

complex structures are involved and thus source determination and related 

vibro-acoustic path are not always obvious. 

TPA is used for many applications as source ranking and trouble-shooting 

[4]. Experimental TPA is also favoured technique for vehicle NVH 

refinement if some problems remains close to start of production [18]. 

Moreover, the novel application is so called NVH simulator where the 

sound is synthesized from the partial contributions and could be listened in 

the real-time when driving simulator vehicle. 

 

2.2.2 General principle 

 
The general principle of TPA is the possibility to estimate the response at 

the targets position(s) by knowing the strength of all sources and transfer 

functions between source and target positions(s) [18]. 

This statement is valid on the major assumption that the structure (vibro-

acoustic system of propagation) is linear and time invariant [18]. 
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Fig. 20 - Transfer path analysis principle [19] 

Fig. 20 presents how car can be divided into coupled components which are 

described by transfer functions. These transfer functions provide coupling 

between different mechanical properties such as forces, vibrational 

velocities and sound pressures [19]. 

Transfer Path Analysis is based on the source-path-receiver (SPR) principle. 

The theory of this principle is described in the previous section 2.1. 

However, description of the certain chosen sources and transfer paths was 

provided. To complete the definition of SPR principle beyond TPA more 

general explanation needs to be provided here. 

 

Sources in TPA  

Source, sometimes being referred as load, can be both structural and 

acoustic which are in TPA represented by applied force or volume velocity, 

respectively.  

Moreover, there is possibility to discretize individual sources into coherent 

subsources. As it was discussed in 2.1.1 d) tyre/road source incorporates 

many different sound generation mechanisms. T/R source is sometimes 

said to have two subsources – one at leading edge and the other at the 

trailing edge, what however applies mainly to high frequencies [4].   

The upper frequency limit      of the analysis is given by the distance      

between those subsources. The wave length of the maximum frequency 

should not be less than twice the distance between two subsources [4] 

which is related by Eq. (14) 

                (14) 
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Transfers in TPA 

Transfer denotes the transfer path where the relevant vibro-acoustic 

energy spreads from source to the receiver location. It can either be 

structure-borne or air-borne as defined in previous chapter 2.1.2 Transfer 

paths. 

Transfer paths are mathematically described by corresponding transfer 

functions. 

 

Receiver in TPA 

Receiver denotes specified targets of interest in TPA. It can either be 

acoustic target (e.g. sound pressure at the driver’s ear) or vibration/tactile 

target (e.g. steering wheel shake, window panel vibration). 

 

2.2.3 Traditional (Synthesis) TPA formulation 
 

Traditional TPA approach consists in superposition principle which is valid 

for linear, time-invariant systems [18]. Methods using this principle belong 

to the so called “Synthesis family”. 

 

Fig. 21: TPA - synthesis method principle  

This basic principle of TPA - synthesis approach is that the total response at 

the receiver’s position (e.g. sound pressure, vibration) is obtained as a sum 

of contributions due to individual paths and sources. 

The individual path contribution to the response in point m from force 

acting in point n in direction k is given by Eq. (15) according to [18] as: 

                         (15) 

where 
     ≡ (complex) sound pressure spectrum 
     ≡ (complex) frequency response function (e.g. NTF) between n and m 
       ≡ (complex) force spectrum 
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The total response (pressure in the point m) is therefore obtained as a 

summation of the individual contributions by Eq. (16) 

                  

   

       

                

   

       

  (16) 

 

Note that formulation (16) is defined only for translational DOFs. The 

omission of the rotational DOFs will further be explained. 

 

Alternative TPA approach for evaluation mid and high frequencies 

Upper frequency limit is also mentioned by (Plunt, 2005) who claims that  

for using TPA at mid and higher frequencies (above 150-200 Hz) in road 

vehicles, it may be reasonable to introduce different TPA formulation based 

on the response statistics of multimodal vibro-acoustic systems with strong 

modal overlap[18].  

He proposed using an averaged FRF (from 5% bandwidth up to 1/3rd octave) 

when defining force and response at discrete frequencies [18]. Therefore, 

redefining Eq. (15) as Eq. (17) 

       
        

             
 
       (17) 

 

 

2.2.4 Transfer function estimation  
 

Transfer function is also referred as frequency response function or path 

sensitivity. In order to estimate total response from partial contributions, 

the transfer functions need to be determined.  

Transfer functions are estimated by using measurements in experimental 

TPA. It can also be estimated theoretically from CAE model from e.g. finite 

element method. 

Transfer function estimators 

In general, there are two transfer function estimators H1 and H2 which are 

calculated using auto spectrum and cross spectrum of the input A and 

output B. Each of two estimators H1 and H2 eliminates noise (by averaging 

spectra) either on the input or on the output. 

   is, therefore, appropriate estimator when the output is noisy and is 

defined by Eq. (18) 
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 (18) 

 

   is, on the other hand, appropriate estimator when the  input is noisy. It 

is defined by Eq. (19) 

       
      

       
 (19) 

    and     ≡ auto spectra of the measured input and output respectively 
    ≡ cross spectrum between input and output 
 
 Moreover,    is often used in ŠKODA AUTO and it is calculated as a 

average of the    and    as in Eq. (21) 

       
      

 
 (20) 

 

Transfer function types 

In general, there are various types of transfer functions based on the 

physical quantities which are used for their determination.  The most 

widely used transfer functions within TPA are shown in the following 

diagram (see Fig. 22). 

 

Fig. 22 – Types of transfer functions for TPA 

 

a) Noise transfer function – Direct method 

Noise transfer function (NTF) is the most commonly used when estimating 

system properties in automotive industry. It is also being referred as direct 

method for estimating FRF.  

NTF can experimentally be estimated by using impact hammer and 

microphone. NTF is then defined by the ratio of the resulting pressure over 

the input force as given in Eq. (21) 
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      (21) 

 

Moreover, it is evident directly from NTF if the certain path is sensitive on 

the excitation in the frequency range of interest. This increased sensitivity 

may be caused by the resonance of specific structure within the analysed 

path together with fluid-structure coupling effects and also the cabin air 

cavity resonances. 

b) Green’s function – Reciprocal method 

Green’s function (GF) or Acoustic transfer function (ATF) is also referred as 

a reciprocal method for estimating NTF. This technique has been developed 

to reduce measurement effort and improve accuracy [2]. 

Volume velocity source (VVS) is placed at the receiver position (driver’s 

ears) and the resulting acceleration is measured at the source locations. 

This measurement could also be performed vice versa depending on the 

ratio of number of paths to number of receivers and also on the VVS 

strength. 

GF is therefore estimated as a ratio of the resulting vibrational velocity    

over the volume velocity   according to the following Eq. (22)  

     
  

 
    

   

    
      (22) 

 

However, the acoustic energy, especially in the low frequencies, is not very 

often high enough; hence the structure is not sufficiently excited. 

Therefore, the noise/signal ratio can be low. Therefore, various types of 

Volume velocity sources for specific frequency ranges exist. 

 
Fig. 23 - Reciprocal method (GF): Left - wheel hub with ACC; Right – VVS 
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c) Vibro acoustic transfer function 

Vibro acoustic transfer function (VTF) is obtained when exciting structure 

with a force and measuring corresponding vibration behaviour in the target 

position (e.g. mirror). It is defined by Eq. (23) 

      
  

 
    
   

 
  (23) 

 

2.2.5 Operation force/loads estimation 
 

Operation forces (or loads) can be estimated by two methods when each of 

those methods, of course, brings its advantages and drawbacks. These are 

either direct or indirect methods. 

2.2.5.1 Direct method  
 
Direct determination of operating forces involves placing resilient 

connecting elements such as force transducers to the mounts. 

This approach is not always applicable since placing the force transducer 

most often causes also change of the dynamic behaviour of the system [4]. 

Moreover, mounting force transducers would also be time consuming. 

 

2.2.5.2 Indirect methods 
 
Indirect approach consists in estimation of the operation forces by using 

approximate methods. There are different methods for structural and for 

acoustic loads as depicted in Fig. 24. 

 
Fig. 24 – Field of application of various TPA methods in automotive [20] 
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The following chapter will mainly be focused on the description of TPA 

methods used in the Brüel & Kjaer Source Path Analysis (SPC) software, in 

order to choose the most appropriate method for investigation of the TCR 

issue according to ŠKODA AUTO project task specifications. 

 

I. Structural loads: 
 

a) Mount stiffness method (Complex mount stiffness) 

This method belongs to the so called “Synthesis family” and involves two 

steps. The first is the measuring of operating displacement at the active 

(source) side and the passive (receiver) side.  

 

Fig. 25 – Active and Passive side of an engine mount [20] 

  
The second step involves measuring dynamic stiffness of the mount, which 

is not always possible due to high requirements on equipment. Alternative 

is to use manufacturer approximate static stiffness [20]. 

Subsequently, operating forces could be estimated by using Eq. (24) [18] 

                                  (24) 

    ≡ (complex) dynamic stiffness for mount n in direction k 
     ≡ operating displacement at the active (source) side 
     ≡ operating displacement at the passive (receiver) side 
 
It needs to be noted that all the subtractions and summation are performed 

with respect to phase. In order to perform phased summation, phase 

assigned spectra (PAS) has to be used instead of auto spectra.  

 

Application: 

This method is suitable especially for correlated sources (e.g. structure 

borne engine noise). Therefore, this method wasn’t used within this thesis. 



33 
 

Advantage: 

 Single noise path can be measured independently of all other paths 

> Local method - possibility of focusing only on an individual path. 

 Relatively straightforward (simple physics beyond) and easy 

interpretable method 

Disadvantage: 

 The need of dynamic mount stiffness   measurement, which is 

technically difficult (e.g. estimation of pre-loads on mounts with 

hydraulic shakers) 

   (dynamic stiffness) is also highly sensitive to many parameters 

(temperature, preload, displacement etc.) 

 Time consuming method  

 

b) Impedance matrix method 

This method also belongs to the “synthesis family”. Impedance matrix 

method is based on the inversion of Accelerance matrix which is measured 

only on the passive side (see Fig. 26) of the mounts. 

 

Fig. 26 - Accelerance matrix measurement on a passive side of suspension  

Accelerance matrix (or Inertance matrix) consists of transfer functions     

defined by Eq. (25) between structural responses (acceleration    ) and 

exciting forces     acting at all interfacing DOFs on the receiver side. 

     
   
  

 (25) 
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To obtain operational forces   , inverted Accelerance matrix (i.e. 

impedance matrix) is multiplied with vector of operational vibrations 

(acceleration)      measured on the receiver side according to Eq. (26) 

  
  
 
  

   

          
  

        

 

  

 
     
 

    

  (26) 

In this method it is necessary to measure the full accelerance matrix to 

include all the possible paths where energy can travel from source of 

interest to the car’s body. 

Note that in Equations (25),(26),(27) and (28) the frequency dependency 

    has been omitted for the sake of clarity. 

 

Fig. 27 - Operational force estimation from operational acceleration 
measurement on passive side [20] 

To improve accuracy of the force estimation over-determination of the 

measured Accelerance matrix is recommended.  The number of responses  

  should be twice larger that the number of force DOFs   [18]. This can be 

assured by putting additional accelerometers (so called indicators) close to 

the mounts (see Fig. 27). 

 

Assumption and limitations 

The main assumption of the classical TPA approach is that each transfer 

path should be isolated when performing laboratory measurement of 

accelerance matrix which can be ensured by removing active side sub-

structure. This is required in order to eliminate any flanking paths which can 

introduce “cross-talk contributions” in the TPA formulation [17].  

Disassembling the system; however, represents two main limitations of the 

classical TPA methods. First, it makes the whole process rather time 

consuming. Second, it influences the sub-system’s boundary conditions 

which are changed and thus not representing the real system anymore [18]. 

Despite of this theoretical assumption/requirement, there are well-

experienced acousticians [20] who perform lab FRF measurements without 

the disassembling structure in some special cases: 
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a) If the mounts are soft enough (e.g. exhaust hangers) then the active 

components should be left in place during lab measurements. [20] 

 

b) In the article [11] the comparison of connected and disconnected 

suspension during FRF measurements is presented. The conclusion 

is that “connected” case yielded a bit inferior results than 

“disconnected” but was generally correct. 

Based on the results stated in [11] which present very similar application as 

in this thesis and due to the time-limitation, the inverse matrix method will 

be performed without removing the active side (i.e. vehicle suspension). 

 

Application of the impedance matrix method: 

This method is suitable especially for correlated sources (e.g. structure 

borne engine noise) but also for uncorrelated sources when using Principal 

Component Decomposition and Singular Value Decomposition (SVD) 

technique [20]. This method was used within this thesis. 

Advantages: 
 Dynamic mount stiffness not required to know (avoidance of 

difficult measurement) 

 Method suitable if the transfer paths include rigid connections or 

the mounts are very stiff compared to the receiving structure (i.e. 

vehicle suspension) [18] 

 Removing active side not required in special cases (see assumptions 

and limitations above) 

 Works for both structural and acoustic loads 

 

Disadvantages: 

 Global method - impossibility of focusing on individual path or few 

paths due to the requirement for measuring of all possible paths 

 No information about mounts characteristics obtained 

 Time consuming due to the need of the disassembling the structure 

for eliminating flanking paths (not required in special cases) 

 Recommendation of accelerance matrix over-determination yields 

high demand for the number of channels 

 Highly sensitive to phase errors (mid and high frequencies) [4] 

 Matrix can be ill-conditioned due to the matrix inversion (however 

improving condition number possible by using regularization tool) 

[2] 
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Comment on omission of Rotational DOFs 

Equation (16) above is valid only if the translational DOFs are considered in 

the measurements. In the most cases of TPA the rotational DOFs are 

omitted due to the difficulties associated with moment excitation and the 

measurement of angular velocity. (A.S. Elliott et al. 2013) in [17] have 

shown relatively minor influence of moments with only slight 

improvements in structure-borne noise predictions when including 

rotations in measurements.  

In the case of the article [17], the TPA for the vehicle suspension was 

performed as well as in this master thesis. Based on Elliott’s findings and 

due to the complexity of the structure rotational DOFs are not considered 

in this thesis. 

 

II. Acoustic loads: 

 

c) Source substitution method 

This method is based on the same principle as Impedance matrix method; 

however, its application is for the air-borne noise. 

The principle of Source substitution method is substituting the real source 

by a set of point sub-sources. The strength of each point source is then 

estimated using indicator measurements. Airborne transfer functions (ATF) 

between point sources and receivers also needs to be measured. 

 

Fig. 28 - Source substitution method principle [20] 

 

The matrix     used in this method consists of transfer functions     

defined by Eq. (27) measured between source and indicator microphone. It 

is obtained by using Volume Velocity Source (VVS) producing volume 
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velocity   [m3/s] and measuring related sound pressures      [Pa] at the 

indicator/reference microphones. 

     
    
  

 (27) 

 

To estimate operating source strength e.g. acoustic volume velocities  , 

inverted transfer matrix     is multiplied by vector of operational 

pressures      measured in the receiver positions according to Eq. (28) 

  

  
 
  
   

          
  

        

 

  

 
   
 
   

  (28) 

 

Standard TPA approach where the total response is obtained by summation 

of the individual contributions according to Eq. (16) is valid only if there is 

only one independent acoustic source. This means that all the subsources 

are correlated. This is not the case for instance in tyre/road interaction 

when tyre is said to have two subsources (leading and trailing edge, at 

somewhat higher frequencies. 

However, if there are uncorrelated subsources it is possible to perform 

source substitution method by using Principal Component Analysis (PCA) 

based on Singular Value Decomposition (SVD) [20]. This involves 

decomposing the measured sound field into principal fields by using phase 

assigned spectra which results in the decorrelation of the signals. More 

extensive discussion on SVD is found in [20; 21; 22] 

 

Application: 

This method is suitable for correlated sources but also for uncorrelated 

sources provided using PCA and SVD. 

This method has the same advantages and disadvantages as Inverse matrix 

method for structure borne noise.  This method wasn’t used within this 

thesis.  

 

2.2.6 Decomposition methods  
 

In contrary to the “synthesis family” methods, decomposition methods 

require only operational data; hence they are fast and practical. They are, 
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however, based on the assumption of uncorrelated sources since the 

method uses coherence between source and receiver.  

It allows separating individual sources and determining their respective 

contribution to the measured response. However, it does not provide us 

with any information about transfer paths which is also the main drawback 

of these methods [2]. 

 

a) Multiple Coherent Output Power (MCOP) based method 

The basic principle of the MCOP decomposition method is that the total 

response measured at the receiver’s position (e.g. sound pressure, 

vibration) can be decomposed into individual source contributions based on 

the reference signals which are recorded in a vicinity of sources.  

In the Brüel & Kjaer Source Path Analysis (SPC) software, this method is 

called Road decomposition method. 

 

Fig. 29: Decomposition method principle [2] 

References can either be accelerometers or the microphones placed as 

closed to the source of interest as possible.  

The measure of the degree of linear relationship between two signals is 

described by ordinary coherence function [21] given by the Eq. (29) 

     
     

        
 

      
              (29) 

 

Coherent power        then shows the amount of auto-spectrum resulting 

from the linear relationship between two signals. [21] It is defined by Eq. 

(30) 

           
            (30) 

 

The Multiple Coherence function       
  is defined as a proportion of total 

output power originating from group of coherent inputs  

                     to one output      [20] given by Eq. (31) 
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              (31) 

where: 

    
     ≡ Hermitian transpose (Conjugate transpose) of the m dimensional 

vector of cross-spectra between inputs X and output y 
    

       ≡ inverted m x n dimensional matrix of auto-spectra and cross- 
      spectra of the series of inputs 

       ≡ auto-spectrum of the output 

 
Both ordinary and multiple coherence function have values ranging from 0 

to 1 when 1 indicates the perfect linear relationship between input (series 

of inputs) and output whereas 0 denotes lack of coherence.  

The Multiple Coherent Output Power (MCOP)          is then obtained as 

a product of Multiple Coherence function and the output auto-spectrum 

given by Eq. (32) 

               
             (32) 

 

Assumptions: 

All the inputs (sources) have to be uncorrelated. If there are coherent 

inputs then    
   becomes ill-conditioned. Therefore, so called grouping or 

eliminating of the coherent sources needs to be performed, possibly using 

the regularization techniques can improve the results [20]. 

Application: 

 Due to the basic assumption this method is intended primarily for 

road noise decomposition when the individual sources of interest 

are considered to be uncorrelated 

 Typical sources of interest in this method are shown in Fig. 30 

 

Fig. 30 – Typical sources of interest within MCOP based method  
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Advantages: 

 Fast and practical method for source separation and source ranking 

 Determination of the contribution of uncorellated sources (e.g. 

wheels) 

 Results are easily interpretable  

 Preliminary method for more advanced methods (e.g. for 

impedance matrix method) 

Disadvantages: 

 Non applicable for correlated/coherent inputs but there are 

possibilities to eliminate or group them 

 Matrix inversion related problems (as discussed before) 

 Does not provide any information about paths, only source ranking 

This method will be included in the experimental and analytical part as a 

preliminary method for impedance matrix method. 

 

2.2.7 Operational transfer path analysis (OTPA) 
 

OTPA is fast and practical method which shares properties both from 

synthesis and decomposition methods. The main advantage of this method 

is the possibility of identifying transfer paths without disassembling the 

structure and using only the operational forces  [2]. 

On the other hand, it also has many drawbacks such as uncorrelated 

sources requirement, strong-coupling effects contributions etc. 

OTPA makes use of the so called transmissibility concept which involves 

estimating Transmissibility matrix which is measured during the operation 

and thus is not the property of the system. Note that transmissibility It is 

not linking cause and effect but only two effects. 

The formulation of OTPA is in matrix form given by Eq. (33) 

                       (33) 

where: 
        ≡ vector of responses (sound pressure at driver’s position) 
     ≡  vector of operational responses measured in vicinity of the source 

          ≡ transmissibility function matrix 

 

Transmissibility function matrix           is estimated between responses 

at receiver positions and responses at the vicinity of the source positions 

(reference positions) [4] according to Eq. (34) 
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   (34) 

where: 

         ≡ cross-power spectrum between targets and references  

        
  

 ≡ inverted matrix of auto-power spectrum of the references 

 

One has to bear in mind that OTPA method is non-causal due to using 

response-response principle in contrary to TPA method which uses load-

response principle.  

Therefore, in OTPA the target measured curve always exhibits a good 

agreement with model (curve synthesised from individual contributions) 

[20]. Hence, the quality and validation check could not be performed by 

comparing these two curves as done in classical TPA model.  

The references should be placed near actual sources to provide maximal 

uncorrelation. Invertability of the reference auto-power spectrum is 

ensured by performing number of different conditions (e.g. run-up, run-

down) during measurements [23]. 

 

Limitations of OTPA: 

Omitting sources which are correlated with sources included in analysis 

leads to spreading their energy over the included ones. If neglected sources 

are not correlated with those included then overall response synthesis will 

not match measured response [22]. 

Cross-coupling effects between paths can yield to incorrect partial 

contributions [4]. However, this could be eliminated by using SVD and PCA 

techniques if the sources are not highly coherent. 

The requirement of uncorrelated sources makes the method suitable only 

for certain applications 

Further, interpretation of the data obtained with OTPA is not as 

straightforward as it is with classical TPA. With TPA approach it is possible 

to say if the significant contribution to the target pressure is due to high 

estimated forces or due to high sensitivity of the transmission path. In OTPA 

the transmissibility function is the property both of source and the 

structure and therefore it is not clear where to make modifications [17]. 

Applications: 

The method is primarily intended for uncorrelated sources. This is an ideal 

method to use for tire road noise.  
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However, this method was not involved within master thesis experimental 

investigation due to the time limitations and vague results interpretation. 

 

2.2.8 Discussion on method selection 

 

Based on the application requirements of the single TPA methods and also 

on the time aspect of abovementioned methods the two selected methods 

were used within this master thesis.  

The first method used was the multiple coherence decomposition method 

(Road decomposition method in B&K SPC software) which served as a 

preliminary method to show the certain areas where the TCR vibro-acoustic 

energy is transmitted.  

The second method used was the Impedance matrix method which was 

intended to localize individual suspension-body mounts throughout the 

majority of the TCR vibro-acoustic energy is transferred. 
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3. Experimental part 
 

3.1. Measurement Object 

Car 1  

  

Type SKODA Octavia RS 
Platform SK372_RS 
Registration 
No. 

F0043041 

Serial No. TMBJE9NE8F0043041 
Engine 2.0 TSi; 162 kW 
Wheels 18’’ Al rim 
Tyres BRIDGESTONE POTENZA 

S001 225/40 R18  92Y 
Purpose Dynamometer testing – TCR 

mode identification 

 

Car 2  

  

Type SKODA Octavia 
Platform SK372 
Registration No. R0000307 
Serial No. TMBJD6NE5D0000307 
Engine 1.8 TSi, 132 kW 
Wheels 1 18’’ Al rim 
Wheels 2 16’’ Al rim 
Wheels 3 16’’ Fe rim 
Tyres 1 

 

Dunlop SP SPORT MAXX GT 
225/40 ZR 18 92V 

Tyres 2 

 

Continental  
ContiPremium Cont 5 
205/55/R16 H 91 H 
Treadwear 280, Traction AA 
Temperature A 

Tyres 3 

 

Continental  
ContiPremium Cont 5 
205/55/R16 H 91 V 
Treadwear 280, Traction AA 
Temperature A 

Purpose Real conditions testing - polygon 
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3.2. Measurement Environment 
 
Experimental part was carried out at 3 different locations: 
 
 

a) Lab Road noise decomposition measurement was performed on 4-
wheel roller bench inside a semi anechoic chamber, at the NVH 
department at ŠKODA AUTO in Mlada Boleslav, Czech Republic 

 
b) Lab measurement of FRFs and Deflection shapes analysis (impact 

testing technique, laser scanning) was performed inside Modal 
Analysis lab, semi anechoic chamber, at the NVH department at 
ŠKODA AUTO Auto in Mlada Boleslav, Czech Republic 
 

c) In-situ Road noise decomposition and measurements of operational 
responses + ODS (Operating deflection shapes)  analysis was 
performed at official VW test track in Germany 

 

3.4. Measurement Equipment 
All the measurements were carried out using the following measuring 

equipment: 

DEVICE/Type Identification No.  

Acquisition device  

B&K FFT Analyzer (Front-end)   

PSV-500-3D Scanning Vibrometer  

MICROPHONES Serial No. 

G.R.A.S. SOUND & VIBRATION 
1/2“ Free-field Microphone Set Type 
46AE 

174909, 174916, 199306, 
199305 

B&K ¼“ Array Microphone Type 4957 
(from 50 Hz) +  windscreen 

2663719, 2663720, 2663721, 
2663722, 2663723, 2663724, 

2663725, 2663726 

ACCELEROMETERS  

Bruel & Kjaer 
Triaxial DeltaTron Accelerometer Type 
4524B 

39471, 39480, 34972, 34984, 
31312, 31310, 34979, 34981, 
31353, 31302, 31352, 30862,  

+ 
34977, 31304, 

30837 

Bruel & Kjaer 
Triaxial DeltaTron Accelerometer Type 
4524B 001 

31160, 30435 

1D DeltaTron Accelerometer Type 
4507 B 004 

11065, 32225 

IMPACT HAMMER:  

B&K Impact hammer 8207 + soft tip 51201 

B&K Shaker 4824   

CALIBRATORS:  
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B&K Calibration Exciter Type 4294  2964092 

B&K Sound Level Calibrator Type 4231 
95.85 dB at 1000 Hz 

2465633 

Table 5 - Measurement equipment 

3.4.1 Measurement Software 

All the measurements performed were recorded, analyzed and post 

processed using the following software: 

Software Purpose 

B&K PULSE Lab Shop 
- Modal consultant 

Accelerance matrix measurement, 
Modal Analysis of suspension/wheels 

B&K PULSE Recorder Recording of the operational data 

B&K PULSE Reflex Post-processing of the operational 
data 

B&K PULSE SPC Transfer path analysis 

PSV Polytec software Deflection shape analysis 

MATLAB Signal post-processing 

 

3.4.2 Data acquisition settings 

For operational measurements all the signals have been recorded as a time 

history data (with B&K PULSE Recorder) using the highest possible sampling 

frequency of the B&K FFT Analyzer (Front-end). 

Sampling frequency 216 = 65 536 Hz 

Anti-aliasing filter Yes 
Low-pass filter cut-off 7 Hz  
Measuring time > 10 s 

Table 6 - Data acquisition settings 

3.4.2 Data post-processing settings 

Recorded time-histories were post-processed in B&K PULSE Reflex using 

Fast Fourier Transform (FFT) algorithm with the following settings: 

Frequency span 400 Hz 

Number of spectral lines 400 
Frequency resolution 1 Hz 
Time weighting Hanning window 
Overlapping 67,5 % 
Averaging Linear All 
No. of averages 20 - 40 

Table 7 - Data post processing settings 

For Road decomposition method cross-spectra and auto-spectra were 

calculated from the measured data. For Impedance Matrix method auto-

spectra and frequency response functions H1 were calculated. 
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3.5. Measuring conditions  
For operational measurement various driving conditions and 3 different 

wheel/tyre combinations and 3 different surfaces were analysed as stated 

in the following table: 

Condition Cruising Cruising Coast down Coast down 

Test 
speed/Surface 

75 km/h 90 km/h 
130 – 20 

km/h 
100 – 20 

km/h 

Smooth asphalt     

Wheels 1/Tyres 1 ✓ ✓ ✓  

Wheels 2/Tyres 2 ✓ ✓ ✓  

Wheels 3/Tyres 3 ✓ ✓ ✓  

Coarse asphalt     

Wheels 1/Tyres 1 ✓ ✓ ✓  

Wheels 2/Tyres 2 ✓ ✓ ✓  

Wheels 3/Tyres 3 ✓ ✓ ✓  

Belgium blocks     

Wheels 1/Tyres 1    ✓ 

Wheels 2/Tyres 2    ✓ 

Wheels 3/Tyres 3    ✓ 

Table 8 – Testing driving conditions 

* Temperature during measurement varied between 15 to 19 °C and the 

humidity varied between 40 to 60 %. 

Overall, 18 measuring conditions (smooth and coarse surface) times 3 

measurement sets (Mounts front and rear suspension, Road 

decomposition) + 3 measurement conditions times 2 measurement sets 

(ODS front and rear suspension) yield 60 individual measurements. 

Moreover, each measurement was repeated two times to three times to 

ensure repeatability and good averaging conditions. Therefore, around 200 

individual measurements were recorded. 

 

3.3. Measurement Setup 

3.3.1 Road Decomposition method (MCOP) measurement  

Operational measurements for MCOP method were performed using the 

following measurement setup depicted in Fig. 31 and Fig. 32. 
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Fig. 31 – Measurement setup scheme for Road decomposition method  
(and reference coordinate system used) 

 one tri-axial accelerometer was placed on each wheel hub (12 

signals) providing reference to a wheel structure-borne noise 

(See Fig. 32) 

 two ¼ inch microphones were placed in front and behind 

each tyre to provide reference for airborne noise (See Fig. 32) 

 

Fig. 32 – LEFT: 3D Hub accelerometer (front wheel),  
RIGHT: ¼ inch wheel microphones 

 4 microphones were placed in cabin at passenger ears 

positions (referred as: LF, RF, LR, RR) (See Fig. 32) 

 

Fig. 33 - Passenger microphone placement: LEFT - front, RIGHT - rear  

 2 one-axial accelerometers were placed at the centre of rear-

side triangular windows to capture vibrational response of  a 

suspected radiator as shown in Fig. 34 

RF 

LF 

RR 

LR 
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Fig. 34 - Accelerometer placement at the rear-side triangular window 

 

3.3.2 Impedance matrix method measurement 

Operational measurements for Impedance matrix (IM) method have been 

performed using the following measurement setup: 

One tri-axial accelerometer was placed on the passive side of each mount 

connecting front or rear suspension with car body: 

 to capture all the possible transmission paths as required by 
the IM method 

 due to asymmetry of vehicle suspension both left and right 
mounts were equipped with accelerometers 

 position of the mounts is depicted in Fig. 35 and Fig. 36 
 

 

  

Fig. 35 – Front Suspension/Body mounts analysed in IM method  
(See Table 6 and Fig. 37) 
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Fig. 36 - Rear Suspension/Body mounts analyzed in IM method (Labels - Table 6) 

 4 microphones were placed in cabin at passenger ears 

positions (referred as: LF, RF, LR, RR) 

 2 one-axial accelerometers were placed at rear-side trapezoid 

window to capture vibrational response of  a suspected 

radiator 

 

Mount 
No. 

Right Rear 
suspension 

mounts 

Left Rear 
suspension 

mounts 

Right Front 
suspension 

mounts 

Left Front 
suspension 

mounts 

1 AR (x, y, z) AL (x, y, z)   

2 BR (x, y, z) BL (x, y, z)   

3 CR (x, y, z) CL (x, y, z)   

4 DR (x, y, z) DL (x, y, z)   

5   ER (x, y, z) EL (x, y, z) 

6   FR (x, y, z) FL (x, y, z) 

7   GR (x, y, z) GL (x, y, z) 

8 ZR (x, y, z) ZL (x, y, z)   

Table 9 – Suspension/body mounts  
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Fig. 37 - Suspension-body mounts photos 

Accelerance matrix measurement 

To measure Frequency Response Functions (NTFs and VTFs as defined by 

Eq. (21) and Eq.(23)) for accelerance matrix, well-established impact testing 

technique has been used. 

The vehicle has been normally placed on the ground to preserve realistic 

boundary conditions (loading of tyres from the vehicle weight). 

FRFs have been determined with aid of B&K PULSE Labshop software using 

Modal Consultant module. Frequency range 0 – 400 Hz has been chosen 

when obtaining good coherence in this frequency region as seen in Fig. 38 

 

Fig. 38 - Typical coherence for the FRF measurement 
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3.3.3 ODS analysis and Deflection shapes analysis 

 

A) Deflection shape analysis of front and rear suspension 

Deflection shape analysis of both suspensions has been carried out using 

impact hammer testing technique. 

Analyzed points were located at suspected suspension structure parts being 

chosen based on the FEM Modal simulation.  Measured points (16 at front 

suspension and 16 at rear suspension) are depicted in Fig. 108, Fig. 109, Fig. 

110 and Fig. 111 in the Appendix part. 

 

Fig. 39 – Hammer excitation positions for Deflection shape analysis of the 
suspension (left: wheel bolt; right: tyre) 

The excitation positions are depicted in Fig. 39. There were 7 excitation 

positions on two wheels (front left wheel, rear left wheel) when exciting 

tyre in 3 directions (x, y, z), rim in 3 directions and wheel attachment 

position (wheel bolt) only in y-direction. Moreover, for measuring local 

inertance functions of the individual points, the excitation has also been 

performed at certain selected points. 

 

B) Deflection shape analysis (DSA) of wheels (tyre and 

rim) 

Deflection shape analysis (DSA) of 18” aluminium (Al) rim has been carried 

out using Laser Scanning Vibrometer (PSV-500) which allows performing 

non-contact analysis. DSA of 16” (Al) and 16”(Fe) disc have been executed 

using impact testing technique. 

DSA of the tyre rubber structure has been performed using Laser Scanning 

Vibrometer with the tyre divided into 2 parts namely tyre belt and tyre 

sidewall. 
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Fig. 40 - Shaker excitation of the rim (left) and tyre (right) for deflection shape 
analysis 

Shaker has been used for excitation during the DSA of and tyre and rim as 

depicted in Fig. 40. Swept sine band limited signal was used for the 

excitation.The tip of the shaker has been equiped with a force transducer. 

 

Fig. 41 – Dense measurement grid for DSA of rim and tyre  

Measurement grids for rim and tyre are shown in Fig. 41. They been 

designed as dense as necessary for clear identification of the individual 

deflection shapes. 

 

Fig. 42 - Measurement setup for the 3D laser vibrational measurement 

Measurement setup for the modal analysis using laser vibrometer is 

depicted in Fig. 42. It consisted of 3 laser scanning heads which enabled to 

capture the structure motion in 3 directions. Despite the measurement 

being very detailed and time effective, it required thorough calibration 

procedure (2D and 3D allignment) and precise mesh (grid) definition. 
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3.6. Measurement Results 
 

In the following section, results from the measurements are presented. It is 

also outlined how the different surface and tyre type influence the TCR 

phenomenon. Wheel operational hub vibrations are also compared for the 

various testing conditions. Results from the deflection shape analysis of tyre 

and rim are shown. Moreover, triangular window operational vibration 

behaviour is also discussed. Finally, the most important observations from 

the suspension ODS analysis and deflection shapes analyses are presented. 

 

 

Fig. 43 – LR (left) and RR (right) receiver spectrogram for  
18" Al wheels (125 – 20 kph; smooth) 

Fig. 43 indicates the importance of this study since it can be seen that the 

TCR noise dominates the interior spectrum for frequency range up to 400 

Hz approximately up to 110 kph. Above this speed TCR noise is masked by 

noise caused by high amplitudes of structural resonances and higher rolling 

noise contribution in the frequency region 100 – 200 Hz. Also the aero-

acoustic sources (e.g. wind-noise) prevail, mainly in the high frequency 

region, which would be visible if the frequency range in Fig. 43 would be 

extended. Note that the horizontal “peak line” at 92 kph is caused by the 

bump on the test road. 

 

Fig. 44 - Averaged coast-down spectrum (80 - 20 kph; 18”Al / smooth)  
for 4 passenger positions: LF (red), RF (green), LR (blue), RR (purple) 
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In Fig. 44 spectrum for all the passenger positions is illustrated. It can be 

observed that (for 18” Al wheels and smooth surface) in the TCR frequency 

region the SPL at the rear passenger positions is in average 5 dB higher than 

for the front positions. This attaches higher importance to the rear 

passenger positions. Therefore, the most of the further analysis will be 

focused especially on rear passenger positions. 

 

3.6.1 Wheel comparison 

 
One of the goals was also to evaluate the NVH performance of 3 different 

types of wheels in TCR region. 

 

Fig. 45 - LR - averaged coast-down spectrum (80 - 20 kph) for 3 different wheels:  
18” Al (red), 16” Fe (blue), 16” Al (green) 

Fig. 45 and Fig. 46 illustrates the fact that the low-profile 18” tyres with 

aluminium rim has the most pronounced TCR peak (at 228 Hz). The reason 

for this performance is twofold.  

The first reason is the high stiffness of tyre carcass of the low-profile 18”. 

Since the road can be considered as a vibration velocity source then the 

high impedance caused by the high stiffness of the tyre will consequently 

yield high input power to the tyre.  

The second reason is that the 18” tyre is the widest one therefore the horn 

amplification effect is the most pronounced in this case (see Table 3). 

Furthermore, there are also other factors which can cause 18” tyre to 

perform the worst e.g. resonance of specific structure part at the TCR 

frequency of 18” tyre. 

LR 

 

1
0
 d
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Fig. 46 – Spectrogram at the driver position  (120 – 20 kph) for 3 different 

wheels: 18"Al (left); 16" Al (middle), 16”Fe (right) 

From Fig. 45 it seems that both 16” tyres perform similarly in the TCR 

frequency region with the slight difference in the SPL, although it needs to 

be considered that the averaged spectrum from coast down is presented. 

However, from Fig. 46 it can clearly be seen that the Fe (steel) rim is slightly 

worse than the Al (aluminium) one in the TCR noise performance. 

Moreover, in Fig. 46 typical TCR frequency split with increasing speed due 

to Doppler shift effect (highlighted with black dashed lines) is observable. 

This phenomenon is noticeable especially for 16” wheels whereas for 18” 

wheels the peak is rather getting wider in the frequency range with 

increasing velocity. 

 

 

Fig. 47- LF (driver), 16“ Fe wheels - averaged coast-down spectrum (80 - 20 kph) 
for 3 different surfaces: smooth asphalt (red), coarse asphalt (blue), belgium 

blocks (magenta) 

The measurements were performed on 3 surface types as described in the 

measurement conditions part 3.5. Fig. 47 provides the comparison of tested 

surfaces. It can be noticed that the LF receiver spectrum is similar for 

smooth asphalt and coarse asphalt while the belgium blocks excite the 

lower frequency spectrum more. Smooth asphalt has been choosen for 

almost all the subsequent analysis since TCR noise was subjectively most 

clearly heard. 

LF 
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Fig. 48 - Comparison of TCR peak for 3 different wheels (90kph/smooth) 

In Fig. 48 the comparison of 3 different wheels in the TCR frequency region 

is illustrated when driving at constant speed of 90 kph. This speed has been 

chosen for further analysis together with 75 kph since it exhibits 

pronounced peaks as can be seen from spectrograms in Fig. 46. 

Wheels TCR frequency  [Hz] 
SPL [dB(A)] at  

LF RF LR RR 

16’’ Fe 
215 49.5 48 51 51.5 

238 52 50 50 52 

16’’ Al 
215 48 44 51 48 

236 47 47 49 50 

18’’ Al 
215 47 44.5 50 45 

228 51 52 57 58 

Table 10 - TCR frequency peaks and related sound pressure level for 3 different 
wheels (cruising at 90 kph/smooth surface; colour border corresponds to Fig. 48) 

Table 10 provides list of the two TCR frequencies for each tested wheel at 

90 kph. Since the 18”tyre is low-profile therefore the tyre cavity radius r(m) 

(see Fig. 10) is nearly the same for both 16”and 18”wheels (10).  

Therefore, the first TCR frequency appears at 215 Hz for all 3 wheels. The 

second frequency is almost the same for 16” wheels (2 Hz difference) 

whereas it is shifted down by ~8 Hz for 18”tyres. This shift is presumably 

caused by width of 18” tyre yielding in the larger contact and subsequent 

shift due to breaking in tyre axis symmetry (see Section2.1.1.6). 

3.6.1.1 Discussion on the wheel comparison 

 
The characteristic frequencies for the TCR phenomenon for 3 different 

wheels at 3 different surfaces were determined. It has been observed that 

this frequency depends mainly on tyre radius.  18” Al wheels exhibited the 
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worst performance regarding TCR noise. Also, smooth asphalt surface was 

chosen as favoured surface for further analysis. 

3.6.2 Wheel hub vibration 

 
The first step for understanding the TCR energy transmission from wheels 

into the cabin is to analyse the vibration of the wheel hubs caused by the 

resonance of the tyre cavity. 

 

Fig. 49 – 16“ Fe Wheel: a) LR Wheel hub vibration in all 3 directions; b) LR receiver 
auto-spectrum; (90 kph/smooth) 

In Fig. 49, two resonance peaks originated from TCR phenomenon are 

shown. In a) vibration levels in 3 directions are presented. It should be 

noted that the first resonance peak is composed mainly by X and Z spindle 

excitation whereas the second peak is composed predominantly by the Z 

spindle excitation. In both peaks the Y component contributes the least. In 

b) SPL at the LF receiver position is shown and the main peaks correspond 

to those from wheel hub vibration. 

The result of spindle excitation direction is in agreement with the study 

performed by (Yamauchi and Akiyoshi, 2002) in [9] as mentioned in the 

theory part. 

 

Fig. 50 – RF Wheel hub operational vibration (x,y,z) for 16"Fe wheel 
(90kph/smooth) 

In Fig. 50 one could pay attention to remarkable peak at 227 Hz which is not 

caused by tyre cavity resonance. This peak is the most probably caused by 

the resonance of specific front suspension structures namely roll-stabilizer 

and spring coil at 227 Hz as will be discussed further in part 3.6.5. 

RF 
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Fig. 51 – 16”Fe wheel hubs’ vibration in the X direction 
 (spectrograms - coast down 120 - 20 kph) 

Spectrograms at all receiver positions from coast down are presented in  

Fig. 51. The vibrational levels on the wheel hubs in the X direction are 

higher on the front wheels than on the rear wheels which is an interesting 

fact since the main contribution to the interior spectra is from rear wheels 

as will proved further by Road decomposition method in Section 4.1.1. 

In addition, the characteristic frequency split at the TCR frequency (mainly 

due to Doppler shift effect) could be observed. Furthermore, it could be 

stated that right front wheel has the highest magnitude of vibration 

acceleration concerning 1st TCR peak. 

In spite of the highest vibrational level in the x-direction at front wheels, 

subsequent TPA analysis has shown main contribution to the interior noise 

from the rear wheels. Therefore, path sensitivities (NTFs) for the rear 

suspension are expected to be much higher than for the front suspension. 

 

 

Fig. 52 - 16”Fe wheel hubs’ vibration in the Y direction  
 (spectrograms - coast down 120 - 20 kph) 
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In comparison with X and Z direction, vibrational level in the Y direction (see 

Fig. 52) is the lowest. This is obviously caused by the characteristics of the 

tyre/road excitation which excites the structure mainly in the X and Z 

direction. Since the vehicle was driven straight small excitation in the Y 

direction was expected. 

 

Fig. 53- 16”Fe wheel hubs’ vibration in the Z direction  
(spectrograms - coast down 120 - 20 kph) 

When evaluating vibrational level in Z direction, as presented in Fig. 53, it 

can be seen that the rear wheels vibrate the most regarding the second TCR 

peak. However, concerning first TCR peak the vibrational level is slightly 

higher for the front wheels. Moreover, the highest vibration levels could be 

observed for the right rear wheel. 

What is more, significant vibration level at the first TCR peak starts 

approximately at 50 kph whereas the second TCR peak causes wheel hub to 

vibrate already at 20 kph (see Fig. 53).  

 

3.6.3 Rear side-triangular window response evaluation 

 
There was one suspected sound radiator regarding TCR generated noise 

which was rear side triangular window. It has been previously observed by 

ŠKODA AUTO – NVH department that the first resonance frequency of this 

firmly fixed window is critically close to the typical TCR frequency. 

Therefore, the vibrational analysis of the rear triangular window was 

carried out to test this hypothesis. 

Firstly, noise transfer functions from both windows to receiver positions 

have been measured with the results depicted in Fig. 54. The results of this 

study indicat that mainly the noise response of the right window coincides 

with the TCR region due to its wider response peak. Naturally, the response 

of rear microphones is higher than for the front ones considering the 

position of the triangular windows. 
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Fig. 54 – NTF from side-window to receiver: a) left excited b) right excited  
(MIC DOFs - LF: 1001, RF: 1002, LR: 1003, RR: 1004) 

Secondly, the local inertances (also called driving point inertance) have 

been measured to identify the resonance frequency of both triangular 

windows. Both windows were excited with hammer in their centre in the Y-

direction. 

 

Fig. 55 – Local Inertance of side windows: a) left window - peak at 200 Hz; b) right 
window - peak at 209 Hz 

From measured inertances presented in Fig. 55 it can be observed that the 

first resonance frequency (defined by the response peak and the 

corresponding phase shift) of the left triangular window is at ≈ 200 Hz and 

of the right window at ≈ 210 Hz. It should be noted, that the resonance 

bandwidth is quite wide (mainly for the y-direction) and therefore coincide 

with the TCR frequency. 

Finally, the operational vibration (acceleration) only in the y-direction 

(normal direction to the window surface) was measured during the test 

track measurement. 
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Fig. 56 – Operational acceleration of the side-triangular windows for 3 wheel 
types (90 kph/smooth) 18”Al (red), 16” Al (blue), 16”Fe (green) 

In Fig. 56 it can be seen that the windows’ acceleration peaks correspond to 

the TCR frequencies for all the wheels as expected. The first TCR frequency 

at 215 coincides with the resonance region of both windows. Therefore, the 

resonance peak is rather amplified, which is most pronounced especially for 

the right window operational acceleration, where the peak at 209 Hz is 

noticeable.  

 

Fig. 57 – Comparison of operational acceleration for the left (blue) and right (red) 
triangular windows with their relative phase (90 kph/smooth, 18”Al wheels) 

Fig. 57 displays the operational acceleration of both side-triangular 

windows with their relative phase. At the first TCR peak (TCR1 at 215 Hz) 

the phase difference between the signals is 17° meaning that both windows 

vibrate with almost the same phase (in the same y-direction). On the other 

hand, the second TCR peak (TCR2 at 227 Hz) exhibits 174°phase difference 

between individual accelerations which means that windows vibrate out-of-

phase (against each other in y-direction).  

Out-of-phase motion of the opposite windows means that both windows 

are “pumping and sucking” the air inside the compartment at the same 

time which yields higher pressure deviations and thus higher SPL than for 

the in-phase case.  

This out-of-phase behaviour can therefore be the reason why the second 

TCR peak for 18“Al wheels at 227 Hz yields the highest SPL value inside the 

passenger compartment. Moreover, since the rear-triangular windows are 

Left -window 

 

Right -window 
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positioned very near to rear passenger ears it can be presumed that higher 

SPL for rear passengers is caused also due to this fact. 

However, to draw the final conclusion from this study, the modal analysis of 

the cabin’s cavity should be performed to exclude the posibility that the 

windows are driven by the cabin’s mode shapes. 

 

3.6.4 Deflection shape analysis of the wheel rims 

 

3.6.4.1 Deflection shape analysis of 18” Al wheel rim 
 

Deflection shape analysis (DSA) of wheel rims 18” has been performed 

using 3D Laser Scanning Vibrometer excited with the shaker swept sine 

signal. Deflection shape analysis of 16” rims have been executed using 

impact-hammer technique. Boundary conditions were as follows: the wheel 

was mounted on the hub the vehicle was lifted up from ground to avoid of 

loading of the tyre (see Fig. 421). 

 

Fig. 58 – Spatially averaged vibrational velocity of the 18" Al rim 

In Fig. 58 spatially averaged (from all the scanned points) vibration velocity 

is shown. The deflection shapes in the deflection shape analysis are 

averaged from the selected frequency range (green bands in Fig. 58). 

In the low frequency range where the individual modes are well separated 

(the modal overlap factor is smaller than one) the operational deflection 

shapes given by point excitation corresponds to the mode-shapes from 

modal analysis. It is also known that for structures with small losses (e.g. 

aluminium rim) the eigen-frequency can be approximated with the 

resonance frequency [19].  
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To verify laser scanning technique, also the impact hammer technique has 

been used. Fig. 59 compares FRFs (inertances) from 10 points.  

 

Fig. 59 – FRFs – inertances (a/F) at 10 points of the 18“ Al wheel rim measured 
with impulse-hammer 

Deflection shapes obtained by laser scanning vibrometer are presented in 

the following Fig. 60. It can be seen that the first resonance frequency was 

the same for both techniques at 279 Hz. Since during hammer testing the 

frequency range 0 – 400 Hz was analyzed, therefore only first resonance 

frequency could be observed and compared with laser measurement. 

279 Hz (1st rim bending mode)  

  
454 Hz (1st rim axial mode)  

  
520 Hz  
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641 Hz (2nd rim bending mode)  

 
 

753 Hz  

 

 
837.5 Hz  

 
 

 

Fig. 60: Deflection shapes of the 18" Al wheel rim 

 

3.6.4.2 Discussion on the DSA of 18” Al wheel rim 
 
Resonance frequencies and corresponding deflection shapes have been 

determined for the static case. In real conditions when the rim rotates the 

resonance frequencies will split into two separate frequencies similarly as 

well as regarding the TCR frequency. Also, one resonance frequency shifts 

downwards and the other upwards in the frequency region. 

To perform Deflection shape analysis of the rotating parts using laser 

scanning technique, device called “derotator” has to be used. Otherwise, 

analysis of the vibrational signal from the wheel hubs during operation 
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would also give the clue about frequency shift of the resonance frequencies 

(see Fig. 51). 

The highest vibrational velocity has been observed for second mode 

(bending mode of the plate) at 454 Hz whereas the first mode (torsion 

mode) at 279Hz has lower amplitude. However, neither the first nor the 

second resonance frequency is noticeable from the wheel hub vibration 

spectrograms. 

The main conclusion is that any of the modes of the 18” wheel rim do not 

coincide with the TCR frequency. Therefore the hypothesis from theory part 

that that TCR phenomenon could be amplified by wheel rim structural 

resonance was disproved for the 18” wheel case. 

 

3.6.4.3 Deflection shape analysis of 16” Al wheel rim 
 

 

Fig. 61 - FRFs (a/F) of the 16” Al rim in the y-direction 

In Fig. 61 FRFs measured at 10 random points (only at front side of the rim) 

on wheel rim are overlaid. It can be estimated that the first 16” Al wheel 

rim’s resonance is at 315 Hz and the second at 375 Hz.  

Also for 16” Al rim its resonance frequencies do not coincide with the TCR 

frequency region thus no amplification effects are not expected. 
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3.6.4.4 Deflection shape analysis of 16” Fe wheel rim 

 

Fig. 62 - FRFs (a/F) of the 16” Fe rim in the y-direction 

Fig. 62 overlays FRFs from 4 random points (at rim front side) It can be seen 

that 16” Fe wheel have resonances with the highest amplitude at 176 Hz 

and 370 Hz. However, in between those pronounced peaks there is also one 

peak at ≈ 240 Hz. 

In the past, complete modal analysis (accelerometers placed also at the 

rear side of the wheel) of the same 16” Fe rim has been performed in  

ŠKODA AUTO with result depicted in Fig. 63. 

 

Fig. 63 - Modal analysis of 16"Fe wheel rim – red (16“Al rim-different type – 
green) [ŠKODA AUTO measurement] 

According to the modal analysis of the 16” rim the 3rd mode at 174 Hz 

corresponds to currently measured resonance peak at 176 Hz. Moreover it 

can be seen that the modal analysis revealed the mode at 218 Hz which was 

not observable from currently performed Deflection shape analysis of the 

rim front. 

However, the wheel hub is very stiff therefore only modes n=0 and n=1  

(n – number of wavelengths around rim) can give a net force. 

Despite the fact that the inertance amplitude for the 4th mode at 218 Hz is 

lower, compared to other modes, it can to some extent amplify the 

vibrations from TCR phenomenon. Note that the first TCR frequency for 16” 

Fe wheels has been observed at 215 Hz at 90 kph. 
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3.6.5 Deflection shape analysis of tyre  

 
Deflection shape analysis of tyre belt and tyre outer sidewall was carried 

out using 3D laser scanning technique with shaker swept sine excitation. 

Boundary conditions were as follows: the wheel was mounted on the hub 

the vehicle was lifted up from ground to avoid of loading of the tyre (see 

Fig. 40 and Fig. 421). 

 

Fig. 64 – Vibrational velocity (averaged) of the Tyre#1 (18” Al) – tyre belt 

Vibrational velocity averaged from all the scanned points of 18” tyre belt is 

depicted in Fig. 64. It seems that individual resonance peaks are rather 

separated in the frequency region of interest therefore deflection shapes as 

shown in Fig. 65  corresponds to the mode-shapes as previously discussed. 

In the figure below, characteristic deflection shapes of the part of the tyre 

belt are presented together with deflection shape of the tyre sidewall. Note 

that the coordinate system for laser vibrometer is different from the 

reference coordinate system used (see Fig. 31). 

115 Hz (n = 1) 136 Hz (n = 2) 

 
 

156 Hz (n = 3) 176 Hz (n = 4) 

 

 



68 
 

200 Hz (n = 5) 228 Hz (n = 6) 

  
 

259 Hz (n = 7) 277 Hz (n = 8) 

 
 

299 Hz (n = 10) 336 Hz (n = 11) 

 
 

 

Fig. 65 – Deflection shapes of tyre belt and sidewall, (n stands for the 

number of wavelengths around the tyre) 

 

3.6.5.1 Discussion on the DSA of tyre  
 
DSA of tyre was performed to test hypothesis of possible vibro-acoustic 

coupling between tyre cavity and tyre. This means to test if TCR mode-

shape can couple to mode shape of tyre. 

 From the DSA it has been observed that there exists a deflection mode 

near TCR frequency at 228 Hz. 

However, this mode has 6 full wavelengths around the tyre (n = 6) whereas 

the first TCR mode has only 1 full wavelength (n = 1) around the cavity. This 

yields that there is presumably no or very weak vibro-acoustic coupling 

between tyre mode and tyre cavity mode.  
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Therefore, there is no amplification of the TCR phenomenon due to vibro-

acoustic coupling between tyre and tyre cavity. 

Moreover, it can be seen from Fig. 64 that the displacement in the  

Y-direction is the highest for 1st and 2nd deflection shape (at 115 and 136 

Hz) and for all the other resonance peaks the Z-direction amplitude 

dominate. 

Deflection shape analysis of the tyre belt and sidewall for 16” Al and for 16” 

Fe wheels was not performed due to unavailability of the 16” wheels in the 

time of laser scanning experiment. Therefore, correlation findings between 

TCR peaks at 16” wheels and deflection shapes of 16” tyre are not 

presented. 

 

3.6.5 Deflection shape analysis of the front and rear 

suspension 

 

In total, 32 suspected positions located on the both suspensions have been 

included in deflection shape analysis as described in section 3.3.3. 

Analyzed positions are depicted in Fig. 108, Fig. 109, Fig. 110 and Fig. 111 in 

the Appendix part. 

From all the 32 positions, the points which were sensitive to the excitation 

in the TCR frequency range (have a resonance peak at 200 – 250 Hz) were 

sorted out for further analysis.  

Overall, there were 2 points (p. 107 and p. 109) located on the same  

sub-structure which has the pronounced resonance peak at 227 Hz. It was 

the roll stabilizer (also called anti-roll bar) located at the front 

suspension/axle. 

 

Fig. 66 - Local Inertance of roll stabilizer (p. 107) 
(x: red ,y: blue ,z: green) – excitation in Y+ direction 
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Fig. 66 illustrates resonance peak at 227 Hz. Since the structure is lightly 

damped, the eigen-frequency at 227 Hz can be expected. The highest 

inertance amplitude is observable for x and y direction in this case. 

 

Fig. 67 – NTF (p/F) from roll stabilizer (p. 107) to passenger ears (LF: orange, RF: 
green, LR: blue, RR: red) – excitation in Y+ direction 

Fig. 67 presents noise transfer function from roll stabilizer to passenger 

ears. It can be seen that the roll stabilizer resonance at 227 Hz has also 

rather high noise response peak in the passenger compartment.  

It follows that there is high probability that the vibration response at front 

wheels from TCR phenomenon may, to some extent, be amplified by the 

resonance of the roll stabilizer structure.  

This hypothesis could be justified by disconnecting the roll stabilizer 

structure from front suspension and analysing its effect on a passenger 

noise level. This verification procedure has, however, not been performed 

owing to the time and capacity limitations in the dynamometer lab. 

 

Fig. 68 – Local Inertance (a/F) of roll stabilizer in the middle  
(p. 109 x-red,y-blue,z-green) – excitation in X+ direction 

Another measurement point was located in the middle of the roll stabilizer 

(see Appendix Fig. 108). Local Inertance of this point is shown in Fig. 68 

where the resonance peak at 227 Hz is also noticeable. 

Apparently, it was of interest how the suspected structure responds to the 

excitation on the tyre. 
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Fig. 69 - Response of the stabilizer (p. 107; x-red, y-blue, z-green) to a tyre 
excitation in x+ (solid), y- (dashed) and z- (dotted) direction;  

According to Fig. 69 where the response on the tyre excitation is depicted it 

has been observed that the roll stabilizer is the most sensitive to the 

excitation in x-direction when having the highest response in y and x-

directions. 

There is also another structure, coil spring suspension, which exhibits 

noticeable response peak at 225 Hz as depicted in Fig. 70. The excitation 

position was at the spring suspension mount (p. 103, see Apendix) and the 

response was measured in the middle of coil spring (p. 102, see Apendix). 

 

Fig. 70 - Spring suspension (p. 102) response in x (red) and y (blue) direction – 
when excited in p. 103Y-  

Moreover, the response of both structures has been compared as shown in 

Fig. 71 yielding the similar vibration amplitude level at 227 Hz for the tyre 

excitation in x-direction. 

 

Fig. 71 - Response of the stabilizer (107 x-green, y-orange) and coil spring (102 x-
red, y-blue) to a tyre excitation in x+ direction 
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3.7. Measurement Discussion 
 
In this section, possible errors and limitations, which arose during the 

measurement, are discussed. 

During the lab FRF measurement the additional power supply for the FFT 

Analyzer has been, accidentally, located inside the car. This power supply is 

provided with small fan which could have influenced the measurement if 

the noise level of power supply would have been comparable with that 

excited by the hammer.   

Therefore, the verification measurement has been performed. Firstly the 

power supply has been put outside the car (on the floor) and secondly 

inside the car (on RR passenger position) and SPL at passenger positions has 

been evaluated. The measurement environment was anechoic chamber 

with low background level. 

 

Fig. 72 - Background level comparison for LF receiver with power supply outside 
the car (blue) and inside car (red) 

In Fig. 72 background level inside the car placed in the anechoic chamber 

(modal analysis lab) is shown. Two cases with power supply inside and 

outside the car are compared. If we look closely at the plot provided, we 

see that the background level is -5 dB without the power supply 

contribution and the increase of the background is approximately 5 dB with 

power supply contribution (at TCR frequency region). 

 

Fig. 73 – Comparison of the NTF from point 5 to LF receiver with power supply 
outsider car (red) and inside car (red) 
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However, it should be stated that when measuring NTFs the SPL inside the 

car is around 50 dB in the frequency range of interest (see Fig. 73). 

Therefore, the difference between background level and measured level is 

higher than 50 dB therefore the power supply contribution is negligible as 

can be seen from Fig. 73.  

In most of the acoustics standards (e.g. ISO 746:1995 Sound pressure 

method without reference sound source) the difference between 

background and measured sound pressure level of 10 – 15 dB is enough to 

consider background as negligible. [24] 

Channel limitation of the B&K Front-end 

To increase accuracy of the impedance matrix method, the over-

determination of the accelerance matrix is recommended. This comprises 

putting additional accelerometers close to the mounts to measure other 

reference signals as described in the theory part. 

However, this over-determination was not possible owing to the limitation 

of channel number at B&K front-end. The maximum number of channels for 

the FFT analyser (front-end) build up from 5 separate modules was 50 

channels. 42 channels have been occupied by 14 3D accelerometers 

(mounts), 2 by 1D accelerometers (triangular windows), 4 by passengers’ 

microphones and 1 by reference tacho signal. Furthermore, all the 

measurements had to be divided into two measurements sets for front and 

rear suspension, respectively. Therefore, another measurement only for the 

reference signals was not possible due to time limitation at the test track in 

Germany. 

Accelerometer weight influence 

In the section 3.6.3 the vibration response of the side-triangular window in 

lab and also in operation was evaluated.  

There is, however, a slight error introduced resulting from the 

accelerometer weight which is 5 g. The accelerometer was glued in the 

centre of window on the mounting pad (0.5 g). This could influence the 

measured resonance frequency of the window when shifting the actual 

resonance frequency down and also bringing additional vibrational 

damping. 

Although, ŠKODA AUTO has performed measurement of the triangular 

window in past when placing 180 g mass to its centre. The result measured 

is depicted in Fig. 74 when frequency shift of about 10 Hz is observable. 
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Fig. 74 - Frequency shift with added mass (180 g) on the Windows [ŠKODA AUTO] 

Therefore, the weight influence of the 5 g accelerometer is considered to 

be negligible to shift window resonance frequency. Influence of the window 

resonance frequencies to the interior noise is illustrated in Fig. 55 - Fig. 57. 
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4.Analytical part - TPA model 
 

4.1. SPC (Source path contribution) software 
 

To perform signal processing needed for TPA, commercial software SPC 

Type 7798 (Source path contribution) from company Brüel & Kjær (Sound 

and Vibration Measurement A/S) was used. It was provided by Spectris 

Praha, Czech representative of a developer. 

This software is capable of processing huge amount of data by using 

databases. In the case of our TPA - Impedance matrix method, more than 

1700 transfer functions were evaluated. 

In addition, during the summer internship in ŠKODA AUTO, held between 

June 2014 and August 2014, I have written and complemented working 

manual (ŠKODA AUTO internal document) for the SPC software for ŠKODA 

AUTO – NVH department. It consists of 24 pages of detailed instructions for 

handling the software and subsequent data interpretation. 

SPC 7798 software incorporates the following methods: 

4.1.1. Road decomposition method 
4.1.2. Impedance matrix method 
4.1.3. Mount stiffness method 
4.1.4. Source substitution method 

 

During the TPA analysis of the tested vehicle, methods 4.1.1. and 4.1.2 were 

used and the results obtained are presented in the following sections. 

4.1.1. Road noise decomposition method in SPC software 

Road decomposition method is capable to determine the following: 

a) if the noise is propagating via structure or via air 

b) determine the suspension which contributes the most to the 

measured spectrum  

c) localization of the wheel which contributes the most to the 

measured spectrum  

The procedure for using road-noise method within SPC software includes 

the following steps: 

a) Creating road noise model or editing road noise model template. 

Assigning DOFs name to every item and generate measurement 

plan. 
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b) Measuring the appropriate reference and response signals 

according to specifications in chapter 3.3. 

c) Calculating auto-spectra and cross-spectra of the measured signals 

with appropriate averaging to cancel out all the spurious events 

a. this could be done either using B&K module “UTI Batch 

spectra calculation” ,using B&K Reflex or using MATLAB 

student edition 

d) Exporting auto and cross-spectra to one universal file 

e) Assigning exported data to corresponding operating condition in 

SPC software (green colour indicates right data matching) 

After completing these steps, the decomposition of the uploaded data 

could be performed in “Multiple coherence decomposition tool” which 

consists of four sub-steps: 

1) Reference validation  

The purpose is the check if the measured references cover all 

sources picked by the receivers. 

 

Fig. 75 - Reference validation: MCOP (all references - 8 microphones and 4 
accelerometers) vs. measured autospectrum at LF position 

In Fig. 75 the measured auto-spectrum at the driver’s (LF) position vs. 

MCOP (from all the references – 8 microphones and 4 accelerometers) is 

shown. Mostly tyre/road noise generation mechanism is captured by the 

reference accelerometers and microphones. Engine and other sources have 

not been equipped by the reference transducers. The slight deviation 

between the curves in Fig. 75 is caused by the fact that the selected 

references are, to some extent, coherent to each other which violates the 

basic assumption of this method. 
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2) Grouping 

The main assumption for the decomposition methods is that the 

individual sources (represented by reference signals) should be 

incoherent. This assumption is, however, not so easy to fulfill in 

some cases (e.g. vibration signal from wheel hub being coherent to 

acoustic signal from wheel). Therefore, the coherent reference 

signals should be placed into groups while each of the group 

represents a physical source. 

 

SPC software allows to show coherence matrix (see Fig. 76) where 

the single cells colour correspond to the ordinary coherence 

between two references. 

The goal of this task is to sort out the references in a way that 

signals within a group are coherent to each other while signals 

between groups are less coherent [25]. 

Cell colour in the matrix could either be calculated from the total 

frequency average or delta cursor average or a cursor position. 

 

 Fig. 76 - Coherence matrix used for grouping coherent sources; two groups 
presented – Hub accelerometers and Wheel microphones 

 

Reference groups could consist of: 

 a single source (e.g. rear-wheel structure-borne road noise 

defined by 6 accelerometer signals (tri-axial on each rear 

wheel hub) 

 a group of combined sources (e.g. total rolling noise from 

the rear wheels defined by 6 accelerometers and 4 

microphones) 

 all measured sources (i.e. all reference transducers in a 

single reference group; see Fig. 75) 
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3) Group validation: 

The purpose of this sub-step is to understand the situation when 

the coherent power exceeds the total measured signal hence the 

model is overestimated. 

This could be the case when one physical source is accounted twice 

in the calculation. This happens if the signals in individual groups 

are correlated to each other as previously discussed. 

 

 

Fig. 77 - Reference Validation: LEFT - Only hub accelerometers references 
included, RIGHT – Hub accelerometers + Wheel microphones 

Fig. 77 compares measured auto-spectrum and coherent power from 

reference signals. It follows that coherent power from contributions 

exceeds the measured signal in the TCR frequency range (around 227 Hz) if 

the microphone reference group is included. Based on this, it is evident that 

the microphone signal is to some extent coherent to the vibration signal. 

In this case, group validation with multiple coherence comparison could 

help us identify due to which reference transducer the overestimation 

situation occurs.  

 

Fig. 78 - Multiple coherence between Hub ACCs and <Wheel mics> group 

It can be seen from Fig. 78 that some signal from <Wheel mic> group is 

highly coherent (     
       to the accelerometers placed at front hubs. 
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Fig. 79 – Multiple coherence between Wheel mics and <Hub ACCs> group 

Further identification has revealed that the microphone behind RF wheel 

(see Fig. 79) is highly coherent to wheel hub vibration thus the most likely 

responsible for the overestimation. Therefore this signal will be excluded 

from the analysis. 

4) Results 

This sub-task is useful for the final validation of the decompositions 

before saving the results. It provides comparison of measured  

auto-spectrum against coherent power calculated from picked 

reference groups. Therefore, it can be seen how big error is 

introduced by omitting certain problematic (coherent) reference 

groups. 

 

 

4.2. Road noise decomposition of tested car 
 

Road noise decomposition of a passenger car was performed following all 

the necessary sub-steps described in the previous section 4.1.  

The reference accelerometers were placed at all the wheel hubs and 

reference microphones were located in front and behind all wheels as close 

to the tyre as possible. 

The signal recording and data processing steps have been performed using 

B&K software package including Pulse Recorder, Pulse Reflex and Pulse SPC. 

Moreover, removal of the spurious events has been performed by 

averaging in the time domain before using FFT as described in the 

experimental part.3 
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4.2.1. Measuring conditions 

 
Road noise decomposition analysis was performed for the following vehicle 

configuration and driving conditions: 

 18’’ Al wheels – 90 km/h – cruising – smooth surface 

 18’’ Al wheels – 75 km/h – cruising – smooth surface 

These particular conditions have been chosen for this analysis since it 

represents the case with subjectively the most pronounced TCR 

phenomenon from previously measured combinations. 

4.2.2. Spurious events removal 

 
The inputs to MCOP (Multiple Coherence Output Power) calculation 

method are the averaged spectral information (auto-spectra, cross-spectra) 

from the time histories. Therefore, all the spurious events have to be 

removed. For instance, stone impact noise, walkie-talkie speaking, squeaks 

and rattles could negatively influence measured data. 

Firstly, time history data which includes the least spurious events have been 

sorted out. Secondly, the time average from at 20 sec or longer recording 

has been calculated in order to eliminate influence of transient events. 

 

4.2.3. Engine harmonics identification 

 
Engine harmonics removal has not been performed since there was no 

considerable influence of engine noise in the frequency range of interest 

(200 – 250 Hz). This has been determined by comparing vehicle driving at 

constant speed at 90 kph (i.e. with engine contribution) with coast-down 

“slice” averaged from speed 89 – 91 kph (i.e. without engine contribution) 

which is shown in Fig. 80. 

 

Fig. 80 – RR receiver (18”Al wheels): Comparison of cruising at 90 kph (red) 
 and coast down slice average 89-91kph (blue) 
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It can be noticed that when driving at 90 kph constant speed engine 

harmonics appears at k*65 Hz (k = 1,2, …). Therefore harmonics appears at 

65 Hz, 130 Hz, 195 Hz, 260 Hz, 325 Hz. The first and the strongest engine 

harmonic appear at 65 Hz and also the 5th harmonic at 325 Hz is 

pronounced. We should notice the fact that there is no remarkable engine 

harmonic component in the frequency region of our interest (200 – 250 Hz). 

4.2.4. Groups of references 

 

The Multiple Coherences between road noise references and the 

interior noise at four seat positions have been calculated for the 

following groups of references: 

 

 All structure-borne noise references (all front and rear hub accs) 

 All airborne road noise references (all front and rear whell 

microphones) 

 Front axle road noise references (all front hub accs and wheel 

microphones) 

 Rear axle road noise references (all rear hub accs and wheel 

microphones) 

 Individual wheel road noise references (hub accelerometer and 

wheel microphones for each wheel) 

 

4.2.5. Decomposition results for Wheels # 1, 90 kph– 

smooth asphalt 

18” Al Wheels have been chosen for decomposition method since they 

exhibit the highest sound pressure levels in the cabin in the TCR frequency 

region. Moreover, they have also been subjectively evaluated as the most 

unpleasant regarding TCR phenomenon. 

Decomposition analysis has been performed to determine: 

A) if the TCR noise is transmitted via structure or via air 

B) if the TCR noise has higher contributors at front or at rear 

suspension  

C) if specific wheel is responsible for the TCR noise in the cabin 

A1) Structure-borne vs. Air-borne contribution analysis (90 kph) 

In this part of study, it was analyzed if the TCR noise in the cabin is 

transmitted mainly by the structure-borne or the air-borne mechanism. 
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Fig. 81 – Structure-borne (blue) vs. Airborne (red) contribution; Sum of 

contributions (green), Measured auto-spectrum (orange) 

The relative contributions from the structure-borne and air-borne noise in 

the TCR region (200 - 250 Hz) are shown in Fig. 81. 

This study has identified that the TCR noise is transmitted to the interior 

both via the structure and via air, although, the structure-borne noise is the 

major contributor. 

Furthermore, it could be noted that at the TCR frequency (228 Hz) the 

synthesized curve (coherence power) overestimates measured auto-

spectrum.  This is probably caused violating the basic assumption of this 

method what is that structure-borne and airborne reference groups are not 

fully incoherent. Wheel microphones was placed in the near field of the 

tyre source therefore the coherence between hub vibration and radiated 

sound is expectable. 

 

B1) Front axle vs. Rear wheels contribution analysis (90 kph) 

In this part of study, it was analyzed if the TCR noise has its origin mainly at 

the front or rear suspension. 
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Fig. 82 - Front wheels (red) vs. Rear wheels (blue) contributions; Sum of 

contributions (green), Measured auto-spectrum (orange) 

Based on the road noise decomposition results (see Fig. 82) it can be 

concluded that TCR noise has its origin in both the front wheels and the 

rear wheels, yet the contribution from rear wheels slightly dominates. 

Again, the overestimation of the model (sum of contributions) is caused by 

coherent signals between reference groups. 

 

Fig. 83 – Coherence matrix for 2 reference groups (front wheels, rear wheels) 
calculated from: a) TCR peak; b) delta cursor average 

High degree of coherence between front and rear wheel reference signals 

can be seen from the coherence matrix which is presented in Fig. 83. In the 

case a) the coherence is calculated only for the TCR peak (at 227 Hz) and it 

yields the desired result hence the groups are incoherent between each 

other. However, in the case b) coherence is calculated from the specified 

frequency range (delta cursor: 220 – 230 Hz) and the coherence between 
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single reference groups (front wheels; rear wheels) is higher which leads to 

overestimation of the model. 

 

C1) Individual wheel contribution analysis (90 kph) 

In this part of study, it was analyzed if the noise from TCR can be separated 

into contributions from individual wheels. 

  
 

 

 

 
Fig. 84 - Individual wheel contributions: LF wheel (blue), RF wheel (green), LR 

wheel (orange), RR wheel (red), Sum of contributions (yellow), Measured auto-
spectrum (black)  

It has been concluded that unique and straightforward separation of the 

individual wheels in the TCR frequency band (224 – 232 Hz) is not possible 

due to violation of the assumption of reference group incoherence. 

Therefore, the coherent power curve (sum of contributions) is excessively 

overestimated compare to the measured auto-spectrum as shown in Fig. 

84. 
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Fig. 85 - Coherence matrix calculated from frequency band 226 - 230 Hz; 4 
reference groups (RR, LF, RF, LR wheel hubs) 

The coherence matrix (see Fig. 85) has revealed that there is a high degree 

of coherence mainly between left and right rear wheels. This applies also 

for the left and right front wheels but only in the y-direction. 

 

Fig. 86 - Multiple coherence LR wheel accelerometers to RR wheel group 

Multiple coherence display (see Fig. 86) has confirmed the preceding by 

showing very high coherence (     
       between left and right rear 

wheels at the TCR peak. 

The results of this study highlight the importance of the assumption of the 

mutual incoherence. Therefore, the individual wheel separation using 

decomposition technique could not be correctly performed in the TCR 

region. 

4.2.6. Decomposition results for Wheels # 1, 75 kph speed 

– smooth asphalt 

In addition, the same analysis was performed for lower speed (75 kph) to 

find out if the cross-coherence between individual reference groups change 

with vehicle speed. 

A2) Structure-borne vs. Air-borne contributions (75 kph)  
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Fig. 87 – Structure-borne (red) vs. Air-borne (blue) contributions; Sum of 

contributions (green), Measured auto-spectrum (orange) 

In Fig. 87 the contributions from the structure-borne and air-borne noise in 

the tyre cavity modes region (200 - 250 Hz) are shown.  

In comparison to previous case (90 km/h) the modelled curve (coherent 

power) exhibits quite good agreement with measured curve. Hence, the 

decomposition model for structure and air-borne contributions can be 

considered as valid in the frequency region of TCR peak. 

Therefore, clear conclusion could be drawn that TCR noise is transmitted to 

the interior predominantly via the structure when driving at lower speeds. 

 

B2) Front axle vs. Rear wheels contributions (75 kph) 
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Fig. 88 - Front wheels (blue) vs. Rear wheels (red) contributions; Sum of 

contributions (green), Measured auto-spectrum (orange) 

Based on the road noise decomposition results (see Fig. 88) for front and 

rear wheel groups it can be concluded that TCR noise has dominant 

contribution from rear wheels at all passenger positions. Therefore, 

sensitive transfer path or high operating force at mount could be expected 

at the rear suspension. 

 

Fig. 89 - ŠKODA AUTO (2013) roller bench measurement of the same car type: 
front and rear wheels (red), front wheels (green), rear wheels (blue) 

In the year 2013 the lab (4x4 roller bench) measurement of the same car 

type has been performed in ŠKODA AUTO. There is possibility to run either 

front wheels, rear wheels or both while wheels are driven by rollers. In Fig. 

89 the result of this measurement is shown. This study has found that the 

major contribution to the TCR noise comes from the rear wheels.  

Therefore, the road decomposition (coherence) method results could be 

validated with the means of this “physical” wheel decomposition method. 

Likewise, roller testing method has revealed the rear wheels major 

contribution, the same results has been obtained by the operating road 

decomposition method. 
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C2) Individual wheel contribution  

 

In this case, the lower overestimation of the model, compared to the 

measured spectrum, is observed. Therefore, some conclusions could be 

drawn here, however, results should be interpreted with care and other 

methods should be used for validation. 

The highest contributors at TCR peak (226 Hz) are:  
1)  Left Rear Wheel (orange) 
2)  Right Rear Wheel (red) 
3)  Left Front Wheel (blue) 

 
The the lowest contributor at TCR peak is:  

4) Right Front Wheel (green) 
 
 
 
 
 
 

  
 

 

 

 
Fig. 90 – Individual wheel contributions: LF wheel (blue), RF wheel (green), LR 
wheel (orange), RR wheel (red), Sum of contributions (yellow), Measured auto-

spectrum (black) 
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4.2.7. Conclusion from Decomposition method 

 

It has been concluded that the TCR noise is caused predominantly by the 

vibrational energy transferred from the wheel to the cabin enclosure mainly 

via the structure.  

Despite this fact, there is also small amount of air-borne contribution to the 

TCR noise which depends on the driving speed. It has been observed that 

when driving at higher speeds the contribution of the air-borne noise 

increases. Presumably, this can be caused by the stronger sound radiation 

from the tyre side-walls and tyre belt during higher speeds and thus greater 

part of the energy is transmitted via air. 

Further, the rear suspension has been determined as responsible structure 

regarding TCR noise in the interior while observing its major contributions 

at all passenger positions. 

Moreover, it has been stated that a unique decomposition of individual 

wheels could not be performed for 90 kph speed due to high degree of 

coherence between them. However, this coherence is lower for the lower 

speed and thus an approximate source ranking could be made.  

Discussion on 90 kph vs. 75 kph decomposition analysis: 

It has been observed that decomposition methods work better for lower 75 

kph cruising speed than for 90 kph speed.  This is the most probably caused 

by the lower coherence between individual groups at lower speeds. In 

addition, the engine harmonics and aero-acoustic sources contributes less 

at a speed of 75 kph than 90 kph. 

 

4.1.2. Impedance matrix method in SPC software 
With Impedance Matrix method, it is possible to determine the following: 

 Estimate (calculate)  the forces which are acting on the body 

mounts from operational and lab measurements 

 Determine the most critical paths by comparing path contributions 

calculated from estimated forces and measured path sensitivities 

 Play what-if scenarios i.e. change (simulate) path sensitivity or an 

input force and determine the expected contribution 

The procedure for using Impedance Matrix method within SPC software 

requires performing of the following steps: 

a) Creating Impedance Matrix model. Assigning DOFs name to every 

item and generating the measurement plan. 
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b) Performing operational measurement:  

Measuring the operating acceleration at the passive sides of all 

suspension/body mounts (as described in chapter 3.3.) 

c) Performing  lab (static) measurements:  

Measuring full accelerance matrix (path sensitivities) between all 

individual mounts and 4 receivers positions (as described in theory 

and experimental part) 

d) Calculating auto-spectra of the operational measured signals with 

appropriate averaging to cancel out all the spurious events by using 

B&K Reflex or MATLAB 

e) Exporting receivers and mounts auto-spectra into appropriate files  

f) Assigning exported data to corresponding items in the SPC software 

model  

Reasons for choosing this method: 

 This method has been chosen since transfer paths on a vehicle 

suspension include rigid connections and thus the mounts are very 

stiff compared to the receiving structure (body)  

 Another advantage of this method was that the removal of the 

active side was not required based on the previous studies (see 

theory part) 

After completing steps a) - f), the processing of the uploaded data could be 

performed in “Matrix inversion tool” within SPC software which consists of 

following sub-steps: 

1) Matrix regularization 

The Accelerance matrix is in most cases ill-conditioned which means 

that the condition number is too large. Condition number is the 

ratio of the largest to smallest singular value in SVD of the matrix 

[20]. 

Therefore, SVD has to be used to compute so called pseudo-inverse. 

This step requires setting matrix inversion threshold value (e.g. 30 

dB) as shown in Fig. 91. It could be seen in Fig. 91 that up to 30 Hz 

condition number is quite large due to low signal to noise ratio. 
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Fig. 91 - Condition number (blue) and 30 dB Inverse treshold (red) 

It should also be noted that regularization tool – inversion threshold 

filter - has influence on the magnitude of the estimated force as 

shown in Fig. 92. 

 

 

Fig. 92 - Estimated Op. Force with 20 dB (red) and 30 dB (blue) Inversion Treshold 

 
2) Reciprocity check 

In the “Matrix Inversion tool” the reciprocity check between 

corresponding transfer functions could be carried out. If the 

accelerance matrix is measured with good coherence and thus 

avoiding non-linearities and noise, therefore reciprocity principle 

should hold. 

 

Fig. 93 - Reciprocity check for measured Accelerance matrix 
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4.3. Impedance matrix method of tested car 

 
The impedance matrix has been inverted with 10 dB, 20 dB and 30 dB 

inversion threshold. The best agreement between model (sum of 

contributions) and the measured auto-spectrum has been observed for 20 

dB threshold. 

The results of Impedance matrix method could be presented by using two 

graphical representations. Firstly, it is by using classical spectrum plot when 

comparing all the contributions with the measured and summed curve. This 

view is, however, not very clear when having many paths for comparison as 

it is in our case.  

Second and better view for contribution comparison is using so called 

“fingerprint” view which is the coloured representation of the previous 

spectrum plot. In the “fingerprint” view rows represents individual paths, 

columns represents frequency and colour stands for corresponding SPL 

contribution to the selected receiver position at selected frequency. 

 

4.3.1. Impedance matrix method results for 18” wheels 

 
Since the contributions differ at each passenger positions they were 

analysed separately with the following results:  

A) RF receiver 

 

 

Fig. 94 - Contributions plot  for RF receiver: Measured auto-spectrum (blue), Sum 
of contributions (red), CL mount (dashed), BL mount (x-orange, y-black, z-yellow) 

In Fig. 94 contributions from all the paths in the frequency range of TCR 

(200 – 250 Hz) are compared. The analysis has shown that estimated sound 

pressure level which is given by the sum of the contributions (red) is in a 

very good agreement with the measured auto-spectrum at RF position 

(blue) especially at the frequencies of the TCR (215 and 227 Hz). Therefore, 

the impedance matrix method model could be considered as valid. 
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Fig. 95 - Fingerprint for RF receiver and 18” Al Wheel (90 kph/smooth asphalt) 

The results of this investigation (see Fig. 95) shows that mount ZL (y and z 

directions) and mount CL (x and z directions) contributes the most to the 

total spectrum of RF passenger. The most critical mounts are summarised in 

the Table 11:   

No. Mount No. Mount 

1 ZL_y 4 CL_x 

2 ZL_z 5 ZL_x 

3 CL_z 6 BL_x 
Table 11 – The most significant contributors for RF receiver 

 

 

Fig. 96 – Mount estimated force and measured sensitivity: Left: ZL - x (orange), y 
(yellow), z (black); Middle: CL- x (red), y (blue), z (green); Right: BL -x (orange), y 

(yellow), z (black);  

 

BL  CL ZL Path sensitivity 
 

Estimated force 
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It is also very important to determine the reason behind the high 

contribution of the specific mount. Regarding IM method it can either be 

high path sensitivity (FRF: NTF) or high estimated operation force. Using 

SPC software one can compare these two quantities. In Fig. 96 this 

comparison is shown and it yields the following results: 

 The highest contribution of the ZL mount is caused by very high 

path sensitivity (in y and z direction) and also by rather high 

operating forces 

 The second highest contribution of the CL mount is caused mainly 

by the high operational forces. However, the path sensitivity is also 

relatively high. 

 High contribution of the BL mount is caused mainly by the high 

path sensitivity (high magnitude of NTF to the receiver ear). 

 

 

B) LF receiver (driver) 

 

 

Fig. 97 – Fingerprint for LF receiver and 18 Al Wheel (90 kph/smooth) 

Contrary to expectations, this study did not find a significant contributions 

of ZL and CL mounts. Surprisingly, mount BR (z-direction) contributes the 

most to the LF receiver. The other significant path contributions are 

summarized in the following table: 

No. Mount No. Mount 

1 BR_z 4 CL_z 

2 XL_y 5 XL_z 

3 GL_x 6 ER_x 
Table 12 - The most significant path contributions for LF receiver 
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Fig. 98 - LF receiver: Left: Contributions (BR_z – blue, Measured - orange), FRFs 
(BR_z – black), Estimated forces (BR_z – black) 

The highest contribution from the mount BR_z mount is caused by the 

significantly high path sensitivity (despite of its flat characteristic) in 

comparison to the other mounts and also by the relatively high estimated 

force as shown in Fig. 98. 

C) RR receiver 

 

Fig. 99 - Fingerprint for RR receiver and 18 Al Wheel (90 kph/smooth) 

This investigation for RR receiver found (see Fig. 99) that the most critical 

paths at the TCR frequencies for 18” wheels (at 215 and 227 Hz) are again 

mounts CL in all its directions together with ZL mount (in z and y 

directions). Another important finding was that CL mount/path is critical 

not only for the TCR frequencies but that the most of energy in the 

frequency range 200 – 238 Hz is transmitted via this mount.  

Other significant path contributions are listed in the following table: 

No. Mount No. Mount 

1 CL_x 4 FR_z 

2 CL_z 5 CL_y 

3 ZL_z 6 ZL_y 
Table 13 - The most significant path contributions for RR receiver 

Contributions 
 

FRFs (path sensitivities) 
 

Estimated forces 
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Fig. 100 - Mount contributions for RR receiver and 18 Al Wheel (90 kph/smooth) 
Orange-measured; Red-sum.; Dashed-CL_x (green) ,y (orange), z (blue) 

From the spectral contribution comparison to receiver RR which is depicted 

in Fig. 100 it can also be seen that the highest contributions origin from the 

CL mount. It is also possible to see rather high underestimation of the 

syntesized curve (compared to measured one) around TCR frequency which 

will be discussed further. 

D) LR receiver 

 

Fig. 101 - Fingerprint for LR receiver and 18 Al Wheel (90 kph/smooth) 

The results of this investigation identified (see Fig. 101) that the most 

critical mount is again CL mount (in all its directions). Other significant path 

contributions are listed in the following table: 

No. Mount No. Mount 

1 CL_x 4 BL_x 

2 CL_z 5 ZL_y 

3 CL_y 6 ZL_x 
Table 14 - The most significant path contributions for LR receiver 
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4.3.1.1 Conclusion from IM method for 18” wheels 
 
In the table below, the most critical path contributions (mounts) for the 

individual passenger’s positions are listed.  

Mount LF RF LR RR 

1 BR_z ZL_y CL_x CL_x 

2 XL_y ZL_z CL_z CL_z 

3 GL_x CL_z ZL_z CL_y 

4 CL_z CL_x FR_z BL_x 

5 XL_z ZL_x CL_y ZL_y 

6 ER_x BL_x ZL_x ZL_x 
Table 15 - Comparison of the most significant path contributions for all receivers 

 

The most obvious findings to emerge from impedance matrix method 

analysis are the following:  

 CL mount (especially x and z-direction) is the most critical 

transmission path for the rear passengers and it also contributes to 

the front passengers 

 ZL mount (especially y and z-direction) is the most critical path for 

the right front passenger when contributing also to the rear 

passengers 

 Mostly the rear suspension mounts are responsible for the TCR 

noise in the cabin (except the LF receiver – driver – where front 

suspension mounts: BR, XL, GL contribute the most) 

 

4.3.2 Impedance matrix result for 16“ Fe wheels 

 
Moreover, IM method has been performed also for 16”Fe wheels to 

determine whether the most critical path contributions would be the same 

for the same vehicle with different wheels. 

 

Fig. 102 -  Fingerprint for RR receiver and 16” Fe Wheel (90 kph/smooth) 
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This experiment (see Fig. 102) confirmed that the CL mount is, again, the 

most critical path contribution. This indicates that the operational 

acceleration was also the highest when driving on 16” wheels provided that 

the path sensitivities (FRFs) were the same for all 3 wheel/tyre 

combinations. 

 

Fig. 103 - Mount contributions for RR receiver and 16 Fe Wheel (90 kph/smooth) 
Blue - measured; Red - sum. 

Fig. 103 indicates a good agreement between measured and synthesized 

spectrum only around the first TCR peak at 215 Hz. However, around the 

second TCR peak at 238 Hz the synthesized spectrum is relatively 

underestimated. 

 

4.3.3 Discussion on the results of impedance matrix method 

 
It is worth mentioning, that the modelled curve (synthesized from 

contributions) is slightly underestimated when comparing to the measured 

auto-spectrum in the region 215 – 250 Hz as can be seen in Fig. 100. This 

discrepancy could be attributed to the fact that all the possible paths where 

the energy from the source could travel were not involved in the method 

which is in conflict with one of the main assumptions for this method. 

The acoustic path (air-borne energy) is totally omitted in this method under 

the assumption that the most of the energy is transmitted via the structure 

as has been confirmed by the road decomposition method. However, the 

road decomposition method has shown that a small portion of TCR energy 

is transmitted via air, hence, this could be the reason for discrepancy. 

Another important finding was that even though CL mount appears to be 

the most critical path, the operational acceleration was the highest for the 

ZL and ZR mount in x-direction as shown in Fig. 104. 
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Fig. 104 - Operational acceleration comparison: ZL_x and ZR_x (dashed) 

Despite the operational acceleration of ZL and ZR mounts being the highest, 

the resulting estimated force is lower than for CL mount as shown in Fig. 96. 

 

4.3.4. Verification experiments for Impedance Matrix method 

 

To verify results obtained by the Impedance Matrix method, verification 

experiment involving physical modification was performed. 

Since the mount CL was revealed as one of the most critical path 

contributions it has been disconnected from the car body as depicted in Fig. 

105. 

 

Fig. 105 - Disconnection of the CL mount 

This disconnection has been realized by putting steel washers to the 

neighbouring mounts (ZL and DL) as shown in Fig. 106. 

 

Fig. 106 – Underlay of the neighbouring mounts by steel washers 
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Experimental conditions: 

 Experiment has been performed in the dynamometer lab 

 Vehicle was driven by the rollers 

 Vehicle was driving on idle (requirement due to automatic 

transmission gear) 

Experimental driving conditions: 

 Coast down from 130 to 20 kph in 240 seconds. 

 Cruising in speeds: 30 kph, 65 kph, 75 kph, 85 kph, 90 kph, 100 kph, 

110 kph, 120 kph measured for 60 seconds. 

 

  

  
Fig. 107 – Averaged coast-down spectrum (80 - 20 kph; 18“ Al wheels): 

comparison of connected (red) and disconnected (blue) CL mount 

Fig. 107 compares the passenger auto-spectrum for connected and 

disconnected CL mount.  

Contrary to expectations, this study did not yield a significant difference 

between two suspension configurations. At some passenger positions (LF 

and LR) the first TCR peak is reduced by only 1 dB, however, at all the 

positions the second TCR peak is even increased by 2 – 4 dB. 

Overall, disconnection of one mount only deteriorated the auto-spectrum 

for all passenger positions in the TCR frequency region. 
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4.3.5 Discussion on the verification experiment 

 
Bearing in mind the basic physical law – conservation of energy – it has 

been somewhat supposed that mere disconnecting only one of the critical 

mounts could not solve the whole issue. When disconnecting one mount 

the vibrational energy is simply transmitted via other mounts since the 

energy has to be conserved in a closed system.  

Moreover, an increase of auto-spectrum has been observed which could be 

attributed to non-symmetrical loading of the vehicle suspension after 

disconnecting only one CL mount. 

 

4.3.6 Future work  

 
It is recommended that further research may be undertaken in the 

following areas to find a permanent solution to TCR issue: 

It would be interesting to assess the effects of mounting the vibration 

isolators in between the mounts and the car body. The aim of this is to 

dissipate TCR vibration energy which is being transmitted from the wheel to 

the car body. This solution is now used only for passenger cars of luxury 

class. 

The present solution in the tested vehicle consists of direct “steel to steel” 

mounting, as can be seen from Fig. 106. It is obvious that this connection 

cannot dissipate much vibration energy, whereas it may reflect it to some 

extent.  

Due to time restrictions and unavailability of the specific rubber vibration 

isolators, this solution could not be tested within the time frame work of 

this thesis. 

Further studies need to be carried out in order to validate results obtained 

by deflection shape analysis. This covers both performing modal analysis of 

the roll stabilizer and also disconnecting it from front suspension structure 

while analysing its effect on the passenger noise level.  

Considerably more work will need to be done to determine the surface 

radiators inside the vehicle compartment which are responsible for TCR 

noise radiation. It is therefore suggested to perform the complete panel 

contribution analysis. 
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4.4. Conclusions 
 
This master thesis has been particularly focused on tyre cavity resonance 

phenomenon. The main objective was to determine whether it is 

transmitted via air or via structure and also what are the most critical 

structural paths responsible for the vibration transmission.  

This have been investigated using two TPA methods namely road 

decomposition method and impedance matrix method.  

The performance of each model was evaluated for two driving conditions: 

cruising at 75 kph and at 90 kph. In addition, coast-downs from 130-20 kph 

have been analysed to study TCR speed dependency. Moreover, three 

different wheels on two different surfaces have been measured and 

evaluated. 

Not only TPA methods but also other supplementary NVH tools such as ODS 

and deflection shape analysis have been used to describe the resonant 

behaviour of structures responsible for amplification of TCR phenomenon. 

Namely ODS analysis and of front and rear suspension and rear triangular 

window together with deflection shape analysis of the wheel rims and tyre 

belt and sidewall has been performed. 

The road noise decomposition - coherence based method revealed that it 

works well for lower speed and yielded useful results such as that TCR is 

transmitted mainly via the structure and that the rear suspension 

contributions dominate the interior spectrum. Nevertheless, this method 

was not able to decompose individual wheel contribution owing to high 

cross coherence.  

The impedance matrix method is on the one hand rather time consuming 

and demanding. On the other hand, if performed correctly, it yields very 

valuable results such as determinations of the critical path contributions. 

Moreover, method also clarifies if the path is critical due to the path 

sensitivity or due to high loads. The method has revealed two critical paths 

while both located on the rear suspension, referred to as ZL and CL mounts. 

The deflection shape analysis has identified that wheel rim, tyre belt and 

sidewall resonances do not coincide with TCR frequency with exception of 

16” Fe wheel rim. It has also revealed that wheel-stabilizer and coil spring 

have resonances at TCR frequency region which can lead to its 

amplification. 

Moreover, the ODS and vibration response analysis of the suspected sound 

radiator, rear triangular window, was performed with conclusion that the 

window is to some extent responsible for the TCR noise radiation. To 
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identify all the responsible radiating surfaces, however, panel contribution 

analysis needs to be performed.  



104 
 

5. References 
 

 

1. Boden, Hans, Carlsson, Ulf and Åbom, Mats. Ljud och vibrationer (Sound 

and Vibration). Stockholm : KTH, 2001. ISBN 91-7170-434-5. 

2. Application of Transmissibility Matrix Method to NVH Source 

Contribution. D. Tcherniak, A.P.Schuhmacher. Florida : Bruel & Kjaer Sound 

and Vibration Measurement A/S, 2009. 

3. Mats, Abom. An introduction to Flow Acoustics. Stockholm : KTH The 

Marcus Wallenberg Laboratory, 2014. ISSN 1651-7660. 

4. Pass-by noise contribution analysis of electric vehicles . Lissel, Linus Falk. 

Stockholm : KTH, 2013. 1651-7660 . 

5. KINDT, Peter. Structure-Borne Tyre/Road Noise due to. Leuven : 

KATHOLIEKE UNIVERSITEIT LEUVEN, 2009. ISBN 978-94-6018-085-9. 

6. Sandberg, Ulf and Ejsmont, Jerzy A. Tyre/Road Noise. Modena : 

INFORMEX Ejsmont, 2002. 91-631-2610-9. 

7. Gartmeier, Otto. Vehicle Acoustics and Vibration - course compendium. 

Stockholm : KTH, 2014. 

8. T. Sakata, H. Morimura, and H. Ide (1990). Effects of Tire Cavity 

Resonance on Vehicle Road Noise. u.o. : Tire Science and Technology, 1190. 

9. Hiroshi Yamauchi, Yasuji Akiyoshi. Theoretical analysis of tire acoustic 

cavity noise andproposal of. u.o. : Science Direct, 2002. 

10. Molisani, Leonardo. A Coupled Tire Structure-Acoustic Cavity . u.o. : 

Virginia Polytechnic Institute and State University , 2004. 

11. David Bogema, Paul Goodes. Noise Path Analysis Process Evaluation of 

Automotive. SAE International. 2009. 

12. Craik, Robert J. M. Sound Transmission Through Buildings. 1996. 

13. Long, Marshall. Architectural Acoustics, Applications of modern 

acoustics. u.o. : Elsevier, 2005. 0080527558, 9780080527550. 

14. Continental. http://www.contitech.de. [Online] 

http://www.contitech.de/pages/produkte/schwingungstechnik/antriebsstr

ang/img/tilger_230x180.jpg. 

15. GmbH, Robert Bosch. Bosch Automotive Handbook. 2011. 978-

0837616865. 



105 
 

16. Semeniuk, Brad. The Acoustics of Automotive Materials (Vehicle 

Acoustic and Vibration course lecture notes). Stockholm : u.n., 2014. 

17. In-situ source path contribution analysis of structure. A.S. Elliott, A.T. 

Moorhouse, T. Huntley, S. Tate. u.o. : Journal of Sound and Vibration, 

2013. 

18. Finding and Fixing Vehicle NVH. Plunt, Juha. u.o. : Sound and Vibration, 

2005. 

19. Carlsson, Ulf. Experimental Structure Dynamics (Course compendium). 

Stockholm : KTH, 2009. 

20. Source Path Contribution. Tcherniak, Dmitri. u.o. : Bruel & Kjaer, 2008. 

21. David Havelock, Sonoko Kuwano and Vorländer, Michael. Handbook of 

Signal Processing in Acoustics. New York : Springer, 2008. p. 70. ISBN 978-0-

387-30441-0. 

22. TOOME, MIHKEL. Operational Transfer Path Analysis, A Study of Source 

Contribution Predictions at Low Frequency. Göteborg, : CHALMERS 

UNIVERSITY OF TECHNOLOGY, 2012. 

23. H. Van der Auweraer, P. Mas, S. Dom, A. Vecchio,K. Janssens and P. 

Van de Ponseele. Transfer Path Analysis in the Critical Path of. SAE 

International. 2007. 

24. Feng, Leping. Acoustical Measurements (Lecture notes). Stockholm : 

KTH, 2007. ISSN 1651-7660. 

25. Tcherniak, Dmitri. SPC 7798 user guide. u.o. : B&K. 

26. Julius S. Bendat, Allan G. Piersol. Random Data: Analysis and 

Measurement . u.o. : John Wiley & Sons, 2011. 

 

 

  



106 
 

6. Appendix 
 

 

Fig. 108 – ODS analysis points - Front Suspension (ISO view) 

 

 

Fig. 109 - ODS analysis points - Front Suspension (TOP view) 
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Fig. 110 - ODS analysis points - Rear Suspension (ISO view) 

 

 

Fig. 111 - ODS analysis points - Rear Suspension (ISO view) 
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Fig. 112 - Spectrogram for 18"Al wheels (125 - 20 kph) 

 

 

  

 
 

 

Fig. 113 - Spectrogram for 16"Al wheels (125 - 20 kph) 
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Fig. 114 - - Spectrogram for 16"Fe wheels (125 - 20 kph) 
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