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ABSTRACT 

 

 

 

With advancements in technology, electric vehicles are dominating the world making the 

Internal Combustion engines less relevant and hence vehicles are becoming quieter than 

ever before. But noise levels remain a significant concern for both passengers and 

automotive manufacturers. The vehicle interior noise can affect the overall driving 

experience and even the safety of driver and the passengers. The two main sources of 

vehicle interior noise are attributed to the air-borne noises and the structure-borne noises. 

A modern automobile is a complicated vibration system with several excitation sources 

like the engine, transmission system, tire/road interface excitation and the wind noise. 

With electric vehicles on the rise, the engine and transmission noise are practically 

eliminated, effective preventive measures and control systems are already in place to 

reduce the aerodynamic based noise, vibrations, and harshness (NVH) in modern 

automobiles making the structure borne noise the most crucial of the noise sources. 

Tire/road interaction noise being the most dominant among the structure borne noise is 

the main concern of the vehicle interior noise. The two main sources of vehicle interior 

noise induced by the tire pavement interaction noise are: structure borne noise induced by 

the low frequency excitation and air-borne noises produced by the mid and high 

frequency excitation. 

 

In the present study, an all-season tire was tested over varying operational conditions 

such as different speeds, normal loads, and inflation pressures on an asphalt surface. Two 

tri axial accelerometers attached 1800 apart from each other on the inner liner of the tire 

of a Volkswagen Jetta were used to measure the circumferential, lateral and radial 

acceleration data. An Inertial Measurement Unit (IMU) and velocity box (VBOX) were 

instrumented in the vehicle to measure the acceleration at the center of gravity (COG) 

position of the vehicle and the longitudinal velocity of the vehicle respectively. The 

vehicle was also equipped with a modified hybrid of Close Proximity Testing (CPX) and 

On-Board Sound Intensity (OBSI) sound measurement systems which was designed and 

manufactured in-house to measure the tire/road interaction noise at the leading and 

trailing edges of the tire/road contact patch. Another microphone was instrumented inside 

the passenger compartment of the vehicle at the passengerôs seat right ear position over 

the tire mounted with the sound measurement system to measure the vehicle interior 

noise as interpreted by the passengers in the vehicle. Two data acquisition systems 

coupled with a real-time Simulink model were used to collect all the measured data, one 

for the noise signals and the other for velocity and acceleration signals. 

 



 

 

The focus of the current study is to review different generation and amplification 

mechanisms of the structure induced tire/road interaction noise and find the relevant 

dominant frequency ranges of the vehicle interior noise induced by the structure borne 

noises using already established physics-based models and correlation techniques. It also 

aims to find correlations between the tire acceleration, vehicle interior noise and tire 

pavement interaction noise and their effect on different operational conditions like the 

load, inflation pressure and velocity. All the signals are studied in the time, frequency and 

the spectral domain and insights have been drawn on different tire/road noise generation 

and amplification mechanisms. 
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GENERAL AUDIENCE ABSTRACT  

 

 

Structure induced vehicle interior noise is one of the main concerns surrounding the 

automotive NVH industry and tire/road interaction noise being the most dominant source 

among the structure borne noises affecting the vehicle interior noise is a major problem to 

the tire and automotive manufacturers now-a-days. It leads to discomfort for the driver 

and the passengers in the vehicle and can cause fatigue, which in turn can directly affect 

the vehicleôs safety. Several attempts have been made to reduce the vehicle interior noise 

using statistical, physics-based and hybrid models, but the research is still nowhere near 

completion. The current study aims to identify the frequency ranges affecting the 

structure-borne noise induced vehicle interior noise and uses data-driven approaches in 

estimating the vehicle interior noise using only the acceleration of the tire. A test setup 

was designed and developed in-house where a tri-axial accelerometer embedded inside 

the inner liner of the tire measures the X, Y and Z acceleration signals. Several 

microphones are instrumented at the tire/road contact surface and inside the passenger 

cabin to measure the tire/road interaction noise and the vehicle interior noise. The 

longitudinal velocity of the vehicle and the accelerations at the center of gravity of the 

vehicle have also been measured. Multiple data driven models have been developed to 

directly predict the vehicle interior noise and tire/road interaction noise using the 

accelerometer data. This research is directly helpful for the automotive and tire industries 

by giving them insights on designing and developing quieter tires by using data driven 

approaches and further using these with active control systems can mask the vehicle 

interior noise to the acceptable levels in real-time. 
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1. CHAPTER 1 INTRODUCTION  

 

 
1.1 MOTIVATION  

 
From the driverôs perspective, the vehicle interior noise is a major NVH design concern because 

it is directly linked to the driverôs emotions as they consider vehicles that emit loud noises 

unsatisfactory and disturbing. The Sound Pressure Level (SPL) emitted inside the passenger 

cabin which is directly experienced by the passengers is important since it can affect the 

passengerôs health and also lead to driverôs fatigue which is a safety risk [1]. As the tire and road 

comes in contact with each other, a dynamic interface has been created when the tire rolls over 

the road surface and hence noise transfer paths are generated from this interface creating noise 

which can be heard by the passengers inside the compartment of vehicles [2]. Additionally, apart 

from the noise, the driver also experiences vibrations at the seat and the steering wheel which are 

the primary points of contact between the passengers and the vehicle. Depending on amplitude 

and frequency content, these noise and vibrations can reduce the driverôs comfort significantly 

[3].  Due to these vehicle safety concerns; regulations have been imposed by several 

governmental institutions which specify that the overall SPL of the vehicle must meet the 

standards set forth by the respective governmental organizations [4]. With electric vehicles being 

a common sight in the upcoming future, the noise concerns that are related to the engine and 

transmission units of the Internal Combustion engines are becoming less of a concern and with 

several advancements in the aerodynamic design of vehicles, the wind turbulence is significantly 

reduced making tire/road interaction noise the most important and dominant source of the overall 

vehicle interior noise.  

 

The current study is focused on tire-road interaction noise which is considered as a significant 

contributor to the vehicle interior noise and its vibration levels for driving speeds above 40 kmph 

[5].  Tire/road noise are divided into two distinct generation and amplification-based 

mechanisms: vibrational and aerodynamic mechanisms [6]. The structural vibrations of the tire 

caused by the interactions between the tire and the road are responsible for the vibration 

mechanisms. Whereas the aerodynamic mechanisms are air-borne and are caused due to air 
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displacement at the tire when the tire and road comes into contact. The vibrational mechanisms 

are structure borne and are further classified into Impact and Adhesion mechanisms. The impact 

mechanisms cause radial vibrations and are induced by the impact of tire thread blocks on road 

surfaces, impact of road surface texture on the tire treads and running deflection at leading and 

trailing edges. The adhesion mechanisms cause tangential vibrations and are induced by the 

stick/slip tread motions relative to the road surface and rubber-to-road stick/snap effects [6].  The 

tire vibrations causing the vehicle interior noise are transmitted through the spindle and 

suspension towards the vehicle body. The vibrations in turn radiates noise in the vehicle 

passenger cabin which is the structure borne vehicle interior noise. Studies show that the 

structure borne interior noises are generally classified into three frequency ranges: The first one 

is most significant in the frequency band up to 500Hz and is produced by the road roughness 

which creates vibrations in the tires. The second one is due to the thread block vibrations and is 

dominant in the frequency band up to 1000Hz. The third one is the thread air groove resonance 

and is also dominant in a frequency band up to 1000Hz [7]. At frequency ranges of 200-250Hz, 

the acoustic cavity resonance occurs which is another significant factor of the structure borne 

vehicle interior noise [8]. The aerodynamic generation mechanisms are caused by a) Air 

turbulence around tire due to tire displacing air when rolling on the road; b) Air pumping, where 

air is displaced into/out of cavities in or between the tire tread and surface. The air-borne noises 

generally occur in a frequency range of 1500Hz to 3000Hz and have not been considered in this 

study [6]. 

 

 

1.2 OBJECTIVES 

 

The main objectives of the current study are as follows: 

1) To perform an extensive literature review on the current noise models, generation and 

amplification mechanisms, experimental techniques, influencing parameters and signal 

processing techniques.  

2) To instrument a passenger vehicle with tires, accelerometers, VBOX, IMU and 

microphones at tire/road interface position and also in the passenger compartment of the 



3 

 

vehicles to collect data for different operational conditions such as velocities, loads and 

inflation pressures on an asphalt surface with the help of data acquisition systems. 

3) To use the experimental data to help provide insights about dominant frequency ranges 

with the help of different physics-based and generation mechanisms to help provide a 

correlation analysis between the accelerometer, tire/road noise microphone and vehicle 

interior noise microphone data. 

4) To use several signal processing techniques to process the data in time and frequency 

domains and further understand the effect of the accelerometer, vehicle interior noise and 

tire/road interaction noise on different operational conditions. 

5) To develop different regression-based machine learning models, one model predicts the 

tire/road interaction noise using the accelerometer data, the second one predicts the 

vehicle interior noise using the tire/road noise data and the last model predicts the vehicle 

interior noise using the accelerometer data alone. 
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2. CHAPTER 2 REVIEW OF LITERATURE  
 

 
2.1 VEHICLE NOISE 

 
Vehicle noise is defined as the total noise emitted from a road vehicle and is divided into three 

main categories namely, a) Tire/road noise, b) Power unit noise, c) Wind (turbulence) noise. [9-

10] 

 

 

Figure 2-1: Classification of Vehicle Noise. 

 

Tire/road noise ï TireïPavement Interaction Noise (TPIN) is also known as tire/road interaction 

noise and is defined as the noise emitted from a rolling tire because of the interaction between 

the tire and road surface [6] when the vehicle is equipped with tire, and it cruises or is driven 

over the surface.  

Power unit noise ï Noise that is emitted from the power units of the vehicle that take part in the 

propulsion of the vehicle [6,9].  

Wind noise ï Noise emission due to air turbulence around a vehicle when it travels at high speed 

[6,9]. 

 

2.1.1 STANDARD TERMINOLOGIES 

 

This section discusses the standard terminologies used in measurement or calculation of the 

overall vehicle noise.  

Sound Pressure Level and the decibel(dB) ï Using a regular linear scale for sound pressure or 

sound intensity is highly impractical because all normally occurring sounds in daily life plotted 

Overall Vehicle 
Noise

Tire/Road Noise
Power Unit 

Noise

Wind 
(Turbulence) 

noise
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in such a graph will then be located very close to zero and only a few of those sounds, those very 

close to the threshold of pain, will be distinctly larger than zero [6,12]. This is why acousticians 

use a logarithmic scale, i.e., the linear sound pressure, p, is converted to a logarithmic sound 

pressure level, Lp, according to the equation (2.1). 

 ὒ ρπzÌÏÇ              (2.1) 

pref ï an internationally standardized reference sound pressure of 20 * 10-6 Pa 

The unit for Lp is decibel ï dB.  

The term sound pressure level (SPL) is generally used to characterize the physical strength of a 

sound either with regards to the sound as a whole or to the sound being filtered through a certain 

frequency band.  

In order to increase or decrease the way sound is perceived, by using a logarithmic scale, it very 

conveniently happens that a difference of 10 dB correctly corresponds to approximately a 

doubling or halving of the subjective hearing impression. Then the smallest difference in the 

sound pressure level that our ears can perceive under the standard conditions is 1dB. 

 

Frequency Weighting and the dB(A) unit ï To produce an instrument capable of realizing sound 

in a similar way our hearing can, an analog or a digital filter can imitate the same type of 

hearing. The sound pressure signals are therefore often filtered before they are finally measured 

and presented [6,12].  

There are several such weighted filters that have been standardized and which, in some way or 

the other, are considered to correspond to the frequency weighting or hearing, or rather correct 

for it. The filter that has been considered to correspond to the best of the human perception of 

sounds is the so-called ñAò filter. The result obtained when measuring the sound pressure level 

with this filter connected is expressed as A-weighted sound pressure level with unit dB. The 

symbol is LpA or dB(A).  

 

2.1.2 VEHICLE NOISE SOURCES 

 

Vehicles generate noise from several different sources during their lifetime of operation. The 

sources can be classified into three main categories:  
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The first category is power unit noise, which includes noise from the power train (transmission), 

the fan, the exhaust, and the engine. In addition to these, the engine, exhaust, fan, and intake 

systems are among the various sources of noise coming from the power unit. Engine load and 

rotational speed are some factors that affect power unit noise. [6,13,14] 

 

The turbulent air flow around and partially through the vehicle is the subject of the second 

category of sources, which are aerodynamic in nature. Due to excellent aerodynamic design, 

which is required to meet fuel consumption regulations, aerodynamic noises are not significant 

for outside vehicle noise. It is, however, very significant for interior noise. [6,13,14] 

 

The third category of noise generators includes noise from rolling tires on a road surface. 

Basically, the vehicle's speed and the specific tire/road combination determine the tire/road 

noise. The longitudinal forces (acceleration or braking) and tangential forces (cornering) applied 

on the tires both have a significant impact on the tire/road interaction noise. [6,13,14] 

 

2.1.3 RELATIONSHIP BETWEEN DIFFERENT NOISE SOURCES 

 

It was mentioned in the previous section that the power unit noise is primarily influenced by the 

engine load and rotational speed. Vehicle speed has little effect on power unit noise. At certain 

crossover speed, tire/road noise begins to outweigh power unit noise; this dominance will grow 

as speed increases. The vehicle, load, and generation of the vehicle (model year) all affect the 

crossover speed. Consequently, the tire/road noise predominates over the engine noise for 

passenger automobiles when the speed above 30 kph is utilized as the reference, as indicated in 

the table below. [6] 

 

Table 2-1: Crossover speeds for a normal tire with a dense asphalt concrete used as a road surface. 

Vehicle type Accelerating speed 

Cars made 1985-95 45-50 kmph 

Cars made from 1996- Now 30-45 kmph 
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2.1.4 SOURCES DIFFICULT TO DISTINGUISH FROM TIRE/ROAD NOISE 

 

At high speeds, wind turbulence may contribute to the overall vehicle noise and may be mistaken 

for tire/road interaction noise. Another source that could be mistaken for tire/road interaction 

noise is vehicle axle noise, however this is only a problem with some large vehicles. 

 

2.2 RELATIONSHIP BETWEEN TIRE PARAMETERS AND NOISE 

 

The third-octave band spectra of three tires traveling at two speeds on 16ï20 surfaces and one 

tire traveling at five speeds on 30 surfaces were measured by Sandberg and Descornet [15]. They 

studied the textural profiles, water outflow time, friction, and other characteristics of the road 

surface. The link between noise and texture spectral bands for all conceivable combinations of 

sound frequencies and texture wavelengths was then determined, for all tires and speeds, 

utilizing each road surface as one data point in a regression of noise on texture. The relationship 

between the sound frequency f, texture wavelength, and rolling speed v has been established, and 

it is provided by the equation. As a result, a correlation coefficient r was obtained as a function 

of the sound frequency f and texture wavelength as shown in the equation (2.2) 

 

Ὢ ὺȾ‗     (2.2) 

 

The correlations between low frequency noise and long wavelength texture are quite strong and 

favorable, whereas the connections between high frequency noise and short wavelength texture 

are considerable but adverse. Additionally, they concluded that the high frequency mechanism 

works better when the tread pattern is rougher and vice versa for the low frequency mechanism. 

Additionally, they were able to demonstrate that the tire/road noise in the high frequency region 

had little to no link with what occurred in the lower frequency range. The fundamental 

mechanisms for high frequencies and low frequencies were consequently found to be different. 

The tread impact mechanism was shown to be associated with the lower frequencies, and the air 

displacement mechanism with the higher frequencies. They were able to go a step further and 

conclude that there was a mid-frequency range (800-1250 Hz) [15,16] as well, which was 
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brought on by a component of the tread impact mechanism brought on by the impact of the tread 

block on the road surface. 

 

2.3 TIRE/ROAD NOISE MODELS 

 

The tire/road noise models have been broadly categorized into three categories: a) Deterministic 

models, b) Statistical models, and c) Hybrid models as shown in the figure (2-2) [6]. Each of the 

models has been further classified into different types. The advantages, disadvantages, and the 

dominant frequency ranges of each of these classifications have been briefly discussed in this 

section. 

 

 

Figure 2-2: Classification of different Tire/Road noise models. 

 

2.3.1 DETERMINISTIC MODELS 

 

The deterministic models are purely physics and numerical based analytical models and are 

focused on the low frequency ranges below 500 Hz. They are computationally expensive and 

require a large number of parameters but generally are accurate at estimation of noise 

propagation and generation mechanisms. But since there is no statistical correlation in these 

models, the accuracy of the estimation of tire/road noise is somewhat questionable [17]. The 

deterministic models are further sub-categorized into three categories: i) Conventional Physics- 

based models, ii) Finite Element and Boundary Element models, and iii) Computational Fluid 
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Dynamics models as shown in the figure (2-3). A summary of each of these models is discussed 

in this section. 

 

1) Conventional physics-based models: These models utilize traditional analytical and 

numerical methods and model the tire in the form of a ring or a shell to explore the 

dynamic properties of a tire. Most of these models only focus on structure borne noise 

and hence the tire vibrations are the most common output parameter in most of these 

models. And most of the models consider the tire to be stationary which does not reflect 

the real-life driving conditions. [18] 

 

2) Finite Element and Boundary Element models: The FEA techniques have been applied to 

estimate the vibrations in the tire and have been coupled with the fluid structure 

interaction problems to simulate the tire/road noise generation and hence has been used to 

estimate the sound generated and propagated in the air medium. These methods generally 

focused on the output as structure borne noises with a frequency range below 500Hz. [19 

ï 20] 

 

3) Computational Fluid Dynamics Models: CFD numerical algorithms are used to predict 

both the structure borne noise component and the air borne noise component due to the 

tire/road interaction noise. The near-field SPL has been considered the most common 

output parameter in many of the CFD models. [21] 

 

2.3.2 STATISTICAL MODELS: 

 

The statistical models are semi-empirical models and are based on correlating tire/road noise 

data to tire-pavement parameters. These models are generally more accurate than the 

deterministic models since they use real-time data, and they also cover the entire dominant 

frequency range of the tire/road noise unlike the deterministic models [22]. But they do not 

consider the theory behind the noise generation mechanisms in model estimations. They have 

been further sub-categorized into three different categories: i) Traditional Regression based 
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models, ii) Principal component analysis models, and iii) Fuzzy- curve fitting models as shown 

in the figure (2-3) 

 

1) Traditional Regression based models: They use linear and non-linear regression models 

to measure pass-by-noise, and On-Board Sound Intensity (OBSI) testing with an output 

frequency range of 500-5000Hz [23]. The vehicle speed is a parameter included in the 

models unlike deterministic models where the tire is assumed to be stationary. Various 

types of pavement parameters and environmental parameters can also be included in the 

modeling. [24,25] 

 

2) Principal Component Analysis Models: These models use orthogonal transformation to 

determine a smaller number of parameters from a possible larger set of parameters. They 

use the least number of variables to estimate maximum amount of variance. These are 

more advanced than the traditional regression models because they can include more 

number or variable parameters during modeling than the linear or the non-linear 

regression models. [26,27] 

 

 

3) Fuzzy Curve Fitting Models: These models generally solve a non-linear problem using a 

bunch of if-then statements. The fuzzy logic uses machine learning models like the ANN, 

neuro-fuzzy system, and fuzzy generic arithmetic to model the tire/road noise. They can 

use many numbers of input parameters similar to the PCA models. [28, 29] 

 

2.3.3 HYBRID MODELS 

 

These models are a compromise between the computational detailing of a physics based 

deterministic model and the statistical accuracy of the experimental data based statistical models. 

The hybrid models are further sub-categorized into three different categories: i) Tire-Pavement 

Interface models, ii) Mechanism Separation models and iii) Noise Propagation models. 
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1) Tire-Pavement interface models: These models estimate the interface between the tire 

and the pavement within the contact patch. The contact patch analysis is further used to 

estimate tire vibrations and further the tire/road noise is correlated with the contact patch 

analysis using experimental data. These models predict both the far-field and near-field in 

a very broad frequency range. [30, 31, 32] 

 

2) Mechanism Separation models: Different equations for different noise generation 

mechanisms are modelled using the physics based deterministic models and finally an 

integrated tire/road noise is obtained by summing all the generational mechanisms and 

further the parameters are determined statistically using the experimental data. It helps 

predict both structure-borne and air-borne noise components. [33,34] 

 

 

3) Noise Propagation models: These are generally used to predict the far-field noise with 

various variable input parameters. The sound power of tire/road noise is statistically 

acquired and then physics based deterministic sound theory models and further applied to 

obtain SPL at a given location on the vehicle. [35,36] 

 

2.4 TIRE/ROAD NOISE GENERATION MECHANISMS 

 

These are the fundamental mechanisms which explain the generation of sounds at the interface or 

source. The tire/road noise generation can be broadly classified into two categories: a) 

Structurally Induced mechanisms and b) Aerodynamically Induced mechanisms [37] as shown in 

the figure (2-3). 

 

2.4.1 STRUCTURALLY INDUCED MECHANISMS  

 

1. Impact Mechanism (mostly radial vibrations)  

 

a. Tread Impact: The impact of tire thread blocks or other patterned elements hitting 

the surface of the road deforming the threads, cause radial vibrations and to some 
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extent tangential vibrations in the tire tread and belt, further spreading it to the 

sidewalls which radiates sound. The frequency of excitation which is usually in 

the range of 800-1000Hz [38, 39], can be calculated by measuring the length of 

the tread blocks and the velocity of the vehicle and is given by the equation (2.3) 

[6,38]  

 

Ὢ ὺȾ‗     (2.3) 

 

b. Texture impact: Like the tread impact, impact of the road surface texture in the 

tire tread, causing radial vibrations and to some extent also tangential vibrations 

in the tire tread and the belt, spreading to the side walls generating sound [6]. 

 

c. Running deflection: As the tire rotates, deformations occur on the circumference 

of the tire in the radial direction as the leading edge hits the road surface and the 

trailing edge leaves the road surface creating belt/carcass vibrations. 

 

 

Figure 2-3: Classification of Tire/Road Noise generation mechanisms. 

 

 

2. Adhesion mechanism (mostly tangential vibrations) 

a. Stick/slip: This phenomenon occurs when materials experience reduced friction 

due to a considerable increase in speed, the tire slips. And hence the tread blocks 
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on the tire alternatively stick and slip to the surface of the road. They generally 

occur in situations like cornering, braking, and accelerating where there are 

significant tangential vibrations on the tire, also called scrubbing [6,37,38]. The 

frequency range of noise produced by this mechanism is between 1000 ï 2500 

Hz. 

 

b. Stick/Snap: This phenomenon occurs when the tire materials stick to the road 

surfaces when the road surface is either very clean or it may also stick to hot 

asphalt road surfaces due to the adhesive effect between the tire rubber and the 

road. This mechanism produces both radial and tangential vibrations generally in 

the frequency range of 2500-4000Hz [6, 37, 38].  

 

2.4.2 AERODYNAMICALLY INDUCED MECHANISMS  

 

1. Air turbulence: This mechanism is because of the turbulence around tire due to tire 

displacing air when rolling on the road, creating a drag while the tire/rim are spinning. 

The frequency range for this mechanism is around 300 Hz [6,37,40].   

 

2. Air pumping: When air is trapped between the surface contact patch and the tire tread 

grooves, it goes through a series of compression and expansions as it gets pumped out of 

the contact patch cavity which in turn leads to vibrations in the air that is surrounding the 

contact patch, it occurs in the frequency range of 1000 ï 2500 Hz [6, 41 ï 43]. 

 

2.5 TIRE/ROAD NOISE AMPLIFICATION MECHANISMS  

 

The mechanisms explain the production and amplification of the sound generation by the 

mechanisms explained in section 2.4 and are mostly based on the resonance phenomenon. The 

amplification mechanisms can be classified as follows: 
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1. Pipe resonance: The air displacement that occurs in between the grooves of the tire treads 

and the road surface asperities further amplified by resonances leads to this mechanism. 

The frequency range for this mechanism is around 1000 ï 3000Hz. [44] 

 

2. Helmholtz resonance: This phenomenon occurs when air present in the tire cavities 

comes into contact with the air displaced in and out of the tire tread blocks and the road 

surface which is further amplified by resonances. This mechanism produces noise in the 

frequency range of 1000 ï 2500 Hz. [45] 

 

 

3. Torus Cavity Resonance: The resonances in the cavities inside the tire-wheel assembly 

contribute to the torus cavity resonance phenomena. The vibration produced by this 

resonance is generally in the tire carcass and is in the frequency range of 200 ï 250Hz. 

[46] 

 

4. Horn effect: A curve-like shaped structure is formed around the surface contact patch 

between the tire and road in the leading or trailing edges of the contact patch which 

constitutes something like an exponential horn which amplifies sound. It occurs in the 

frequency range of 1500 ï 3000 Hz. [47] 

 

5. Belt Resonance: These are the mechanical resonances in the belt which are formed due to 

stress discontinuities in the radial and tangential directions because of the deformations of 

tire tread blocks in the surface contact patch. This phenomenon develops standing waves 

around the contact patch in the frequency range of 600 ï 1300 Hz. [48] 

 

2.6 TIRE/ROAD NOISE ATTENUATION MECHANISMS 

 

After the sound generation, it travels from the tire to the measurement device and during this 

propagation, attenuation/reduction mechanisms occur [49]. These attenuation mechanisms can be 

due to the vehicle body interface, propagation over the road surface and environmental 
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conditions like the wind, temperature etc. [50]. There are two significant attenuation mechanisms 

very important for sound measurement, pavement absorption (acoustical impedance) and 

vibration transfer (mechanical impedance). 

 

1. Acoustical Impedance: The voids present in the road surfaces/pavements act as sound 

absorbing devices and hence can affect the noise source strength and in turn affect the 

original noise produced. [51,52] 

 

2. Mechanical impedance: When the tire is rotating on the road, the road surface gives a 

reverse reaction to the tire blocks depending on the tire/road dynamic stiffness properties. 

These tire vibrations can be transferred to the road surfaces radiating sound acting as an 

additional noise source and hence attenuating the original noise produced. [53] 

 

The tire/road noise has prominent peaks in the frequency range of 700 ï 1300 Hz [54] after A-

weighting. This might be because the frequency ranges of many of the mechanisms fall in the 

700 ï 1300 Hz frequency range. Through previous studies, it has been proven that tread/texture 

impact, air pumping and cavity resonance are the most important generation and amplification 

mechanisms. We can also define a frequency range and speed exponent for each mechanism 

which can be expressed using the equation (2.4) 

 

ὒ ͯ ρπzÌÏÇ  Ὠὄ Ὧz ρπzÌÏÇ Ὠὄ    (2.4) 

 

2.7 TIRE/ROAD NOISE INFLUENCING PARAMETERS 

 

As TPIN becomes the significant noise source for vehicles at speeds above 40kmph, especially 

for electric vehicles with the Internal Combustions engine removed, the sound spectral shape of 

an electric vehicle is very different than that of an Internal Combustion engine vehicle. Electric 

vehicles generate noise at higher frequencies around 1000Hz because of the presence of electric 

motors instead of the lower frequency sound masking of the IC engine vehicles. Therefore, the 

dominant frequency ranges of TPIN from 800Hz to 1200Hz in an electric vehicle worsens its 
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sound quality at higher speeds. In order to tune the TPIN it is necessary to study the influencing 

parameters as different parameters affect TPIN to different degrees [6]. 

 

The influencing parameters can be divided into five categories: a) Operational Conditions 

influenced parameters, b) Tire related parameters, c) Thread Pattern related parameters, d) 

Pavement related parameters and e) Environment related parameters. Summaries of each of these 

parameters have been presented in the tables (2-2 to 2-6) below. 

  

Table 2-2: Summary of vehicle operational conditions influenced parameters. 

No. Parameter Frequency Range 

[Hz] 

Trends Noise variation 

(dB) 

Relevant mechanisms 

1.  Inflation pressure 

[55], [56] 

1600 ï 3200 - 1 tread/texture impact, air 

pumping 

2. Camber Angle 

[57] 

1000 ï 3000 Decreases 5 tread/texture impact, 

stick/slip 

3. Normal Load 

[58], [59] 

800 ï 1600 Increases 2 tread/texture impact, air 

pumping 

4. Lateral Forces 

[60], [61], [62] 

1000 ï 8000 Increases 7 Stick/slip 

5. Longitudinal forces 

[63], [64], [65], [66] 

800-1600 Increases 10 Stick/slip 

6. Speed 

[6], [67], [68] 

250 ï 8000 Increases 25 Various, tread/texture 

impact, air pumping 

 

Table 2-3: Summary of tire properties on tire/road noise. 

No. Parameter Frequency Range 

[Hz] 

Trends Noise variation 

(dB) 

Relevant mechanisms 

1.  Rolling resistance 

[69], [70], [71] 

- Increases 0 - 

2. Non uniformity 

[72], [73] 

20-200 Increases 1 Tire resonance 

3. Damping 

[74] 

250-500 Decreases 1 Tire resonance 

4. Tire Diameter 

[75], [76], [77] 

- Decreases 1 Tread/texture impact, 

horn 
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5. Tire cavity  

[78], [79], [80] 

400-1100 - 2 Cavity resonance 

6. Retreading 

[81], [82], [83] 

500, 2000-3000 - 2 Tread/texture impact 

7. Belt stiffness 

[83], [84], [85] 

500 ï 8000 Decreases 2 Tire resonance 

8.  Rubber Hardness 

[86], [87] 

1000-3000 Increases 3 Stick/Slip 

9. Tire Width 

[88], [89] 

500 ï 1000 Increases 3 Various 

10. Tire Type 

[90] ï [94] 

- - 3 Various 

11. Wear/Aging 

[95] ï [99] 

1000-3000 - 5 Various 

12. Studded 

[100], [101] 

400-3000 & 

>5000 

Increases 6 Tread/texture impact, 

Stick/Slip 

13. Tread Porosity 

[102], [103] 

- Decreases 7 Air pumping, horn 

effect 

 

 

Table 2-4: Summary of the influence of tread pattern related parameters on tire/road noise. 

No. Parameter Frequency Range 

[Hz] 

Trends Noise variation 

(dB) 

Relevant mechanisms 

1.  Groove Angle 

[104] ï [106] 

800-2000 Decreases - Tread Impact 

2. Groove width 

[104] ï [106] 

800-2000 - - Air pumping 

3. Addition of Lamellae 

[104], [105] 

800-1000 Decreases - Air pumping, air 

resonance 

4. Elimination of groove 

footprint 

[104], [105] 

800-1000 Decreases - Tread Impact 

5. Addition of mirror 

image grooves 

[104], [105] 

Above 4000 Decreases 0 Air pumping, Air 

resonance 

6. Randomization 600-1000 Decreases 0 Tread impact 
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[104], [105] 

7. Ventilation 

[104] ï [106] 

800-1000, 1600-

4000 

Decreases 2 Air pumping, Air 

resonance 

8. Side asymmetry 

[104], [104] 

- Increases 3 Various 

9. Offset between the left 

and right sides. 

[105] ï [107] 

- Decreases 5 Tread Impact 

 

Table 2-5: Summary of influence of surface pavement related parameters. 

No. Parameter Frequency Range 

[Hz] 

Trends Noise variation 

(dB) 

Relevant mechanisms 

1.  Micro texture 

(<0.5mm) [108], [109] 

2000-4000 Decreases - Stick/slip, stick/snap 

2. Macro texture (0.5 -

50mm) [110] ï [112] 

100-1000, 2000-

4000 

- - Texture impact, air 

pumping 

3. Mega texture (50 ï 

500mm) [113], [114] 

100-1000 Increases - Texture impact 

4. Unevenness (500 -

800mm) [115] 

- Increases 4 - 

5. Unevenness (10 ï 

50m) [116] 

200-1500 Decreases 1 Texture impact, air 

pumping 

6. Texture 

[117] 

- - 10 Texture impact, air 

pumping 

7. Roughness Index 

[118] 

200-1500 Decreases 1 Texture impact, air 

pumping 

8. Positive vs Negative 

texture [119] 

- Increases - Texture impact, air 

pumping 

9. Transverse Texture 

[120] 

- Increases - Texture impact 

10. Anisotropic Texture 

[121] ï [123] 

- Increases - Texture impact, air 

pumping 

11. Joints 

[124] ï [126] 

800-1000 Increases 3 Texture impact, air 

pumping 

12. Porosity 

[127] ï [129] 

500-1600, 3000 Decreases 7 Various 
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13. Sound Absorption 

 

500-1600, 3000 Decreases 7 Pavement absorption 

14. Airflow resistance 

[130]- [132] 

- Increases - Air pumping, Air 

resonance 

15. Thickness of layer 

[132] 

500-1600 Decreases 5 Acoustic and 

mechanical impedance 

16. Mechanical impedance 

[133] ï [136] 

800-1250 Increases 1 Vibration Transfer 

17. Normal Adhesion 

[132] 

2000-4000 Increases 1 Stick/Snap 

18. Tangential Friction 

[137] 

2500-6300 Increases 0 Stick/Slip 

19. Wear/Age 

[138 ï 140] 

1000-4000 Increases 2 Impact, absorption 

20. Surface Rating 

[141], [142] 

- Decreases - Impact 

21. Wetness 

[143] ï [146] 

>1000 Increases 3 Water splash effect 

22. Materials 

[147], [148] 

- - Significant Various 

 

Table 2-6: Summary of influence of environmental parameters on Tire/Road noise. 

No. Parameter Frequency Range 

[Hz] 

Trends Noise variation 

(dB) 

Relevant mechanisms 

1.  Temperature 

[149], [150] 

1000-4000 Decreases 3 Impact  

2. Air Humidity 

[151] 

- Decreases 1 Sound propagation 

3. Wind 

[152], [153] 

300, 2000 Increases - Air turbulence 

 

 

2.8 MEASUREMENT TECHNIQUES 

 

The Tire/Pavement interaction noise is measured in terms of sound pressure, sound intensity or 

sound power. The measurement techniques can be divided into three broad categories to measure 
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the near-field and far-field noise: a) Roadside measurement, b) On-board measurement, and c) 

Laboratory measurements [154]. A summary of the major measurement techniques has been 

provided in this section with the help of some tables.  

 

2.8.1 ROADSIDE MEASUREMENT 

 

This technique uses stationary equipment to measure at the roadside the far-field noise of a 

moving vehicle. Since for this kind of measurement the measuring equipment is roadside, the 

Tire/Road noise cannot be particularly isolated and measured, hence the measured noise consists 

of the total vehicle noise and/or the traffic noise as well. The table (2-7) provides a summary of 

all the measurement techniques of the roadside measurements. 

 

Table 2-7: Roadside Measurement techniques. 

No. Method Equipment Primary 

Noise source 

Method 

1. Statistical Pass By 

(SPB) 

[155], [157-159] 

Microphone 

(one) 

Traffic Noise The microphone is placed at a distance from the 

vehicle and the SPL is measured as the vehicle passes 

by in an uncontrolled environment 

2. Controlled Pass By 

(CPB) 

[156], [160-161] 

Microphone 

(one) 

Vehicle Noise Like SPB, but this uses a test vehicle and measures 

the maximum pass by SPL for multiple runs of a 

single test vehicle 

3. Coast By 

(CB) 

[6], [162] 

Microphone 

(one) 

Tires Noise Similar to CPB, but the engine of the test vehicle is 

switched off as the vehicle reaches the test and hence 

the noise is practically only from the tires 

 

 

2.8.2 ONBOARD MEASUREMENT  

 

This technique uses measurement equipment that is fixed on the running vehicle and measures 

the near-field noise. Since this technique uses measurement equipment directly on-board the 

running vehicle, it requires fewer tests than the previous method and is less sensitive to noise 

from the traffic. The table (2-8) below provides a summary of all the major measurement 

techniques of Onboard measurements.  
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Table 2-8: Onboard Measurement techniques. 

No. Method Equipment Primary 

Noise source 

Method 

1. Behind The Tire  

(BTT) 

[163 ï 169] 

Microphone  

(one) 

One tire SPL is directly measured behind the test tire using a 

single microphone. 

2. Trailer Coast By 

(TCB) 

[170 ï 171] 

Microphone 

(one) 

All tires on 

trailer 

Hybrid of CPX and CB methods. As the trailer coasts 

by, SPL is directly measured using a microphone 

which is located wayside 

3. Close Proximity 

Trailer (CPX) 

[6], [172], [154] 

Microphone 

(>=2)  

Trailer (1) 

One tire Test tire is mounted on a trailer and then towed 

behind a test vehicle at target speeds. Two 

microphones are placed in leading edge and trailing 

edge of the tires to measure the averaged SPL. 

4. Close Proximity 

Sound Intensity 

(CPI) [172- 174] 

Intensity 

Probe 

 (1) 

One tire Similar to CPX, except that intensity probes are used 

instead of microphones. The probes are placed close 

to the test tires and measure the sound intensity.  

5.  In Vehicle 

(IV)  

[175] 

Microphone 

(1-4) 

Vehicle Microphones are placed inside the passenger 

compartment and the noise data is collected when the 

vehicle is in motion 

6. On-Board Sound 

Intensity (OBSI) 

[176 ï 186] 

Intensity 

Probe 

(1 -2) 

One tire Similar to CPI, it measures sound intensity near the 

tire but uses two probes one at the leading edge and 

one at the trailing edge of the tire  

7. Tire Cavity 

Microphone (TCM) 

[187 ï 189] 

Microphone 

(1) 

One tire Measures noise inside the tires. It fits on the wheel 

and because of the sound insulation of the tire, it 

screens the background noises. 

 

 

2.8.3 LABORATORY MEASUREMENT 

 

The roadside and on-board measurements are primarily designed for field tests and road tests. 

For accurate estimation, a controlled environment is necessary which is the basis for laboratory 

measurement techniques. The acoustical environments are anechoic and hence the accuracy is 

much higher than the other two measurement methods. The table (2-9) below provides a 

summary of the major laboratory measurement techniques. 

 

Table 2-9: Laboratory Measurement techniques. 
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No. Method Equipment Primary 

Noise source 

Method 

1. Tire Vibrations 

Measurements 

(TVM)  [190] 

LDV or 

Accelerometer 

One tire Can only interpret the structure borne noise. Either a 

laser Doppler Vibrometer (LDV) or an accelerometer 

measures the tire vibrations 

2. Laboratory Drum  

(DR) 

[190 ï 198] 

Various One tire These tests are conducted in a controlled 

environment while the tire is mounted on a drum and 

is rotated to simulate typical road conditions. The 

noise, vibrations are measured using various devices. 

 

 

2.9 SIGNIFICANCE OF THE INTELLIGENT TIRES-BASED TECHNOLOGY 

 

The automotive industry is a fast changing and technologically advanced field. With several 

advancements taking place all the time around the world, active safety control systems have 

become an increasingly crucial part of the ever-growing industry. With autonomous driving 

being all the rage in the industry, technologies need to be developed which requires the vehicle 

to sense the surroundings and send signals to these active safety systems for increased vehicle 

and passenger safety. Although this information can be obtained through several indirect vehicle 

dynamics-based estimation algorithms, they fail to give an accurate measure of the vehicle state 

in real-time in certain conditions like the side winds, road banking, surface change etc. Hence to 

improve the performance of these active control systems, real-time measurement-based 

approaches are crucial and are the way to go. Tires are the only point of contact between the road 

and the vehicle, they transmit the moments and forces when the vehicle is in motion and 

therefore play an important role in sensing the tire/road contact characteristics. The information 

of these interaction parameters in real-time can be very helpful for the active vehicle safety 

control systems that are on board because they can help mitigate vehicle safety risks ahead of 

time and ensure the vehicle is stable and is running smoothly. If these tires are installed with 

sensors in them, real-time monitoring of tire road contact and hence the vehicle safety 

information can be easily realized [199]. Intelligent tires are embedded with sensors to measure, 

collect and send real-time information to the control systems for them to act upon it. Studies 

have proven that these intelligent tires can estimate conditions such as forces on the tires, 
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inflation pressures, normal loads, and friction characteristics. Controlling these parameters can 

further lead to improved ride comfort, vehicle handling, vehicle stability and its traction/braking 

ability.  

 

 

2.10 REVIEW OF THE PRESENT STUDY 

 

Literature shows that several statistical, deterministic and hybrid models have already been 

established to predict vehicle interior noise either directly or indirectly. Most studies tend to use 

transfer function analysis to predict the vehicle interior noise, but this requires a detailed 

understanding of the vehicle systems and its components. The current study aims to predict the 

vehicle interior noise using intelligent tires technology instead, as the data is realistic, and it 

doesnôt require any additional information of all the vehicle components. A modified hybrid 

between the CPX and OBSI testing methods has been developed and used to measure the 

tire/road interaction noise in the current study. The tests are conducted on a single asphalt surface 

but can be extended to several other surfaces and can also further be helpful in the classification 

of surfaces based on the noise estimation ranges. Longitudinal vehicle velocity, inflation pressure 

and normal loads are used as the influencing parameters of the vehicle interior noise and the 

effects of changing each have been estimated in these studies. Impact-based generation 

mechanisms have been used to get insights on the frequency ranges in the collected noise data. 

The belt resonance has been considered for the amplification mechanisms and the mechanical 

impedance has been considered for the attenuation mechanisms. All these mechanisms have a 

dominant frequency range of 600 -1500 Hz, hence correlations between different signals have 

been obtained between these frequency ranges to find whether the experimental data correlates 

well with the physical mechanisms. Once the correlation between the signals has been 

established, individual features for each of the signals have been developed and extracted using 

its time domain and spectral domain content. The regression machine learning techniques have 

been used to estimate the vehicle interior noise with inputs only from the accelerometer data for 

different operational conditions such as the velocities, inflation pressures, and loads. In this 

study, the noise was predicted in their original units of measurement (dBA SPL) for time domain 

analysis and in power spectral densities for frequency domain analysis. 
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3. CHAPTER 3 EXPERIMENTAL SETUP 

 

This chapter explains the experimental setup for collecting the accelerometer data, tire/road 

interaction noise data and the vehicle interior noise data. The different operational conditions 

along with the test equipment and the pavement surface have also been discussed. A design of 

experiments routine has been created to collect the data efficiently which has been discussed at 

the end of this chapter. 

 

3.1 VOLKSWAGEN JETTA SETUP 

 

An instrumented Volkswagen Jetta shown in the figure (3-1) was used as the primary 

experimental setup to test and collect data for different operational conditions. The Jetta was 

instrumented previously for an offline analysis at CenTiRe by Cherukuri [203] and has been 

upgraded in this study for a real-time analysis. It has been loaded with an all season 195/65R15 

HANKOOK KINERGY GT SL tire. The said passenger vehicle was equipped with different 

sensors and a data acquisition system to measure and collect the required acceleration at the tire, 

acceleration at the center of gravity (CG) position, vehicle longitudinal velocity, and noise data, 

which have been discussed in detail in this section. 

 

 

Figure 3-1: Instrumented Test vehicle - Volkswagen Jetta 
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3.1.1 ACCELEROMETER DATA COLLECTION SETUP 

 

 Two DYTRAN 3023A tri axial accelerometers were attached to the inner liner of the tire 1800 

apart from each other as shown in the figure (3-2) using cyanoacrylate glue which kept the 

accelerometer in place and had minimal impact on stiffness of the tire in the local regions based 

on the literature by Niskanen [204] and Cocconcelli [205]. Specifications for the accelerometers 

can be found in the table (3-1). The accelerometers were then connected to the slip ring using a 

connector which was built inside the rim of the tire as shown in the figure (3-3). The slip ring 

shown in the figure (3-4) allowed for free flow of connections from the inside of the tire to the 

data acquisition system. The Michigan Scientific SR10AW/PE512 slip ring was used with a 

built-in encoder and its specifications are mentioned in the table (3-2). Further, a six degree of 

freedom TEXYS (IB6-XY3-Z5-GX100-GY100-GZ100 IMU) Inertial Measurement Unit (IMU) 

was placed inside the vehicle cabin at a position approximately close to the CG of the vehicle as 

shown in the figure (3-5) to measure an estimate of the accelerations in X, Y and Z directions 

and also the roll, pitch and yaw of the vehicle at the center of gravity (CG) of the vehicle. The 

specifications of the IMU are shown in the table (3-3). A GPS based velocity box (VBOX) as 

shown in the figure (3-6) was mounted on the roof of the vehicle and was used to measure the 

longitudinal speed of the vehicle. The specifications of the said VBOX are mentioned in the table 

(3-4). A National Instruments Data Acquisition System (DAQ) (NI-USB-6363) which supports 

up to thirty-two analog 16-bit channels and four 32-bit counters have been utilized. The data 

acquisition system was tuned such that it had a sampling rate of 9.6kHz and the same was used 

to collect the accelerometer, VBOX and the IMU data for all the experiments. A common 

sampling rate of 9.6kHZ was chosen for all input signals in reference to all the previous studies 

[206] conducted at Center for Tire Research (CenTiRe). 
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Figure 3-2: Mounting of accelerometer inside tire inner liner. 

 

Table 3-1: Specifications of the DYTRAN Accelerometers. 

Sensitivity 5 mV/g 

Range 1000 g 

Weight 0.003 kgs 

Operating Temperature Range -60 to 2500 F 

Current Supply Range 2 to 20 mA 

 

 

 

Figure 3-3: Connector at the inner side of rim to connect the slip ring to the accelerometer referenced from [200] 
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Figure 3-4: Michigan Scientific Slip Ring. 

 

Table 3-2: Specifications of the Michigan Scientific slip ring. 

Number of Connection circuits 10 

Current Capacity 500 mA 

Operating Temperature Range -40 to 2120 F 

RPM Rating 10000 

Maximum Peak Noise 0.1 ɋ 

Weight 0.425 kgs 
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Figure 3-5: Six degree of freedom TEXYS (IB6-XY3-Z5-GX100-GY100-GZ100) IMU. 

 

Table 3-3: Specifications of the TEXYS IMU. 

Range of XY accelerations  3g 

XY sensitivity  660 mV/g 

Range of Z acceleration  5g 

Z sensitivity 385 mV/g 

Range of Gyro XYZ  50° 

Gyroscope sensitivity  20 mV/°/s 

Gyroscope offset drift 25 mV 

Gyroscope gain drift  1 % 
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Figure 3-6: VBOX used to collect the longitudinal velocity of vehicle. 

 
Table 3-4: Specifications of the VBOX. 

Accuracy 0.1 kmph 

Update Rate 100 Hz 

Maximum Velocity 160 kmph 

Minimum Velocity 0.1 kmph 

Resolution  0.01 kmph 

Latency 8.5±1.5 mS 

 

 

3.1.2 TIRE/ROAD NOISE MICROPHONE DATA COLLECTION SETUP 

 

A hybrid test method between the Close Proximity Testing (CPX) and On-Board Sound Intensity 

testing (OBSI) based testing methods was created and implemented on the Volkswagen Jetta 

vehicle for collecting the tire/road interaction noise data. The OBSI testing method required 

sound intensity probes for collecting the sound waves in terms of sound intensity using a 

passenger vehicle as shown in the figure (3-7), whereas the CPX method used microphones to 

collect the sound waves in terms of sound pressure levels using a trailer as shown in the figure 

(3-8). Since sound intensity probes were inaccessible for the current testing, microphones which 

measured sound waves in the form of SPL similar to the CPX method were used instead. CPX 
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method requires a trailer for testing whereas OBSI method can be implemented on any of the 

passenger vehicles. Since the aim of the study is to estimate the interior noise inside a passenger 

vehicle, the OBSI based mounting system was used for this study. Therefore, the mountings 

required to mount the microphones to collect the tire/road noise were inspired by the OBSI based 

testing methods, whereas the sound collection method and processing was inspired based on the 

CPX testing methods. The mountings for the microphone data collection have been designed and 

developed in-house and have been installed on the vehicle as shown in the figure (3-9). The 

OBSI testing system already has pre-required testing standards for placing the microphones on 

the tires as shown in the figure (3-10). According to these testing standards, the mountings have 

been first designed in CAD software as shown in the figure (3-11) and then once the design was 

complete a prototype model was created using 3D printing technology to make sure the 

mountings fit perfectly on the slip ring. Once the perfect design was finalized, the mountings 

shown in the figure (3-12) were manufactured in-house.  Two G.R.A.S 46 AQ ½ôô random 

incidence standard microphones (as shown in the figure (3-13)) connected with amplifiers (as 

shown in the figure (3-14)) have been mounted on the each of the mounts on the slip ring 

attached to the tire. One microphone was at the leading edge of the tire and the other was the 

trailing edge of the tire and it followed the standard specifications set forth by the OBSI testing 

standards. The OBSI testing standards dictated that the distance between the two microphones 

should be kept at 8.25 inches, the distance from the tire wall should be 4.5 inches and the 

distance from the ground should be 3.5 inches. The microphones recorded sound as a measure of 

Voltage which was later converted to dB (SPL) using the equation (3.1).  

 

ὛέόὲὨ Ὥὲ ὨὄὛὖὒ ςπzὰέὫρπ

  

 

ᶻ
   (3.1) 

 

The specifications of GRAS microphones are specified in the table (3-5). 
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Figure 3-7: Example of OBSI testing with sound intensity probes referenced from [201]. 

 

 

 

Figure 3-8: Example of CPX testing method referenced from [158]. 
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Figure 3-9: Mounting of the microphones with the modified design on the front tire. 

 

 

Figure 3-10: OBSI standards for testing referenced from [202]. 
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Figure 3-11: CAD drawings of the modified OBSI mounts for measurement of tire/road noise. 

 

 

Figure 3-12: Microphone mounting system designed and manufactured in-house. 
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Figure 3-13: GRAS microphones mounted on the front tire to measure the tire/road interface noise. 

 

 

Figure 3-14: Amplifiers connected to the microphone to help measure and collect the microphone data. 

 

Table 3-5: Specifications of the G.R.A.S Microphones 

Nominal Sensitivity at 250Hz 50 mV/Pa 

Frequency Response  ± 1dB 3.15 Hz ï 12.5 kHz 

± 2 dB 3.15 Hz ï 16 kHz 

Dynamic Range From 17 dBA mPa to 138 dB re. 20 mPa 

Power Supply (CCP) 2 ï 20mA  

Pistonphone volume correction -0.008 dB 
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3.1.3 VEHICLE INTERIOR NOISE MICROPHONE DATA COLLECTION SETUP 

 

An ECM 8000 Omni directional microphone shown in the figure (3-15) was mounted inside the 

cabin of the Volkswagen Jetta as shown in the figure (3-16) at the passengerôs right ear position 

to measure the vehicle interior cabin noise as perceived by the passengers inside the vehicle. The 

specification of the ECM microphone is shown in the table (3-6). A different National 

Instruments Data Acquisition System (DAQ) (NI-USB-6212) which supports up to thirty-two 

analog 16-bit channels and four 32-bit counters have been utilized to collect the interior noise 

data as shown in the figure (3-17). The data acquisition system was tuned such that it had a 

sampling rate of 9.6kHz and the same was used to collect the interior noise microphone data, 

leading edge, and trailing edge microphone data. A common sampling rate of 9.6kHz was chosen 

for all input signals in reference to all the previous studies conducted at Center for Tire Research 

(CenTiRe) 

 

The accelerometers, slip ring and the tire/road noise interaction microphones were mounted on 

the front-right tire on the vehicle as shown in the figure (3-18). All the connections of the 

VBOX, microphones, accelerometers and IMU devices were routed to the trunk of the car where 

both the NiDAQ systems were mounted as shown in the figure (3-19). One NiDAQ system 

supported the VBOX, accelerometer and IMU data and the other one supported the trailing edge, 

leading edge, and vehicle interior cabin microphone data. A common 9.6kHz was maintained for 

the DAQs as mentioned previously. This was to ensure smooth collection routine and to make 

the post processing of the signals easier without any need for applying interpolation techniques 

on datasets.  A Simulink real-time model as shown in the figure (3-21) was developed and 

coupled with the DAQ system, was used as the data collection routine to collect and store the 

data for all the signals. The tests were conducted at vehicle longitudinal speeds of 20, 25 and 30 

mph and pressures of 23 and 28 Psi with loads addition of 0lbs and 150lbs at ambient 

temperatures on an asphalt road surface. 
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Figure 3-15: ECM microphone to measure the vehicle interior noise. 

 

 

Figure 3-16: ECM microphone installed at the passenger's seat right ear position. 

 

Table 3-6: Specifications of the ECM microphone used to measure in-cabin noise. 

Type Electric condenser 

Polar Pattern Omnidirectional 

Impedance 600 ɋ 

Sensitivity -60 dB 

Frequency Response 15 Hz to 20 kHz 

Connector Goldplated, XLR 



38 

 

Phant. Power + 15V to + 48V 

Weight 120g 

 

 

 

Figure 3-17: National Instruments Data Acquisition System (DAQ) (NI-USB-6212) 
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Figure 3-18: Assembly of the installation of microphones on the front-right tire. 

 

 

 

Figure 3-19: Connection routed to the trunk of the car. 
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Figure 3-20: Real time Simulink model coupled with the DAQ used for the data collection routine. 

 

 

Figure 3-21: Schematic of connections for data collection process 
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3.2 DESIGN OF EXPERIMENTS 

 

A design of experiments was developed to focus on the parameters under study i.e., longitudinal 

velocity of the vehicle, inflation pressure and normal loads on the tires. Nominal values of +0lbs 

of normal load addition, 25mph longitudinal speed of the vehicle and 28Psi inflation pressure 

were chosen at the start of the experiments and all the other environmental and surface-based 

parameters of the road were kept constants for all the test datasets throughout the 

experimentation process. The table for the design of experiments is shown in table (3-7). All the 

configurations mentioned in the table were performed thrice to ensure the test repeatability of the 

data.  

 

Table 3-7: Variation of Operational Conditions for all the experimental runs. 

S. No. Runs Normal Load 

(lbs) 

Inflation 

Pressures (Psi) 

Longitudinal 

Velocity (mph) 

Road Surface 

1 3 +0 28  20 Asphalt 

2 3 +0 28 25 Asphalt 

3 3 +0 28 30 Asphalt 

4 3 +150 28 20 Asphalt 

5 3 +150 28 25 Asphalt 

6 3 +150 28 30 Asphalt 

7 3 +0 23 20 Asphalt 

8 3 +0 23 25 Asphalt 

9 3 +0 23 30 Asphalt 

10 3 +150 23 20 Asphalt 

`11 3 +150 23 25 Asphalt 

12 3 +150 23 30 Asphalt 
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4. CHAPTER 4 POST PROCESSING AND DATA ANALYSIS  

 

This section deals with using different signal processing techniques to get better insights on the 

raw signals. A semi-automatic signal processing routine has been developed which helps in 

cleaning, filtering, and removing outliers of the raw signals and further separating the tire 

revolutions using the accelerometer data and storing each data set with relevant operational 

conditions into a separate file. Different sensors are used to obtain these signals, but the tire/road 

noise microphone data, vehicle interior noise microphone data and the accelerometer data are of 

particular interest in this study and the other signals were primarily used to clean and maintain 

constant operational conditions throughout a set of signals for each test run. The time duration 

for each test run was approximately 10 seconds and the sampling rate for each signal was 

9600Hz. Both frequency domain and time domain analysis were done to obtain better insights 

and correlations between the signals.  

 

4.1 ACCELERATION SIGNALS 

 

When the vehicle is moving and the tires are rotating against the ground surface, a region of the 

surface of the tire comes in periodical contact with the road surface resulting in cyclic 

deformations. Due to these deformations, three different components of acceleration signal are 

generated, namely, circumferential, lateral, and radial. These components of acceleration are 

detected and measured by the accelerometer that has been attached to the tire inner liner. The 

acceleration data reveals significant information about the vehicle state and tire-road interactions. 

The raw signals obtained from the accelerometer can be seen in the figure (4.1). As seen in the 

figure (4.1), there are many outliers, constant noise sources, acceleration and deceleration effects 

in the signals. Hence, cleaning, filtering and outlier removal of the signals is necessary to better 

understand the acceleration signals and further extract significant features from these signals. 
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Figure 4-1: Circumferential, Lateral and Radial acceleration of the raw signals. 

 

4.1.1 CLEANING, FILTERING AND OUTLIERSô REMOVAL 

 

To remove any acceleration and deceleration effects, the VBOX velocity data was observed, and 

the relevant time domain data of the acceleration signals was eliminated for any change in 

velocity greater than 4mph than the operational velocity of the relevant dataset. Generally, the 

start and end of dataset had acceleration and deceleration effects and the mid regions maintained 

steady state constant velocity conditions. So, looking at all the datasets, a common interval of 

time period from the start and end of each data set has been eliminated. Further, each operational 

condition had three different runs of datasets, the outliers of the three cumulative datasets have 

been identified using the mean absolute deviation values. Any signal points within the 20% and 

80% quartile range of the mean absolute values have been stored and the rest have been 

eliminated. The removed signal points have been replaced with new ones using the Piecewise 

Cubic Hermite Interpolating Polynomial (pchip) interpolation method [207-208]. Lastly, to 

effectively remove any more unwanted data in the signals, the tire revolution separation 

algorithm has been utilized and the individual tire revolutions which were out of the bounds were 

eliminated manually. The time domain data of the acceleration signals have been utilized to 
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formulate tire revolution separation algorithms which has been discussed in the next few 

sections. 

 

4.1.2 TIME DOMAIN ANALYSIS 

 

Each accelerometer signals have a rise and fall in its magnitudes which is in relevance to contact 

to the road surface. Every time the area the accelerometer is mounted inside the tire comes in 

contact with the road surface, the radial and circumferential acceleration change its course. Once 

the course changes, there is a change in the signal magnitude and direction when the 

accelerometer comes into contact with the ground. This theory has been used to differentiate 

each tire revolution in the tire revolution separation algorithm. The circumferential acceleration 

indicates the entry and exit of the contact patch by peaks of opposite signs. The accelerometer 

would receive a compressive force at the leading edge of the contact patch, which would then 

rise until it formed the first peak and then due to the stick and slide phenomenon of the rubber in 

the tire, the peak at the trailing edge happens to be in the opposite direction. As the 

accelerometer passes the road surface, the radial acceleration signals display values that are close 

to zero and have two peaks indicating the start and end of the contact with road surface. The 

initial drop in the radial acceleration signal is due to the relatively low acceleration because of 

the compressed force during the contact in the radial direction until it reaches the trailing edge. 

At trailing edge, the compressed portion is released, and radial deformations are further 

increased causing the signal magnitude to rise to its initial level.  In this current study, radial 

acceleration signals are used in the tire revolution separation algorithms because of the ease of 

detecting peaks in MATLAB.  

 

 

4.1.3 TIRE REVOLUTION SEPERATION ALGORITHM 

 

Firstly, to remove unwanted noise from the data, a bandpass Butterworth filter of 3rd order and a 

cut off frequency between 2Hz and 200Hz has been passed through the cleaned Z-axis 

acceleration signals. As mentioned previously the peaks of the Z-axis signals indicate the start 

and end of the contact patch. The peaks of the entire signal have been detected using inbuilt 
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MATLAB functions as shown in the figure (4-2). Once the peaks have been identified, assuming 

that the lengths of contact patches are approximately equal for each dataset, the average between 

the starting points of every two-contact patches has been marked as the start of the tire 

revolution. Using the same logic, averaging each pair of contact patch end points has been 

marked as the end of tire revolution. These start and end points of the tire revolutions have been 

further extended to the X, Y axes acceleration signals and the leading, trailing edge and in cabin 

microphone signals. Separating the tire revolution for all the useful signals in a given dataset as 

shown in the figure (4-3). Figure (4-4) shows a sample tire revolution of the radial acceleration 

signal. Each of the tire revolutions in an individual data set have been checked again for any 

unwanted noise, outliers or acceleration and deceleration effects as discussed previously and now 

the entire tire revolution has been eliminated from the dataset if there were any discrepancies in 

the signals as shown in figure (4-5). 

 

 

Figure 4-2: Detection of peaks on the radial acceleration signals. 
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Figure 4-3: Separation of tire revolutions for the radial acceleration signals. 

 

 

Figure 4-4: Sample radial acceleration signal for one tire revolution. 
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Figure 4-5: Highlighted are the non-constant velocity tire revolutions which have been eliminated in the cleaning 

and filtering routines. 

 

4.1.4 FREQUENCY DOMAIN ANALYSIS 

 

There are several different techniques to convert time domain data into frequency domain data, 

the most common among these are Fast Fourier transform (FFT) and Short Time Fourier 

transform (STFT). This section explains each of these techniques and determines the best 

technique that can be used for the current scenario.  

 

4.1.4.1 FAST FOURIER TRANSFORMS (FFT) 

 

Also called Discrete Fourier Transform (DFT), this technique is the most commonly used to 

primarily convert discrete periodic time signals into frequency domain. The principle behind 

FFT is that it reconstructs the time domain signals using sine and cosine waves of various 

frequencies and amplitudes and is plotted on a magnitude vs frequency scale for further analysis. 

Due to the fact that this technique can only be applied to signals whose long-term statistics do 

not change with time since it doesnôt store any time data, this cannot be used on real time signals 

which vary with respect to time. Since, in this study we aim on analyzing the effects of changes 
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in operational conditions, this technique can be applied to this study. Mathematical definitions of 

DFT/FFT are shown in the equations (4.1 ï 4.3) 

 

ὼ  В ὢάὊὩ  В ὢάὊὡ                   (4.1) 

 

where X(mF) is given by  

ὢάὊ  В ὼ Ὡ  В ὼὡ                    (4.2) 

 

where W is given by  

ὡ  Ὡ  Ὡ                      (4.3) 

 

For the current study, MATLAB inbuilt function from its signal processing toolbox has been 

used to calculate the FFT of the time domain signals. However, due to the leakage of data while 

using the inbuilt FFT function, the frequency plots are often very noisy and difficult to 

comprehend. To tackle this problem, Welchôs periodogram with a Hanning window is used. 

Welchôs method given by the equation (4.4) divides the entire dataset into several overlapping 

small bins of data and averages it out to eliminate any stochastic noise. It further uses a window 

function to generate spectral power of each small bin which helps prevent any data leakage 

resulting in smoother plots as compared to FFT. Also, in order to get the data in frequency 

domain with fixed length, a fixed number of Fourier transforms must be given which is 

implemented with the help of window size. A window size of 512 and an overlap of 50% has 

been used to implement Welchôs method in this study. A comparison between the FFT and 

Welch methods has been shown in the figure (4-6).  

 

ύὲ  πȢυτπȢτφ ÃÏÓ                     (4.4) 

 

where, 

0 <  n < N 

N is the total number of points 

Window length L = N+1 
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W are the coefficients of the Hanning window  

 

 

Figure 4-6: Comparison between FFT and Welchôs methods. 

 

 

4.1.4.2 SHORT TIME FOURIER TRANSFORM (STFT) 

 

The primary difference between FFT and STFT is that STFT gives us the frequency domain data 

with respect to time which solves the problem that FFT has with the non-stationary signals. 

STFT analysis can be applied to continuously varying signals and is carried out within the 

certain window limit which is moved along with the signal. The mathematical representation of 

STFT is given by the equation (4.5).  

 

ὊὺȠό  ᷿
ὶὩὧὸ όὸÅØÐὭς“ὦὸÅØÐὭς“ὺὸὨὸ

                  (4.5) 

 

In this study, the MATLAB inbuilt function SPECTROGRAM has been used to perform spectral 

analysis and is given by the equation (4.6) 
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[s,w,t] = spectrogram(x, window, noverlap, nfft)                   (4.6) 

 

where, 

x is the input signal in time domain  

window is the type of window with its size defined.  

noverlap is the samples of overlap between adjoining sections.  

nfft is the number of sampling points to calculate the discrete Fourier transforms. 

Figure (4-7) indicates the frequency domain data of the acceleration signals. 

 

 

 
Figure 4-7: A sample frequency domain plot of a few tire revolutions of the Z-axis acceleration signals. 

 

 

4.2 MICROPHONE SIGNALS 

 

This section concentrates on obtaining time domain data of all the microphone signals i.e., 

leading and trailing edge microphone of the tire/road interaction noise and also the vehicle 

interior noise microphone data. It further converts the time domain data into frequency domain 

data using the Welchôs techniques that were explained in previous sections.  

 

4.2.1 ANALYSIS OF THE SIGNALS 

 

For each test run, a 10 second interval data has been collected for the leading edge, trailing edge, 

and in-cabin microphones. Since the collected data was obtained in Voltage, it was necessary to 

convert the Voltage based data to decibel (dB)-based data to interpret sound as perceived by the 

passengers. In order to perform this conversion, the equation (4.7) has been utilized. 
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ὓὭὧὶέὴὬέὲὩ Ὠὥὸὥ Ὠὄ Ὓὖὒ ςπzὰέὫρπ 

 

 

ᶻ
   (4.7) 

 

Once the data has been converted from voltage to dB SPL, a high pass butter filter of 3rd order 

with a cut off frequency of 20Hz was applied in order to remove any contamination from the 

wind noise. The time domain data for all the microphone signals has then been obtained for each 

tire revolution of all the datasets. Figure (4-8) indicates the time domain data of accelerometer 

and microphone signals for a sample dataset for few tire revolutions. Similarly, using the 

techniques described in previous chapters, Welchôs and SFTF methods have been used to convert 

the time domain data of microphone signals to a frequency domain data of the microphone 

signals. 

 

 

 

Figure 4-8: Sample data of accelerometer, trailing edge, leading edge, and in-cabin microphone signals. 
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4.2.2 LITERATURE REVIEW  

 

Several studies have been conducted to analyze the tire/pavement interaction noise and further 

provide insights on important features in the signal. The current section focuses on conclusions 

from different studies about the frequency domain contents of the tire/road interaction noise 

signals and its dominant frequency ranges. Further, the correlation between different physics-

based mechanisms to the experimental data has been obtained and the prominence of the 

dominant frequency ranges of the mechanisms have been shown via the experimental data. 

Finally, studies with the spectral analysis of the signals have been analyzed and important 

insights have been obtained with the spectral content of the signals.  

 

In the studies by Tan Li [201], the tire/road interaction noise have been measured at the leading 

and the trailing edges of the tire/road contact and further the noise signals have been divided into 

different tire revolutions using the optical signals obtained from the tires. Impact and air 

pumping mechanisms have been studied in the process and conclusions have been made that the 

impact mechanisms occur at a dominant frequency range of <1000Hz and air pumping 

mechanisms occurs at a dominant frequency range of >1000Hz. The impact 

mechanisms(component 1) have been related to changing with speed as shown in figure (4-9) 

and it was inferred that since the impact mechanisms are directly related to change in speed, the 

tread patterned noise could be directly related to the tread impact mechanisms and since air 

pumping (component 2) had no effect with change in speed, they have been referred to as non-

tread pattern noise.  

 

 

Figure 4-9: Spectral content of tire/road interaction noise showing different components referenced from [201]. 
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Further, the total noise spectra have been studied for multiple tires as shown in figure (4-10) and 

it has been concluded that the dominant frequency ranges lie in the range of 400-1200 Hz. The 

peaks at around 500Hz correspond to the belt resonance mechanisms and the peaks around 

1000Hz are directly related with the speed of the vehicle and hence referred by the impact 

mechanisms whose major component is the thread impact noise. 

 

 

Figure 4-10: Dominant frequency ranges for tire/road noise referenced from [201]. 

 

 

4.3 CORRELATION ANALYSIS 

 

This section discusses how tire accelerometer data can be useful in prediction of the vehicle 

interior noise data using different models discussed in the next chapters. Since there has been 

studies on direct correlation between the tire accelerometer data and the vehicle in cabin noise 

data, this study attempts to find some correlations between the accelerometer data and the 

vehicle interior noise data using the tire/road noise data. In this section, firstly, the correlation 

between the tire vibrations which is the tire acceleration data and tire/road noise has been 

established through several tire/road noise generation and amplification mechanisms and through 

previous studies which proves there is a direct dependency of tire/road noise on the tire 

vibrations. Further, although majority of the vehicle interior noise is accounted for by the 

tire/road contact noise and there have been several studies to prove the same through different 

transfer path analysis methods, there has been no direct correlation between the tire/road noise 
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microphone data and vehicle in-cabin microphone data. Hence, cross-correlation studies to 

emphasize the correlation between the vehicle interior noise data and tire/road noise data has 

been done in this section. Once the correlation between tire acceleration, tire/road interaction 

noise and tire/road interaction noise and vehicle interior noise has been made, it means that tire 

acceleration is indeed a factor in estimating the vehicle interior noise. Then we can eliminate the 

tire/road noise altogether from the picture which gives us the base to predict vehicle interior 

noise using the tire accelerometer data alone using the intelligent tire technology which is the 

what the study aims. 

 

4.3.1 CORRELATION BETWEEN TIRE ACCELERATION AND TIRE/ROAD 

INTERACTION NOISE 

 

There are three primary mechanisms of tire/road interaction noise generation. The first one states 

that the tire vibrations which are caused by the road roughness and running deflection are one of 

the sources of tire/road noise for frequency range below 500Hz. The second one states that the 

tread block radial and tangential vibrations are another source of tire/road noise for the frequency 

range of 1000Hz and the last ones are the aerodynamic phenomena such as air pumping and 

tread groove resonances which are generated for the frequency range of 1000Hz. Since we are 

trying to establish a relationship between the tire vibrations and the tire/road noise, the last 

phenomenon has been ignored in this section and only the first two mechanisms are considered. 

In a study conducted by M. Pallas [209], accelerometer data has been collected from the tire and 

has been compared to several acousticsô signals near the tire. Through spectral analysis and time-

frequency analysis, they conclude that tire vibrations depending on where the excitation is are 

either due to tire tread pattern and road texture roughness. In another study conducted by Rui 

Coa [210] both analytical and experiment-based models were developed to correlate and 

understand different tire/road noise generations mechanisms induced due to tire vibrations and a 

strong correlation was established between analytical models and experimental data. In a study 

conducted by Kumho Tire R&D Center [211], they formulated the sound radiation from a 

vibrating tire using greenôs function and it was given by the Kirchoff -Helmholtz integral 

equation (4.8). 
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ὴὼ  ᷿ Ὃ ᶯὴὣ ὴὣᶯὋ ὲ ὨὛ   (4.8) 

 

Where X is the position vector of a receiver position in the sound field, Y is the position vector 

of the vibrating body, P(Y) is the surface pressure on the body, and G(X/Y) is the free space 

Green's function. Another way to determine correlation between the two signals is both their 

dependence on the velocity/speed of the vehicle. The tire/road is directly related to the speed of 

the vehicle and is given by the following equation. Since, the acceleration signals of the tire are 

directly dependent on the rolling speed, it proves a direct correlation between the two signals 

given by the equation (4.9). 

 

Ὢ ὺȾ‗      (4.9) 

 

 In a study conducted by Tan Li [201], they were successfully able to predict the thread pattern 

noise and non-thread pattern noise using several ANN models using speed, tire patterns and road 

surfaces as inputs proving that the relevance of impact-based mechanisms in the estimation of 

tire/road noise. In another study conducted by Arash [212], they successfully developed different 

end-to-end noise-based models through which he was able to predict the spindle acceleration as a 

function of vehicle noise using just the tire accelerometer data as input in the frequency domain. 

Hence, these studies prove that tire vibrations/ accelerometer data have a direct relevance in 

predicting the tire/road noise and hence can be further used to prove the vehicle interior cabin 

noise if a correlation can be established between the tire/road noise and vehicle interior cabin 

noise.  

 

4.3.2 CORRELATION BETWEEN THE TIRE/ROAD NOISE AND VEHICLE INTERIOR 

CABIN NOISE  

 

This section aims to find the correlation between the tire/road noise data and the vehicle interior 

noise data using already established cross-correlation functions. The cross-correlation function 

between the reference signal R(t) and the microphone signals F(t) can be calculated using the 

equation (4.10) 
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ὅ†  ᷿
ᶻ

      (4.10) 

 

With the help of C†, the contribution of exterior source to vehicle interior noise can be 

detected and hence it can be determined whether the collected tire/road noise datasets can indeed 

be used to predict the vehicle interior noise through this process. First, both the tire/road 

interaction noise and the vehicle interior noise have been converted into frequency domain and 

the datasets have been divided into bins of data ranging from 0 to 3000Hz in the order of 100 Hz. 

Once the frequency bins have been determined, the cross-correlation coefficient for each of these 

frequency bins is found out. Figure (4-11) shows the plots for correlation between the leading 

edge and trailing edge microphones with the vehicle interior noise microphone data for datasets 

with longitudinal speed of 25mph, inflation pressure of 28Psi and load addition of 150lbs. From 

the plots it is evident that there is high correlation between the three sets of data between the 

frequency ranges of 500-1200Hz. According to chapter 2 in the literature survey it has already 

been established that the structure borne interior and exterior noises lie in the frequency ranges 

of 500-1500Hz and since the same has been observed in the plots it is safe to say that there is 

high correlation between the frequency ranges of 500-1200Hz and the same will be used for all 

the further studies in this thesis.  

 

 

Figure 4-11: Correlation between leading and trailing edge microphone with interior noise microphone data for 

longitudinal speed of 25 mph, inflation pressure of 28Psi and load addition of 150lbs. 
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4.4 EFFECT OF OPERATIONAL CONDITIONS 

 

In order to study the effect of different operational conditions on the acceleration and noise 

signals, the time domain data, and the frequency domain data of both the signals has been studied 

and compared to obtain insights on how each change with respect to change in operational 

conditions. Signals carry a lot of data both in time domain and in frequency domains. The time 

domain signals can be useful in extracting particular dynamic features of the signals whereas the 

frequency domain signals can be useful in studying the energy distribution across various 

frequency ranges of interest. Time domain data and frequency domain data has already been 

obtained for each tire revolution of different datasets in the previous chapters. This chapter 

concentrates on comparison of the time domain and frequency domain signals for different 

operational conditions like change in longitudinal velocities, loads and inflation pressures.  

 

4.4.1 EFFECT OF VELOCITY  

 

From literature survey, it is evident that velocity has a major effect on both the accelerometer 

data and the microphone data. This section compares the radial acceleration, leading edge 

microphone and in cabin microphone data for two different velocity conditions. Figures (4-12 to 

4-15) present the effect of speed on each of the signal in both time domain and frequency domain 

and the following observations were hence made: 

1. Looking at the time domain data of the accelerometer signals, with increased velocity, the 

distance between the leading and trailing edge, which is a measure of contact patch 

length, for each tire revolution is lower and the number of data points for each tire 

revolution are lower as shown in the figure. Please note that the higher velocity signal has 

been offset in the Y-direction to show the distinction between the two signals.  

2. Looking at the frequency domain data of the accelerometer signals, with increased 

velocity, the magnitude of PSD in decibels is higher. Although the PSD for lower 

velocity does not vary much with the PSD values for higher velocity at lower 

frequencies, as the frequencies increases the change is significant. 
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3. Looking at the time domain data of the microphone signals, with increased velocities, the 

sound pressure value (in dB SPL) for all the three microphones, namely, leading, trailing 

and in cabin microphones are significantly higher than those for the lower velocities. 

4. Looking at the frequency domain data of the microphone signals, with increased 

velocities, the PSD magnitudes for all the three microphones are higher than that for the 

lower velocities in a frequency range of 500 to 2000Hz. Since only structure borne noise 

is considered in this, according to literature 500Hz to 2000Hz is the prominent ranges of 

frequency for structure borne noises and hence this study is concentrated only on the said 

frequency ranges. 

 

Figure 4-12: Time domain analysis of single tire revolution of radial acceleration signal for different velocities. 
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Figure 4-13: ï Frequency domain analysis of single tire revolution of radial acceleration signals for different 

velocities. 

 

 

 

Figure 4-14: Time domain analysis of single tire revolution of microphone signals for different velocities. 
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Figure 4-15: Frequency domain analysis of single tire revolution of microphone signals for different velocities. 

 

 

4.4.2 EFFECT OF LOAD  

 

From literature, it is evident that although load has a significant effect on the accelerometer data, 

its effect on the microphone data is not very significant and the dB change value is minor. This 

section compares the radial acceleration, leading edge microphone and in-cabin microphone data 

for two different loading conditions. Figures (4-16 to 4-19) present the effect of load on each of 

the signal in both time domain and frequency domain and the following observations were hence 

made: 

1. Looking at the time domain data of the accelerometer signals, with increased loads, the 

distance between the leading and trailing edge, which is a measure of contact patch 

length, for each tire revolution is higher and the number of data points for each tire 

revolution are higher as shown in the figure. Please note that the higher load signal has 

been offset in the Y-direction to show the distinction between the two signals.  

2. Looking at the frequency domain data of the accelerometer signals, with increased load, 

the magnitude of PSD in decibels is higher. Although the PSD for lower velocity does not 
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vary much with the PSD values for higher velocity at lower frequencies, as the 

frequencies increases the change is significant. 

3. Looking at the time domain data of the microphone signals, with increased loads, the 

sound pressure value (in dB SPL) for all the three microphones, namely, leading, trailing 

and in cabin microphones are significantly higher than those for the lower loads. 

4. Looking at the frequency domain data of the microphone signals, with increased 

velocities, the PSD magnitudes for all the three microphones are higher than that for the 

lower velocities in a frequency range of 500 to 2000Hz. But note that the change in the 

magnitudes is not significant. 

 

Figure 4-16: Time domain analysis of single tire revolution of radial acceleration signal for different loads. 
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Figure 4-17: Frequency domain analysis of single tire revolution of radial acceleration signal for different loads. 

 

Figure 4-18: Time domain analysis of single tire revolution of microphone signals for different loads. 

 














































