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ABSTRACT 

 

Road traffic noise amounts to roughly half of the overall ambient noise. Usual emission 

(vehicle emission limits) and immission (barriers, sound-reducing windows) noise control 

techniques have not been enough to decrease significantly the annoyance by road traffic 

over the last three decades. The positive effect of these control techniques has been 

counteracted by the increase of traffic density. Moreover, the traffic noise annoyance is 

highly correlated with the maximum noise levels usually produced by aggressive drivers. 

However, current traffic noise measurement systems are based upon an overall assessment, 

so that they are unable to discriminate between quiet and noisy drivers. Therefore, a near 

field noise measuring system is proposed in this thesis that is able to measure the 

contribution of each vehicle to the road traffic noise, allowing the detection of noisy drivers. 

This thesis also describes a combination of analytical and experimental investigations for the 

identification of the drivers responsible for the generation of Maximum Noise Levels (MNL). 

The system is based on two on-board microphones, one for the engine noise and other for 

the rolling noise. In order to relate these near field measurements with the vehicle noise 

radiated to the far field, a complete procedure is developed for the extrapolation of the near 

field noise to the far field positions with a combination of analytical predictions and 

experimental measurements. The corrections for the extrapolated levels are due to 

atmospheric factors, to the spherical spreading term and to the absorbing conditions of the 

propagating surface. For the microphone situated close to the engine is necessary also to 

characterise the acoustic properties of the engine hood. Both noise levels are extrapolated 

independently to the far-field position, where a comparison between prediction and 

measurements is performed to confirm the reliability of the methodology to estimate the 

remote impact of the traffic noise. 
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RESUMEN 

 

El ruido del tráfico rodado supone aproximadamente la mitad del ruido global ambiental. Las 

técnicas de control de ruido habitual en emisión (límites de emisión de vehículos) e inmisión 

(barreras acústicas, doble acristalamiento) no han sido suficientes para disminuir 

significativamente las molestias por el tráfico rodado en las últimas tres décadas. El efecto 

positivo de estas técnicas de control ha sido contrarrestado por el aumento de la densidad 

del tráfico. Por otra parte, la molestia del ruido del tráfico está altamente correlacionada con 

los niveles máximos de ruido (MNL), producidos por lo general por conductores agresivos. 

Sin embargo, los sistemas actuales de medición de ruido de tráfico se basan en una 

valoración global, por lo que no son capaces de discriminar entre los conductores silenciosos 

y ruidosos. Por lo tanto, en esta tesis se propone un sistema de medida de ruido en el campo 

cercano, que es capaz de medir la contribución de cada vehículo individual al ruido del 

tráfico rodado, permitiendo la detección de los conductores ruidosos. Este trabajo describe 

también una combinación de investigaciones analíticas y experimentales para la 

identificación de los conductores responsables de la generación de niveles máximos de 

ruido. 

El sistema se basa en dos micrófonos embarcados, uno para el ruido del motor y otro para el 

ruido de rodadura. Con el fin de relacionar estas mediciones de campo cercano con el ruido 

de los vehículos radiado al campo lejano, se desarrolla un procedimiento completo para la 

extrapolación del ruido medido por los micrófonos de campo próximo a las posiciones de 

campo lejano, usando una combinación de predicción analítica y mediciones 

experimentales. Las correcciones para los niveles extrapolados se deben a factores 

atmosféricos, al término de divergencia esférica y a las condiciones de absorción de la 

superficie de propagación. Para el micrófono situado próximo al motor, es necesario 

también caracterizar las propiedades acústicas del capó del motor. Ambos niveles de ruido 

se extrapolan de forma independiente a la posición de campo lejano, donde se realiza una 

comparación entre la predicción y mediciones para confirmar que la metodología es fiable 

para estimar el impacto a distancia del ruido de tráfico. 
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1. INTRODUCTION  

 

The aim of this Chapter is to situate the main objectives of this Thesis in the context of the 

environmental noise, and more specifically, in the area of the road traffic noise. It has been 

already pointed out that traffic sources (vehicles, trains, airplanes) contribute roughly with ¾ 

parts of the ambient noise. Also, road traffic noise amounts around half of the overall noise 

in the environment. Therefore, for an efficient control of the noise suffered by inhabitants, 

especially in the urban environment, it is crucial to face the problem of the road traffic noise. 

The different administrations have already established directives, laws and ordinances to 

mitigate the impact of ambient noise. However, environmental noise surveys seem to 

indicate that the noise problematical is far to be solved. Therefore, new and audacious 

proposals that contribute to alleviate the noise annoyance should be of both scientific and 

sociologic interest. In this context, and taking into account that noise annoyance is highly 

correlated with the maximum noise levels radiated by the most noisy drivers, a new 

electroacoustic system, based on the on-board measurement of the noise radiated by each 

vehicle to the near field, is proposed in this Thesis to detect these drivers. Such an 

electroacoustic system should facilitate an historical record of the noise radiated by each 

vehicle. In one hand, it should provide a tool for a more fair administrative control of traffic 

noise, helping to detect the noisier drivers in periodical vehicle technical inspections. In the 

other hand, it would facilitate a more precise approach to traffic noise studies, in more 

realistic conditions, including effects such as the vehicle segment, engine type, vehicle age, 

and road maintaining.   
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1.1. Road traffic noise 

During the last years there has been an increasing concern with the environmental impact of 

noise. Along with air and water contaminants, noise is recognized as a severe pollutant [EPA, 

1978]. Noise is usually defined as “unwanted sound.” In the context of the public health, 

noise produces adverse effects in the hearing system and welfare of people. At high noise 

sound level and large exposure time, noise can cause hearing loss and serious annoyance on 

inhabitants. Even at moderate sound level, noise can annoy, awaken, anger and frustrate 

people. Therefore, all these combined effects decrease the people well-being and detract 

the quality of the environment. 

Figure 1.1 shows the percentage of American citizens exposed to environmental noise levels, 

Ldn, in 1978. As it can be seen, 75 % of urban population resided in areas exposed to Ldn>55 

dB, and 87 % in zones with Ldn>48 dB. 

 

Figure 1.1. Estimated percentage of urban population exposed to outdoor day-night sound 

levels [modified from EPA, 1978] 

In the European Union (EU), the Green Paper about Future Noise Policy [Green Paper, 1996] 

estimated that “about 20 % of the UE population, or 80 million people, suffered from noise 

levels that experts considered to be unacceptable, where most people become annoyed, 

where sleep is disturbed and where adverse health effects are to be feared. An additional 
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170 million citizens were living in so-called grey areas where the noise levels are such to 

cause serious annoyance during the day time.”   

Affenzeller and Rust [2005] reported that 80 % of German people are affected for noise 

pollution. Around 37 % are seriously annoyed by noise, and 18 % are even highly annoyed by 

noise pollution, Figure 1.2. According to the noise model used by Affenzeller and Rust, these 

percentages correspond to Ldn>58 dBA, for seriously annoyed people, and Ldn>67 dBA, for 

highly annoyed population. 

 

Figure 1.2. Percentage of population exposed to noise in Germany [from Affenzeller and Rust, 

2005] 

For the case of Madrid, the Department of Acoustic Control of the City reported that 53 % of 

the citizens living inside the area surrounded by the circumvallation road M30 are exposed 

to noise levels LAeq,24 hours>65 dBA, Figure 1.3, [Perera,2011]. Moreover, the strategic noise 

map of Madrid, published by the City Hall in 2006, showed large areas exposed to Lden>65 

dBA, Figure 1.4, which is the noise limit established by the Spanish Noise Law for residential 

areas at day time.  

As it can be seen in Figure 1.4, the higher noise levels correspond closely to roads of dense 

traffic. This fact is in agreement with most of the noise surveys, which assign the main noise 

source to road traffic, Figure 1.5. The predominant contribution of the large noise burden 

comes from the transportation, in particular from road traffic. The noise of traffic is growing 

continuously from recent years.  
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Figure 1.3. Percentage of population exposed to noise in the area inside the M30 in Madrid 

[from Perera, 2011] 

 

Figure 1.4. Strategic noise map of Madrid in 2006 
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Figure 1.5. Distribution of noise sources for high annoyance in Germany [After Affenzeller and 

Rust, 2005] 

Since 1975, noise exposure along motorways and rural roads has increased by 2.5 dBA and 

1.5 dBA respectively. In large cities, day-night levels have grown by 3 dBA [Affenzeller and 

Rust, 2005]. 

1.2. Measures to reduce road traffic noise 

A large effort and investment has been applied to try to reduce the traffic noise, both at the 

emission and immission sides. At the emission side, the first measure against traffic noise 

was the legislative stipulation of maximum permissible noise levels for different types of 

vehicles. Since the 70s, these noise emission limits have been progressively reduced as 

shown in Figure 1.6. Over the past 30 years, the overall reduction of noise limits was 8 dBA 

and 11 dBA for cars and trucks, respectively. Despite the industry effort to get this significant 

reduction of noise emissions limits, noise annoyance from road traffic has not been reduced, 

and even increased. Some suggestions have been made to explain this fact [Sandberg, 

2001a]: 

• The operating conditions for the type approval tests are not sufficiently 

representative of actual driving mode. 

• The increase in traffic volume, as well as the trend towards more powerful 

vehicles with wider wheels, which results in higher noise emissions, over-

compensating the reductions in emission limits. 
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Figure 1.6. Reduction of noise emission limits of cars and trucks since 1975 [modified from 

Affenzeller and Rust, 2005] 

At the immission side, there some noise control techniques that can potentially reduce the 

impact of road traffic noise, including: 

• Noise barriers, which can decrease the noise levels by 3-6 dBA, depending on their 

design and height. 

• Insulation of dwellings, specially the use of double-mirror at windows. 

• City planning, trying to move the traffic density away from residential areas.  

Whilst the emission control measures can potentially have a beneficial impact in all the 

affected area, immission control techniques affect only in the site they are installed. 

Furthermore, they are rather expensive (1 M€ per km of noise barrier, and 500-700 € per 

window with double-glass) [Schwela, 2010].  

Since the emission and immission noise control measures have not produced an enough 

reduction of noise annoyance in urban areas in the last decades, the EU revised the noise 

policy to encourage more effort and research to protect the inhabitants and the 

environment. Within the European thematic network CALM, this goal was adopted as a long-

term vision by proposing "to avoid the harmful effects of noise exposure from all sources 

and preserve quiet areas". Therefore, the long-term goal is not only to reduce noise 

exposure where it is too high, but also keep silent areas at low levels, i.e., not worsening the 
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silent environs. Since the traffic noise is one of the dominant contributors to the overall 

noise annoyance, the objectives to reduce traffic noise have to be ambitious. According to 

the objectives of the EU, an emphasis on the reduction of exposure of inhabitants to noise 

and the control of traffic noise immission in residential areas must be made. Therefore, 

these objectives must include the entire traffic system, which consists of vehicles, the 

extensive infrastructure, as well as the methods/indicators to legislative restrictions of noise 

emission.  

Thus, the EU adopted the main objective for 2020 of achieving a reduction of up to 10 dBA in 

traffic noise levels, which would result in a significant reduction of associated annoyance. 

This goal refers exclusively to the noise that is caused by the actual traffic situation. In the 

European context, it relates to the environmental noise directive, but not to the legislation 

on noise emissions by the vehicles. According to the roadmap of Figure 1.7, this aim could be 

attained by the concurrent accomplishment of [Affenzeller and Rust, 2005]: 

 

Figure 1.7. Roadmap for future technologies of road traffic noise [After Affenzeller and Rust, 

2005] 

• Designing quieter road surfaces. 
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• Manufacturing of low noise tyres. 

• Designing even more quiet vehicles, specially trucks, buses and motorcycles. 

• Paying more attention to the driving behaviour, by encouraging the echo-driving 

(using lowest gears possible, lowering speeds on highways, moderating acceleration, 

and avoiding unnecessary stops). For instance, echo-driving with large low speed 

torque at 2000 RPM can potentially decrease the engine noise by 8-10 dB with 

respect to a small low speed torque [Plunt, 2010]. 

• Managing the traffic flow, by an intelligent use of models and networks. 

Recently, Kropp et al. [2007] have reported that there is a technical potential to reduce the 

noise emission from road traffic, including political actions as well as research needs. They 

conclude that measures at the immission side, through town and traffic planning, barriers 

and building design are clearly insufficient. There is an unbalance of 10 dB between the 

emissions from road traffic and possibilities to achieve reasonable immission control noise. 

Therefore, to achieve a substantial reduction of road traffic noise, more effort must be 

devoted in the emission side. The main obstacle for effective emission control is that noise 

comes from many sources and that responsibility is shared by several parties, namely, the 

vehicle and tyre manufacturers, the traffic managers and the drivers. Thus, an effective 

strategy for road traffic noise reduction must involve the concurrent effort of all actors, 

Figure 1.8. 

1.3. Dosage-effect relationships 

Dosage-effect relationships are curves of the noise annoyance exposure by representing a 

measure of the subjective reaction of the population (usually the annoyance) as a function 

of an objective noise index. One of the first dosage-effect curves was published by Shultz 

[1978], who collected the data on 11 dosage-response surveys by other authors in a 

common plot. The former curve proposed by Shultz was then upgraded by the US Federal 

Interagency Committee on Noise (FICON) [Fidell, 2003]. This curve, which has been adopted 

as the annoyance-based rational for regulatory policy in many countries, is shown in Figure 

1.9. It represents the percentage of people highly annoyed as a function of the day-night 

noise level. Notice that, according to this dosage-effect curve, roughly 12.3 % of people feel 

highly annoyed when exposed to Ldn=65 dBA. 
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Figure 1.8 Systemic approach to the road traffic noise control 

 

Figure 1.9. Dosage-effect curve for traffic noise adopted by the FICON 
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In Spain, the RD 1513/2005 which develops the Noise Law 37/2003, regarding the 

assessment and management of environmental noise, establishes the necessity to assess 

dosage-effect curves separately for road, rail, and air traffic noises.  

Sato et al. [1999] analysed the dosage-effect relationships for different traffic noise 

descriptors. Traffic noise measurements were performed in 15 areas of southern Sweden. 

The annoyance survey was made interviewing 178 people of 18-75 years. The descriptors 

used were the LAeq,24 hours, the number of events that exceeded 75 dBA, and the maximum 

noise level, MNL, defined as the level exceeded at least three times during 24 hours. Their 

results showed that:  

• There was a strong relationship between the annoyance and LAeq,24 hours (correlation 

coefficient r = 0.9886). 

• There was a weak relationship between the annoyance and the number of events 

exceeding 75 dBA. 

• There was a strong relationship between the annoyance and MNL (correlation 

coefficient r = 0.9713). 

Based on these results, Sato et al. [1999] concluded that a highly efficient strategy to 

decrease the annoyance of road traffic noise is to reduce significantly the MNL. Recently, 

Watts [2012] emphasized that maximum pass-by noise for the most noisy of vehicles can be 

6-8 dBA above the average of the overall noise level of the traffic stream. Therefore, the 

reduction of excessive noise levels should have a significant impact in the road traffic noise 

abatement.  

Rylander [2005; 2006] also claimed the use of MNL as the best noise descriptor to relate the 

noise annoyance with the road traffic. Figure 1.10 shows the dosage-response curve 

proposed by Rylander. According to this curve, a reduction by 10 dBA in MNL should involve 

a decrease by 15 % of highly annoyed people. Thus, as claimed by Sato et al., Rylander 

concluded that an effective way to diminish significantly noise annoyance by road traffic 

would be to reduce the maximum noise levels. 

1.4. Objectives and scope of the thesis 

Taking into account that: 
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Figure 1.10. Dosage-effect relationship using the MNL as noise descriptor [from Rylander, 

2005] 

• Whereas noise immission control techniques are local and effective only in the place 

where they are applied, noise emission control measures generally affect the entire 

affected area. 

• A reduction by 10 dBA of MNL can produce a significant decrease of population 

highly annoyed [Rylander, 2005; 2006; Watts, 2012]. 

• Echo-driving can potentially reduce engine noise by 10 dBA [Plunt, 2010]. 

The main objective of this thesis is to propose an effective measure for reducing the MNL of 

road traffic noise. We hypothesize that these MNL are produced by the noisiest drivers. 

Instead of focussing on the vehicle itself, we pay more attention to the driving behaviour. 

The same vehicle can be driven in either noisy or quiet ways by two different drivers. 

However, noisier drivers are hidden into the traffic stream, so that, with the current 

technology is rather difficult to distinguish them. Thus, we will propose an on-board 

electroacoustic system to assess the noise radiated by each vehicle to the far field.  

This objective can be detached in the following partial objectives: 

• To study the amount and position of sensors necessary to measure the relevant noise 

sources of a vehicle in the near field. 

• To develop a noise metric able to discriminate noisy from quiet drivers. 
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• To propose a propagation model that relates the noise radiated by the vehicle to the 

near field and to the far fields. 

• To validate experimentally both the proposed electroacoustic system and the near 

field-far field propagation model. 

As an additional by-product of the work carried out in this thesis, we expect that: 

• It will enable real-time measurements of rolling and engine noises, so that the online 

assessment of the effectiveness of any rolling and engine noise control will be done 

easier. 

• The proposed electroacoustic system will allow performing a historical record of the 

noise produced by a vehicle, similar to the tachograph of buses and trucks. The 

relationship between the driving style and radiated noise emitted would be then 

easily set up. 

• It could facilitate the control of the individual emission of each vehicle in either an 

approval test or in a Technical Inspection of Vehicles.  

• The proposed near field to far field propagation model could facilitate the integration 

of our near field measurements on existing noise mapping codes. 

1.5. Thesis outline 

In this first chapter the state of the art of the traffic noise has been reviewed and the general 

context in which this work is developed has been presented. 

Chapter 2 reviews some current standard methods already existing for measuring noise 

emitted by vehicles to the near and far fields, such as the SPB and CPX methods, as well as 

some empirical relationships between them. 

Chapter 3 discusses the main noise sources in a vehicle, including a detailed description of 

their components. This discussion will lead to the proposal of two microphones, as well as 

their location, for measuring engine and rolling noises of a vehicle. 

Chapter 4 describes the vehicles, drivers and scenarios chosen for carrying out in situ 

measurements of correlation between driving behaviour and noise picked up by the 
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microphones described in Section 3. The noise metric to emphasise this relationship is 

described and the measurements carried out are reported.  

To extrapolate the measured near field noise levels to the far field, an impedance model for 

the ground is required. Thus, Chapter 5 discusses some impedance models, including 

laterally and vertically discontinuous grounds.  

Chapter 6 presents the propagation model developed to extrapolate the noise levels 

measured at the near field to the far field. Besides the impedance model developed in 

Chapter 5, the transmission loss (TL) through the engine hood is required. Therefore, the 

developed model uses the measurements of near field noise levels, engine hood TL, and 

ground impedance to predict the noise levels at the far field of the vehicle. 

Chapter 7 provides experimental measurements of near and far field noises during pass-by 

tests, as well as the TL of the engine hood, to validate the extrapolation model developed in 

Chapter 6. The experimental measurements were carried out at two different places.  

Finally, Chapter 8 summarizes the main achievements of this work, and proposes new issues 

for future research. 
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2. MEASUREMENTS OF NOISE RADIATED 

BY VEHICLES TO THE NEAR AND FAR 

FIELDS 

 

The acoustic system that we are proposing in this thesis measures the noise radiated by the 

vehicle to the near field. However, most regulations are based on noise levels measured at 

the far field. There already exist methods to measure the noise radiated by the vehicle to the 

near (CPX) and far (SPB/CPB) fields. These methods, as well as their relationship, are revised 

in this Chapter. Most of the work published on CPX/SPB relationships was done in the 

framework of the European Projects SILVIA and SILENCE. 
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There are three standardized methods to characterize the noise radiated by a vehicle to the 

near and far fields: 

• The Statistical Pass-By (SPB) method based on the ISO 11819-1 [1997]: Measurement 

of the influence of road surfaces on traffic noise-Part 1. 

• The Close Proximity (CPX) method based on the ISO/CD 11819-2 [2000]: 

Measurement of the Influence of road surfaces on traffic noise-Part 2.  

• A third widely used method, the Controlled Pass-By Method (CPB), which is basically 

a variant of the SPB method, where a small number of test vehicles are chosen to 

represent the general types of vehicles required in the SPB method. 

A further insight of SPX/CPB and CPX methods is given in the following. 

2.1. SPB method 

The SPB method provides a tool to determine an index which can be used to compare the 

noise emission impact of different road surfaces by measuring vehicle pass-by at the 

roadside [Haider and Sandberg, 2006].  

The SPB method has the following properties, Figure 2.1 [van Blokland and Roovers, 2005]: 

• A large area is required free of other sources than the vehicle to be measured, Figure 

2.1a. 

• The sound emission level is measured at a microphone 7.5 m far from the centre of 

the test lane, and at a height of 1.2 m, Figure 2.1b. 

• The sound emission of an individual passage is presented by the maximum noise 

level LAmax. 

• The average sound level is assessed as a linear function of the logarithm of the 

vehicle speed, V, expressed in km/h. 

A sample of a typical scatter plot obtained with this method is shown in Figure 2.2. 
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Figure 2.1. Scheme of the SPB method 

2.2. CPX method 

The CPB method was conceived for evaluating different road surfaces with respect to their 

influence on traffic noise, under conditions when tyre/road noise dominates. The 

interpretation of the results applies to free-flowing traffic travelling on essentially level roads 

at constant speeds of 40 km/h and upwards, in which cases tyre/road noise is assumed to 

dominate. For other driving conditions where traffic is not free-flowing, as for roads with 

high longitudinal gradients and a high proportion of heavy vehicles such as at junctions 

and/or under heavy acceleration, and where the traffic is congested, the influence of the 

road surface on noise emission is more complex. 
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Figure 2.2. A sample of the resulting scatter plot of a SPB measurement for a passenger car 

[After van Blocklan and Roovers, 2005] 

In the CPX method, LA sound levels are generated for a set of four standard tyres running on 

the surface under test by at least two microphones located close the tyre/pavement 

interaction area, at 20 cm from the tyre side wall, 20 cm in front and behind the centre of 

the contact patch, and 10 cm above the road surface, Figure 2.3. The tyres are mounted on a 

specially designed vehicle, which is either self-powered or a towed trailer. The tyres are 

selected to represent the most important types actually in use on average cars. The vehicle 

runs freely at constant speed over the surface under measurement. The sound pressure 

levels at the two mandatory microphones over short distances are determined for each tyre. 

The sound pressure levels are then averaged over 20 m sections and over the two 

microphones to obtain a Close Proximity Sound Index (CPXI) [Haider and Sanberg, 2006]. To 

obtain reliable results, averaging must be performed over at least 200 m length, either as 

two passage of a 100 m section or ten bypasses of a 20 m section. 
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Figure 2.3. Scheme of CPX method [After ISO/CD 11819-2, 2000] 

 

The CPX method has the same main objectives as the SPB method, but is intended to be 

used specifically in applications that are complementary to it, such as: 

• Noise characterisation of road surfaces at almost any arbitrary site, with the main 

purpose of checking compliance with a surface specification; for example for 

conformity of production. 

• Checking the acoustic effect of maintenance and condition, e.g. wear of and damage 

to surfaces, as well as clogging and the effect of cleaning of porous surfaces. 

• Checking the longitudinal and lateral homogeneity of a road section. 

• Development of quieter road surfaces and tyres. 

Measurements with the CPX method are faster and more practical than with the SPB 

method, but are more limited in the sense that they are relevant only in cases where 

tyre/road noise dominates and engine noise may be neglected.   
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2.3. Relationships between SPB and CPX methods 

Since the SPB method was devised for assessing the effect of the pavement on the traffic 

noise measured at the facades of dwellings and the CPX methods was thought to 

characterize the noise emission for roads, a relationship might exist between both. In 

principle, it might be possible to predict the SPB levels from the CPX measurements on an 

arbitrary road surface.  The relationship between the CPX and SPB levels has been 

profoundly studied in the EU projects SILVIA [van Blockland and Roovers, 2005; Roovers and 

Peeters, 2004; Anfosso-Lédée, 2004a] and SILENCE [Haider and Decornet, 2006].  

2.3.1. Empirical relationships 

Roovers and Peeters [2004] gathered and processed SPB (or CPB) and CPX data collected at 

the same road surfaces of some European countries. Namely: 

• TRL data from British motorways. 

• DWW/M+P data from Dutch motorways. 

• TÜV/M+P CPX validation experiment of 1998. 

• BAST/Müller-BBM/M+P Sperenberg data of CPX-CPB. 

• BAST SPB data / CPX data Silvia RRT Düren. 

• M+P Innercity data at 50 km/h. 

TRL data consists of 17 test sites in 13 different British highways, including non-porous and 

porous pavements, performed with the TRITON vehicle of the TRL. 

The data set provided by DWW contains CPX measurements carried out with the Roemer-

CPX vehicle in 41 sites, SPB measurements to 5 m in all sites and at 1.2 m above of the 

ground. The pavements age ranged from 1 to 12 years. Most of CPX measurements were 

performed at 80 km/h, while in the SPB measures the velocities varied between 40 and 130 

km/h. 

The data provided by M+P/TÜV were performed in the summer of 1998. The principal 

objective was to compare the eight participant CPX vehicles in the experiment. The 

representativeness of the CPX method was analysed for the measurement of the SPB 

method at the far field, and the relationship between the two measurement methods was 
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quantified. A SPB-CPX linear regression was carried out for seven CPX vehicles using the 

same tyres. CPX and SPB measurements were achieved at 13 sites of 7 roads; SPB measures 

at 1.2 m were made only in 10 of these sites. 

The BAST/M+P/Müller-BBM data were afforded by several groups. The analysis is based on 

CPX and SPB measurements made by M+P in 1998/1999. 

The data provided by BAST and M+P/TUG/TRL/LCPC/DWW were performed by five groups 

from the SILVIA Project, which measured CPX data in the highway B56 at Düren in July 2003. 

BAST also performed SPB tests in 2002 and 2003. M+P carried out CPX and SPB 

measurements in several types of pavements in Holland. 

An empirical SPB/CPB versus CPX noise level relation was provided for each of these sites. 

Except for the Sperenberg case, all the data sets contained SPB measurements at heights 1.2 

and 5 m. Tables 2.1 and 2.2 summarize the empirical relation reported for each data set, at 

80 km/h, for SPB/CPB levels measured at heights of 1.2 m and 5 m, respectively. The same 

data are presented in graphical way in Figures 2.4 and 2.5. As it can be seen, the Düren SPB-

CPX regression curves show a slope significantly different to the other curves. In both data 

sets, the correlation factor is much lower than for the other data sets. Notice also that the 

regression slope is generally lower for the SPB measurements at height of 5 m than for 1.2 

m, indicating that the spread in SPB values is less at 5 m. In addition, the residuals tend to be 

smaller at 5 m high. 

Table 2.1. SPB/CPB-CPX relations at 80/80 km/h and 1.2 m SPB height [After Roovers and 

Peeters, 2004] 

Data set CPB/SPB-CPX Relation Correlation 

factor R
2
 

Residue 

(dBA) 

Sperenberg (M+P) CPB = 1.34 CPX – 46.51 0.67 1.57 

DW (Roemer) SPB = 1.22 CPX – 42.3 0.56 1.47 

Düren (M+P) SPB = 0.79 CPX + 2.04 0.40 1.63 

CPX Validation (TUG) SPB = 1.22 CPX -40.89 0.95 0.73 

CPX Validation (Arsenal) SPB = 1.10 CPX – 22.91 0.96 0.70 
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Table 2.2. SPB/CPB-CPX relations at 80/80 km/h and 5 m SPB height [After Roovers and 

Peeters, 2004] 

Data set CPB/SPB-CPX Relation Correlation 

factor R
2
 

Residue 

(dBA) 

DW (Roemer) SPB = 0.87 CPX – 9.3 0.64 0.88 

Düren (M+P) SPB = 0.65 CPX + 12.44 0.38 1.46 

CPX Validation (TUG) SPB = 1.09 CPX - 39.53 0.98 0.48 

CPX Validation (Arsenal) SPB = 0.99 CPX – 19.1 0.96 0.66 

 

Therefore, from the above comparison between the results of different datasets, Roovers 

and Peeters [2004] concluded that the CPX-SPB relation was not reproducible for different 

datasets. Moreover, a slope between SPB (or CPB) and CPX levels unequal to 1 was found for 

most datasets. 

 

Figure 2.4. SPB/CPB-CPX empirical relations at 1.2 m height [from Roovers and Peeters, 2004] 
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Figure 2.5. SPB/CPB-CPX empirical relations at 5 m height [from Roovers and Peeters, 2004] 

2.3.2. CPX-CPB propagation filter 

A possible reason for the non-reproducibility of the SPB/CPB-CPX relation from one site to 

other is, perhaps, that the effect of the different type of surface between both positions was 

not taken into account. This was carried out, in the context of the EU Project SILVIA, by 

Anfosso-Lédée [2004a]. Anfosso-Lédée defines a propagation filter, ∆L, as the difference of 

levels 

∆
 � 
�� � 
��,      (2.1) 

where LCPX is the noise level at the CPX measurement microphone due to the source St, and 

LCPB is the noise level at the CPB measurement point due to the source Seq. Assuming that: 

• St is a point monopole situated at the contact point between each tyre and the road 

surface. 

• Seq is located below the vehicle at 0.04 m from the road surface. Seq contains only 

summation from the 4 St, without any contribution from engine, exhaust, etc. 
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• The CPX microphone is 0.28 m far from the tyre and 0.1 m above the road surface. 

• The CPB microphone is 7.5 m far from the centre line of the vehicle and 1.2 m above 

the ground. 

The propagation filter is calculated as 

∆
 � ����� � ���� � 20����� �������  � 10����� "1 # ����$ % 10&''$(&''��) * � 3	,-, (2.2) 

where AttCPX is the attenuation between the tyre source, St, and the CPX microphone 

position, rCPX, and Att1 and Att3 are the attenuation between the source at the nearest and 

furthest tyres at r1 and r3, and the CPB position, respectively.  

The attenuation terms, AttCPX, Att1 and Att3 depend on the acoustical impedance of the 

surface between the tyre sources and the CPX and CPB positions. Anfosso-Lédée [2004a] 

considered five types of surfaces: all reflecting, all porous, a reflecting road with a grass side 

ground, a reflecting road with a grass side ground, and a porous road with reflecting side 

surface.  

The above propagation model was validated measuring simultaneous CPX and CPB noise 

levels. When the vehicle passed at constant velocity ranging from 70 to 110 km/h, both the 

maximum level at the CPB position and the noise levels at two CPX microphones were 

recorded. The measurements were carried out on two types of road surface: one reflecting 

and other porous. Table 2.3 summarizes the differences of sound levels (propagation filters) 

between CPX and CPB positions, for a velocity of 90 km/h, for both types of road surfaces.  

Table 2.3. Level differences between CPX and CPB positions for different types of grounds 

[from Anfosso-Lédée, 2004a] 

 

Microphone 

∆∆∆∆L (dBA) 

Reflecting road surface Porous road surface 

Measured Calculated Measured Calculated 

Mic1 21.9  21.9  

Mic2 23.2  24.6  

Averaged (Mic1+Mic2) 22.5 22.0 23.3 24.7 
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The measured ∆L are compared to those calculated with the propagation model discussed 

above. The differences between the measured (averaged for the two CPX microphones) and 

the calculated propagation filters are 0.5 dBA, for the reflecting road, and 1.4 dBA, for the 

porous pavement. The spectral composition of the propagation filters, between 400 Hz and 

4 kHz, for both types of roads is shown in Figure 2.6. 

 

Figure 2.6. Spectral composition of the propagation filter between CPX and CPB 

measurements on (a) a reflecting and a (b) porous road surface [modified from Anfosso-

Lédée, 2004a] 

Cho and Mun [2008a] published a semi-emprirical model for the determination of sound 

power levels emitted by vehicles  to the near and far field that has been successfully applied  

in prediction models of rood traffic noise in South Korea [Cho and Mun, 2008b]. Similarly to 

Anfosso-Lédée [2004a], Cho and Mun analyses the propagation of noise between NCPX and 

SPB positions. Here, NCPX stands for Novel Close Proximity, since Cho and Mun locate a 

surface microphone in the wheel arch, instead of two microphones on the CPX positions 

shown in Figure 2.3. Another difference of the measurement set up adopted by Cho and 

Mun is that SPB measurements are carried out at heights of 0.1, 1.2, 2, 3 and 4 m. 
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Unlike the propagation model developed by Anfosso-Lédée, Cho and Mun take into account 

the propagation effects between NCPX and SPB positions (spherical spreading, air absorption 

and ground interaction) by means of the ISO 9613-2 [1996].  Table 2.4 shows the attenuation 

between both microphones provided by the ISO 9613 for light vehicles at several SPB 

microphone heights, and at octave band frequencies between 63 and 8000 Hz. 

Table 2.4. Level differences between NCPX and CPB positions for different SPB microphone 

heights [After Cho and Mun, 2008a] 

 

f (Hz) 

SPB microphone height (m) 

0.2 1.2 2 3 4 

63 23.8 25.6 25.8 26.2 26.6 

125 23.8 25.6 25.8 26.2 26.6 

250 23.8 25.6 25.8 26.2 26.6 

500 23.8 25.6 25.8 26.2 26.6 

1000 23.9 25.7 25.9 26.2 26.7 

2000 23.9 25.7 25.9 26.2 26.7 

4000 24.0 25.8 26.0 26.3 26.8 

8000 24.3 26.1 26.3 26.6 27.1 
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3. VEHICLE NOISE SOURCES 

 

The two main sources of noise vehicles, engine and tyre/surface interaction, are identified. 

Their main components and characteristics are revised from the literature. The engine noise 

dominates at low vehicle speed, for light vehicles, and at all velocities for heavy vehicles. The 

engine noise level increases logarithmically with both the engine speed and the cylinder 

bore. View from a point in the far field, the component of the engine responsible for the 

larger noise radiation is the air intake system. The rolling noise level increases logarithmically 

with the vehicle velocity. The mechanisms of rolling noise generation are tread impact, 

pumping and sucking of air in the contact patch, slip-stick and stick-slap effects. The rolling 

noise spectrum has a multi-coincidence peak at the octave band of 1 kHz and decays linearly 

with frequency above 2-3 kHz.  Taking this into account, two microphones are proposed for 

measuring separately the engine and rolling components 
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3.1. Noise sources and their relative importance 

The noise sources of a vehicle are the power unit (including the engine, air inlet and 

exhaust), the cooling fan, the transmission system (including the gearbox and rear axle), the 

rolling (including the aerodynamic and the tyre/pavement components), the brakes and the 

load [Tyler, 1987]. In general, the noise related to the power unit and the transmission is 

referred to as engine noise, and this related to the other sources is named rolling noise. 

The relative importance of these sources depends on the type of vehicle and the operating 

conditions, Figure 3.1. For both types of vehicles, the rolling noise increases linearly with the 

logarithm of the velocity, roughly with the same slope. For a fixed velocity, the rolling noise 

of a heavy vehicle is larger than for a light vehicle. On the other hand, the engine noise is 

roughly constant at low velocities, but increases linearly with the logarithm of the velocity, 

at higher velocities. At all velocities, the engine noise of heavy vehicles is much larger than 

the engine noise of light vehicles. 

Thus, for light vehicles, the engine noise dominates at lower speeds and lower gears, 

whereas the rolling noise dominates at high speeds and higher gears [Sandberg, 2001b]. 

However, in heavy vehicles the engine is the dominant source under all operating conditions, 

although the rolling noise can be noticeable also at high speeds. 

Thus, taking into account that we are proposing in this thesis a measurement system to 

assess the noise radiated by a vehicle at all operating conditions, including urban (low 

velocity) and suburban (high velocity) running, both noise sources will have to be 

considered. 

In the far field, these noise sources must be combined logarithmically to provide the overall 

vehicle noise. The noise spectra radiated by light vehicles at a distance of 7.5 m cover a 

substantial part of the audible range, and they usually have defined peaks at the low 

frequency side. For most vehicles, far field noise spectra above 2-3 kHz decays roughly 20 dB 

per decade of frequency [Tyler, 1987]. Sandberg [2003b] reported a multi-coincidence peak 

at around of the 1000 Hz octave in the traffic noise spectra. 
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Figure 3.1. Engine and rolling noise of a vehicle as a function of velocity [modified from Tyler, 

1987] 

Affenzeller and Rust [2005] studied the contribution of each of these sources to the overall 

noise emission of vehicles during the approval test established in the ISO 362 standard. The 

relative contribution of the sources has varied over time. Before 1990, the main contributor 

to the overall pass-by noise was the engine. Currently, however, the engine contribution of 

light vehicles has been significantly reduced, while the relative contribution of the tyres has 

increased.  

3.2. Engine noise: Main components 

Tyler [1987] made an exhaustive revision of the principal sources of engine noise, which are: 

• Force generation, including combustion noise source and mechanical noise sources. 

• Forces applied to the structure, comprising cylinder pressure pulses, piston slap 

impacts and timing gear impacts. 

• Vibration transmission, consisting of cylinder heads, piston connecting rod and 

crankshaft, cylinder walls and front of the crankcase. 

• Radiators of noise, such as rocker cover, intake manifold, crankshaft pulley, 

crankcase panels, water jacket panels, side covers, oil sump and timing cover. 
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The noise level radiated by an engine at 1 m from its surface can be predicted by a set of 

curves established by Challen and Croker [1982]. These curves are 


	.,-�/ � 0 30	�����1 # 50	�����- � 48.5 for	direct	injection	engines43	�����1 # 60	�����- � 98 for	indirect	injection	engines50	�����1 # 60	�����- � 115.5 for	gasoline	engines  ,          (3.1) 

where L is the sound pressure level in dBA, N is the engine speed in rev/s, and B is the 

cylinder bore in mm. Figure 3.2 shows these prediction curves for the three types of engines. 

As it can be seen, the engine noise increases logarithmically with both the engine speed N 

and with the cylinder bore B. 

 

Figure 3.2. Engine noise as a function of the engine speed and the cylinder bore [modified 

from Challen and Croker, 1982] 

Figure 3.3 shows the relative contribution of each engine component to the overall engine 

noise, for the case of a passenger car and a truck, both fuelled with diesel.  
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Figure 3.3. Relative contribution of each engine parts to the radiated noise for passenger car 

(above) and truck (below) engines [modified from Tyler, 1987] 

It can be noticed that: 

• In both cases, there is a slight trend towards radiation to the right side (an increment 

of 1.4 dB for the case of a passenger car, and 2 dB for a truck). 

• In both engines, the main source of the noise radiated to the right side is the 

crankcase. 
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• For truck engines, the air intake manifold is responsible for the maximum radiation 

towards the left side. 

• For car engines, the cylinder heads are responsible for the maximum noise radiated 

to the left side. 

3.3. Rolling noise: Main components 

The classic mechanisms of noise generation in the interface between the tyre and the 

surface are [Bernhard and Wayson, 2004]: 

1. Tread impact. The tyre treads blocks travel around the tyre as the tyre turns. At the 

entrance of the interface between the tyre and pavement an impact occurs as the 

tread hits the pavement as shown in Figure 3.4a. The tread impact can be compared 

to a small rubber hammer hitting the pavement. This impact causes vibration of the 

tyre carcass. If both the tread block and the pavement can be made resilient, the 

energy created by this impact can be reduced. Randomization of the pavement 

texture and the tread pattern reduces the repetitiveness of this impact and can 

change the character of the sound to reduce the annoyance of the sound. 

2. Air pumping. Within the contact patch, the passages and grooves in the tyre are 

compressed and distorted. The air entrained in these passages will be compressed 

and pumped in and out of the passages as shown in Figure 3.4b and 3.4c. Because of 

the air compression effects and air pumping, aerodynamically generated sound is 

created. 

3. Slip-stick effect. Within the contact patch the tread blocks transfer tractive forces 

from the tyre to the pavement for acceleration or braking. In addition, due to the 

distortion of the tyre carcass in the contact patch, the treads block-pavement 

interfaces experiences significant horizontal forces. If these horizontal forces exceed 

the limits of friction, the treads block will slip briefly and then re-stick to the 

pavement as illustrated in Figure 3.4d. This action of slipping and sticking can happen 

quite rapidly and will generate both noise and vibration. 

4. Stick-snap effect. The contact between the treads block and the pavement causes 

adhesion between the treads block and pavement. When the treads block exist the 

contact patch, the adhesive force holds the treads block as shown in Figure 3.4e. The 
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release of the treads block causes both sound energy and vibration of the tyre 

carcass. 

  

   

Figure 3.4. Mechanisms of tyre/pavement noise generation [modified from Bernhard and 

Wayson, 2004] 

In many cases the energy created at the tyre-pavement interface is not radiated efficiently. 

The tread blocks are small and would not be efficient radiators in isolation of the remainder 

of the tyre-pavement system. Also, the air pumping alone would not be a significant source 

of energy. Several aspects of the tyre-pavement system significantly amplify the radiated 

noise. These are: 

• Horn effect. The geometry of the tyre above the pavement is a natural horn as shown 

in Figure 3.5a. Noise created by any source mechanism near the throat of the horn 

will be amplified by the horn itself. Lui and Li [2004] showed that can amount 

between 10 and 15 dB in the low frequency range.  

• Helmholtz resonators. The tread passages of the tyre in the contact patch take on 

shapes of acoustical systems that amplify noise generation. These include organ pipe 

resonances that are common in musical instruments, Figure 3.5b, and Helmholtz 

resonances, Figure 3.5c. 

• Internal acoustic resonance. The air inside the tyre, which is used to inflate the tyre, 

is also excited by the excitation of the tyre. At certain frequencies associated with the 

natural frequency of the toroidal enclosure inside the tyre will resonate as illustrated 

(a) (b) (c) 

(d) (e) 
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in Figure 3.5d. The response of the air inside the tyre is sufficient for these 

resonances to be audible. 

• Carcase vibration. The vibration energy created at the tyre-pavement interface is 

amplified by the response of the tyre carcase. Vibrational waves propagate in the 

tread band, which is the structural element of the tyre located adjacent to the tread 

blocks. These waves create noise which is radiated from the tyre carcase. In addition, 

the tyre carcase sidewalls near the contact patch vibrate and radiate sound as 

illustrated in Figures 3.5e and 3.5f. 

  

   

  

Figure 3.5. Mechanisms of tyre/pavement noise amplification [modified from Bernhard and 

Wayson, 2004] 

All these sources add logarithmically to supply the rolling noise. The parameters that affect 

the noise radiated by the interaction between the tyre and the pavement are [Tyler, 1987]: 

(a) (b) 

(c) (d) 

(e) (f) 
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• The vehicle velocity: the rolling noise, Lr, increases logarithmically with the vehicle 

speed, V, (in km/h) 
� � E�����F # G,     (3.2) 

 

where C is a constant, and the slope m ranges from 29 to 43. This means that Lr 

grows between 9 and 13 dBA whenever the velocity doubles. 

• The vehicle weight: if the vehicle is too heavy, the interaction between the tyre and 

the pavement is expected to be greater. 

• The tyre footprint: transversal tread blocks are noisier than circumferential ones. 

• The footprint material: the tyres with rubber footprint of high hysteresis are noisier 

than the natural rubber footprint. 

• The pavement texture: Porous pavements can reduce the rolling noise by 3-6 dBA 

[Affenzeller and Rust, 2005]. 

3.4. Contribution of engine and rolling noises to the far field 

Lelong [1999] developed a simplified model to evaluate the contribution of the main noise 

sources (engine and rolling) during pass-by trials at constant velocity. According to Lelong, 

the noise radiated by a vehicle to the far field is 


HI � 
J.1/⨁
�.F/,      (3.3) 

where Li
t is the total emitted noise at a constant speed in the gear i, Le (N) is the engine noise 

that depends of the engine speed N, Lr (V) is the rolling noise that depends of the vehicle 

speed V,  and ⊕ denotes energetic addition. The engine noise, Le(N), can be evaluated from 

measurements carried out at various engine speeds, when the vehicle is stationary. The 

rolling noise, Lr (V), on the other hand, can be measured when the vehicle runs in neutral 

gear. 

Using this method, Lelong [1999] was also possible to assess separately the contribution of 

each of the two sources. There was a good correlation between the predicted and measured 

levels for several passenger vehicles. 
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In the context of the EU SILENCE project, Stücklschwaiger [2006] measured the contribution 

of each of a vehicle sources to the far field pass-by noise. The noise radiation of each 

individual component was determined by location microphones close to their respective 

radiation surface. The noise was recorded at each microphone during a full acceleration load 

in 2nd and 3rd gears. The main noise sources covered during these measurements were the 

engine block, the cylinder head, the oil pan, the front accessory drive, the gearbox, the 

intake orifice, the intake system, the exhaust muffler, the exhaust orifice, and the tyres. For 

cover all these sources, more than 20 microphones were used for each measurement. The 

transfer functions between a source in the position of the far field microphone and the 

microphones close to each of the sources were measured. The inverse of these transfer 

functions were used then to extrapolate the measurements of the noise near each source to 

the far field. 

Figures 3.6 and 3.7 show the average percentile contribution of each source to noise 

radiated by the vehicle to the far field during pass-by trials in the 2nd and 3rd gears, 

respectively. As it can be seen, in both cases there was a dominant contribution of the air 

intake system (intake orifice + intake system). The contribution was even higher in 3rd gear. 

The engine, oil pan, and the gearbox also contributed, but much less than the intake system. 

The tyre had not a great contribution to the far field noise at these gears. 

Therefore, all previous results support the assignment of the noise radiated by vehicles to 

two main sources: the engine and the tyre/surface interaction. The EU Projects IMAGINE 

[Beuwing and Vos, 2004] as well as Harmonoise [Sandberg, 2003a; Jonasson, 2007] propose 

allocating these sources at two point sources located as shown in Figure 3.8. For light 

vehicles, these sources are located at 1 cm and 30 cm over the soil. For heavy vehicles, the 

point sources are at heights of 30 cm and 75 cm.  The noise from two-wheeled comes from a 

single point source at 30 cm. 
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Figure 3.6. Average percentile contribution from each source to the far field pass-by noise 

source in 2
nd

 gear [modified from Stücklschwaiger, 2006] 

 

Figure 3.7. Average percentile contribution from each source to the far field pass-by noise 

source in 3
nd

 gear [modified from Stücklschwaiger, 2006] 
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Figure 3.8. Illustration of point noise sources of different vehicles 

Each of these point sources should have contributions of the engine and rolling noise. For 

example, for light vehicles, it is proposed that 80% of the point noise source at 1 cm comes 

from rolling noise, and that 20% comes from the engine noise. The relative contribution to 

the point source at 30 cm is complementary: 80% comes from the engine and 20% comes 

from the tyres/surface interaction. 

3.5. Positions for the near field microphones in this thesis 

Taking into account the results of the above Sections, it was decided to locate two 

microphones to measure the contribution of the engine and tyre/source interaction to the 

vehicle noise in the near field. According to Stücklschwaiger [2006], the microphone to pick 

up the engine noise was located close to the air intake manifold, as it is the largest noise 

source with more contribution, Figure 3.9a. This location was also chosen paying attention 

to avoid overheating the microphone by the engine. Since the rolling microphone is 

regarded to measure the rolling noise in real driving conditions, the positions recommended 

by the CPX method were discarded. Instead, the rolling microphone was located below the 

car chassis, close to the tyre, Figure 3.9b. This location is close to that chosen by Cho and 

Mun [2008a] in their measurement set up.  
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Figure 3.9. Positions chosen for the (a) engine and (b) rolling microphones 

3.6. The horn effect amplification on the rolling microphone  

The horn effect is an amplification phenomenon of the rolling noise amplification due to the 

existing geometry between tyre and surface [Schaaf and Ronneberger, 1982]. This geometry 

amplifies the noise because of the radiation impedance of the contact area is higher than in 

free radiation conditions, so that the generated radiation power is greater in the base. This 

phenomenon was verified experimentally by Iwao et al. [1994] using a real tyre. Other 

experimental measurements [Graf et al., 2002] show amplification due to the horn effect of 

10 to 20 dB, with a maximum in the plane of the tyre. The final level depends of the 

frequency, the characteristics of the tyre and the surface and of propagation distance 

between the tyre and the noise reception point. At low frequencies, the wavelength is large 

compared with the dimensions of the geometry of horn effect, the radiation efficiency is low 

and the amplification will not be very important. The same effect will occur with increasing 

to much the frequency; the geometry will be large compared to the wavelength and there 

will not significant amplification. Between these two limits, in the frequency range between 

500 Hz and 2500 Hz, is where the horn effect will be felt significantly. 

Once produced noise amplification, it will propagate until reaching the reception point. For 

the calculation of the final levels received will determine the absorption produced by the 

surface. To perform the calculation, we distinguish between the direct sound between the 

source and the receiver, and the sound reflected in the contact surface. The overall level in 

the receptor will be the result from the interference between the direct sound and the 

reflected sound. However, considering only the attenuation due to the use of porous asphalt 
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cannot explain the level differences encountered when have made experimental 

measurements [Graf et al., 2002]. High attenuation levels are due to the absorption 

influence in the horn effect and the acoustic impedance of the contact surface. For the 

reflecting surfaces, the impedance is high and the amplification phenomenon efficient. For 

porous surfaces, however, the opposite effect occurs, and the two effects cannot be 

considered separately. 

 

Figure 3.10. Difference between measured propagation with and without the tyre, for 

different horizontal angles of the noise source with respect to the tyre horn – at 90° the noise 

source is right in front of the tyre, at 0° it is aimed at the side of the tyre, and at -45° it is 

placed behind the tyre, as seen from the “horn”; left: near field positions, right: far field 

positions [After Schwanen et al., 2007] 

Figure 3.10(left) shows the spectral level differences resulting for different near field 

positions around the tyre, therefore with different horizontal angles with respect to the 

direction of the horn [Schwanen et al., 2007]. At +90° the noise source is right in front of the 

horn, causing the largest measured effect of the horn amplification. Moving the noise source 

more to the side of the tyre (at 0°) causes a clear decrease in the horn efficiency and when 

rotated further, at the rear of the tyre (-45°), the difference is even negative, indicating that 

the tyre itself screens part of the noise from the source to the microphone. 

The right graph shows the same results for the far field measurements positions. Results 

correspond very well to the near field measurement but show more variations and 

scattering. Since the distance from source to microphone is much larger, these 
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measurements are more sensitive to wind and external noise influences and to phase 

variations over the travelled distance. 

To corroborate the horn effect, we carried out some measurements with different 

microphone positions in the near field to register the rolling noise. Two positions were 

compared in real conditions: the “tyre” position at +90º from de centre of the wheel, and 

the CPX position at -45º, Figure 3.11.  

 

Figure 3.11. Source and receiver configuration for propagation measurements in the near 

field 

Figure 3.12 shows the experimental results of the measurements in real conditions at 90 

km/h of constant speed. We can observe two principal amplifications, one due to the aero 

dynamical noise, in the left part of the plot, just in the low frequency range 40-400 Hz, and 

the other in mid frequencies 400-2000 Hz due to the horn effect in the near field. We will 

analyse in Chapter 7 the correlation of the rolling noise picked up by these both 

microphones with this measured in the far field. 

 

Ltyre 

LCPX 

+90º -45º 

Rear part 
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Figure 3.12. Difference between measured propagation in near field, for different horizontal 

angles of the microphone positions with respect to the tyre horn at +90° the noise source is 

right in front of the tyre, and at -45° it is placed behind the tyre, as seen from the “horn” 

3.7. Microphones for the measurement of the near field noise in 

this thesis 

Instrumentation microphones are quality sensors for measuring noise, but they were 

discarded due to the risk of damage in the envisaged application. Its installation under the 

vehicle chassis should likely present problems of dust, humidity, temperature, etc. As a 

cheaper alternative, electrets microphones SHURE MX183 with good enough acoustical 

characteristics were selected. Technical specifications of such microphones are summarized 

in Table 3.1. 

Both the maximum sound pressure level (116.7 dB) and dynamic range (96.2 dB) are clearly 

insufficient for the measurement of engine and rolling noises in real driving conditions. 

Appendix A relates the modifications applied to the microphone to increase these values to 

130 dB and 105 dB, respectively. 

The polar directivity patterns of the SHURE MX183 microphone at several frequencies are 

shown in Figure 3.13. Figure 3.14 shows its frequency response as measured in the anechoic 

room of the CAEND. Since both microphones are expected to work under high aerodynamic 

flow, they were coated with standard nose cones, Figure 3.15. Figure 3.16 shows the 
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frequency response of both Shure MX183 microphones coated with two types of nose 

cones. If these curves are compared with the frequency response of the microphone without 

nose cone, Figure 3.14, it can be appreciated that the nose cone introduces a low-pass filter 

effect at frequencies about 3 kHz. Since rolling noise spectrum decays as 20 dB per decade 

above 2-3 kHz (see Section 3.1), this low-pass effect is not considered relevant for the 

envisaged measurements. 

 

Table 3.1. Technical specifications of Shure MX183  

Type Condenser (electret bias) 

Frequency Response 50 to 17,000 Hz 

Polar Pattern Omnidirectional 

Output Impedance EIA rated at 150 Ω (180 Ω actual) 

Open Circuit Sensitivity (at 1 kHz, ref. 1V/Pascal) -27.5 dB (42.2 mV), -12 dB at 0 gain 

Max SPL (1kHz at 1%THD, 1 kΩ load) 116.7 dB, +6 dB at 0 gain 

Equivalent Output Noise (A-weighted) 20.5 dB 

Signal to Noise Ratio (referenced at 94 dB SPL) 73.5 dB 

Dynamic Range at 1 kΩ load 96.2 dB, 100 dB at 0 gain 

Power Requirements 11 to 52 Vdc phantom, 2.0 mA 

Common Mode Rejection 45.0 dB minimum 

Polarity Positive sound pressure on diaphragm produces 

positive voltage on pin 2 relative to pin 3 of 

output XLR connector. 

Environmental Conditions Operating Temperature Range: -18° to 70° C (0° 

to 135° F) Storage Temperature Range: -29° to 

74° C (-20° to 165° F) 

Cable Shielded 1.2 meter (4 ft.) cable terminated with 

a 4-Pin Female Mini Connector (TA4F) 
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Figure 3.13. Typical directivity polar pattern of Shure MX183 

 

Figure 3.14. Frequency response of Shure MX183 [Ibarra and Cobo, 2009] 

    

Figure 3.15. Shure MX180, partial encapsulation with nose cones 
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Figure 3.16. Frequency response of each of nose cones B&K [Ibarra and Cobo, 2009] 

3.8. Preliminary measurements of the near field vehicle noise 

A preliminary trial was devised to check the suitability of the Shure MX183 microphones to 

pick up engine and rolling noises. Measurements were carried out at a track inside the 

Campus of the Carlos III University of Leganes (Madrid), Figure 3.17 [Ibarra and Cobo, 

2010a].  

 

Figure 3.17. Track for preliminary vehicle noise tests inside the Carlos III University Campus 
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A PULSE Labshop from B&K was used to record and analyse the signals picked up by the 

microphones described above with a light vehicle (see Figure 3.17) running at three 

conditions: 

• Fast acceleration from 1st gear and change to 2nd gear. 

• Acceleration at full load and 1st gear and change to neutral to measure just the rolling 

noise. 

• With the vehicle stopped, acceleration up and down to measure just the engine 

noise.  

Some results for the first test are presented in the following. The results of the two other 

tests are shown in Appendix B.  

Figures 3.18 and 3.19 show the waveforms and spectra of a 20 ms sequence of the first test 

for the engine and rolling microphones, respectively. Prominent peaks observed in the 

engine noise spectrum correspond to multiple of the second order harmonic of the engine. 

Moreover, the rolling noise extends to about 1 kHz, from where it falls with a slope of 

roughly 35 dB/decade. 

Figure 3.20 shows the cross spectrum of the engine and rolling signals. The clear peak at 

about 160 Hz denotes that the rolling microphone is also picking up the low frequency 

component of the engine noise at its RPM fundamental. 

Since the frequency content of the recorded signals is time varying, a time-frequency 

analysis [Cohen, 1989] of the engine and rolling signals could give more information in this 

case. Figure 3.21 shows the spectrogram of the sequence of the first test that includes just 

the 1st to 2nd gears change. The gear changing is particularly apparent in the spectrogram of 

the engine noise.  

From these results, and those shown in Appendix B, we conclude that the chosen Shure 

MX183 microphones support sound level up to 125 dB without overloading. Furthermore, 

the positions chosen for both microphones result very convenient, since they provide 

separately the engine and rolling components of the noise radiated by the vehicle to the 

near field.   
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Figure 3.18. Waveform (top), FFT spectrum (centre) and 1/3 octave spectrum (below) for a 20 

ms sample of the engine microphone in the first test 
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Figure 3.19. Waveform (top), FFT spectrum (centre) and 1/3 octave spectrum (below) for a 20 

ms sample of the rolling microphone in the first test 
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Figure 3.20. Cross spectrum between the engine and rolling signals for a 20 s sequence of the 

first test 

 

 

 

Figure 3.21. Spectrogram of the engine (above) and rolling (below) signals for a 30 s 

sequence of the first test 
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4. RELATION BETWEEN NOISE RADIATED 

BY A VEHICLE AND DRIVING 

BEHAVIOUR 

 

As stated in Chapter 1, the traffic noise annoyance is highly correlated with the maximum 

noise levels usually produced by vehicles being driven in an aggressive style, e.g. under harsh 

acceleration. However, current traffic noise measurement systems are based upon an 

overall assessment, so that they are unable to discriminate between silent and noisy drivers. 

Therefore, the near field noise measuring system proposed in Chapter 3 is used here to 

discriminate noisy vehicles from the mean traffic stream.  The system is based on two 

boarded microphones, one for the engine noise and other for the rolling noise. Experimental 

results demonstrate the performance of the proposed system on five drivers, along 

suburban and urban courses of a large city, with gasoline and diesel vehicles. The analysis of 

concurrent acoustical and driving condition data reveals that the system is able to 

discriminate clearly those vehicles generating the maximum noise levels. 
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4.1. Measuring driving parameters and vehicle noise in real driving 

conditions  

Environmental noise levels include the contribution of the whole traffic stream but cannot 

discriminate noisy from silent drivers. However, noisy drivers determine the maximum noise 

levels of the stream which is highly correlated with the noise annoyance. According to 

Rylander [2006], decreasing the maximum noise levels in 10 dBA would reduce the very 

annoyed population in 15 %. Nowadays, noisy drivers, which are responsible of the 

maximum noise levels, are hidden in the whole traffic stream, and there is not technical 

devices to distinguish them. 

Thus, in order to face the challenging goal of maintaining a sustainable acoustical 

environment, with a continued trend towards more vehicles, new and audacious emission 

control measures are needed. In this direction, we propose in this thesis a boarded system 

to measure the contribution of each individual vehicle to the whole road traffic noise. On-

board measuring devices have been previously used for driver identification purposes 

[Miyajima et al., 2007] and for measuring the quality of traffic flow [Ko et al., 2010]. The 

system proposed in this Chapter includes two acoustic sensors (microphones) to measure 

the contribution of the two main noise sources in vehicles, namely, the engine noise and the 

rolling noises (Chapter 3). Simultaneously, information about the driving performance can be 

picked up from the CAN BUS interface of the vehicle. Analysis of coincident 

acoustical/driving performance data in real driving conditions will allow setting the 

correlation, if any, between the noise emitted by individual vehicles and the driving style 

[Ibarra et al., 2010b; 2012a; Bravo et al., 2011].     

4.2. Selection of vehicles, courses and drivers  

Passenger cars are usually classified into different segments depending on their size, 

refinement, and therefore price. Analysing the Spanish fleet four vehicles were selected, two 

vehicles in the segment B (Hatchback), very popular in the circulation of large cities, were 

chosen. These vehicles are compact, low capacity and typically up to 73 kW (97.9 hp) power 

with low fuel consumption. Analysing car records in Spain for 2010, this segment 

corresponds to 30% of the fleet. And other two vehicles in the segment C, family cars, also 
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abundant in urban traffic, are used as a family car and working car. These vehicles have 

medium power, about 100 kW (134.1 hp). This segment corresponds to 29% of the Spanish 

fleet. 

Since the market proportions of diesel and gasoline engines in Spain are 60 % and 40 %, 

respectively, it seems reasonable to analyse both types in the study. Taking also into account 

the vehicle record statistics published by ANFAC [2009] (Spanish Association of Vehicle 

Manufacturers), the chosen vehicles were: 

• Vehicle 1: Seat Ibiza Gasoline.  

• Vehicle 2: Seat Ibiza Diesel. 

• Vehicle 3: Opel Astra Gasoline. 

• Vehicle 4: VW Golf Diesel. 

• Vehicle 5: Audi A4 Diesel. 

The results for the vehicles 1 and 2 will be presented in Section 4.4. The measurements 

carried out with the other vehicles (3 and 4) will be shown in Appendix C, and a comparison 

between all of them in Appendix D. 

According to the EU Report Research for the Sustainable Mobility [Banister et al., 2000], over 

75% of the EU population lives in urban areas. Thus, urban transport has a large burden in 

the overall mobility. For example, a fifth of the distances travelled in the EU are urban and 

suburban courses of length lower than 15 km. Also, the main itinerary of drivers from home 

to the working place is between 8 and 12 km.  

Therefore, two driving courses were chosen in the Carabanchel district, at the south of 

Madrid. The suburban course, Figure 4.1 (below), runs along the M40 circumvallation 

highway, which supports a traffic density of 120 000 to 140 000 vehicles per day. It has a 

length of 8600 m (5.4 mi), with three lanes in each direction, and a maximum speed limit of 

100 km/h. The Ld in this area, according to the above referred strategic noise map of Madrid, 

is >75 dBA. 

The urban circuit, Figure 4.1 (above), includes streets with speed limited to 50 km/h (in some 

sections the limit is 30 km/h), supporting a traffic density from 20 000 to 40 000 vehicles per 

day, with a Ld of 70-75 dBA. 50% of the circuit runs through streets of a single lane in the 
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direction of traffic, while the other 50% roughly correspond to streets with two lanes in each 

direction. It is approximately 8500 m large and is equipped with 25 traffic lights. 

 

Figure 4.1. The urban (above) and suburban (below) circuits 

Five drivers have been selected for testing the first two vehicles and six drivers for testing 

the other two, taking into account the statistics provided for the DGT (Spanish traffic 

managing administration) of Spain. Since the men/women ratio of Spanish drivers is 60/40%, 

three were men and two women. Two drivers (one man and one woman, and one extra 

woman, when we used 6 drivers) have driving license since less than five years. The other 

three have driving license since more than 5 years, one of them being a professional driver. 

The two microphones described in Chapter 3 were connected to the PULSE Labshop system 

to measure the engine and rolling noise at near field of the vehicles. Concurrent driving 

conditions and radiated noises were measured with the vehicles running in real conditions, 

e.g. along the current traffic street in the urban and suburban courses described above. 

Previously, both microphones were adjusted with the B&K 4231 sound calibrator. Driving 

condition parameters were measured through the vehicle CAN BUS system, which includes a 

Urban circuit 

Suburban circuit 
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TMCAN-A0I4-Eth-ODB2 module [Calvo et al., 2012]. This system is interfaced to the 

acquisition system through an ELM317 probe, allowing picking up information of three 

signals, namely, the engine speed (RPM), the engine load (%), and the accelerator position 

(%). 

4.3. Test Procedure 

Once the vehicle has been instrumented, each driver is asked to run both courses, urban and 

interurban, following the current traffic conditions. Additionally, the last driver (the 

professional one) is requested to drive more aggressively, trying to reduce the time spent in 

both courses. The tests were conducted at different times, both during morning and 

evening, and on different days of the week. Acoustical and driving condition measurements 

are synchronously triggered at some starting point of both circuits. Once the circuits are 

completed, the vehicle returns to the laboratory for changing the driver and transfer the 

data to the workgroup server for further post-processing and analysis. 

Besides the microphones, for acoustical data, and the CAN BUS system, for driving condition 

data, a Vbox Lite II GPS was used to record information on the vehicle position (latitude, 

longitude and height), vehicle speed and acceleration (both longitudinal and lateral), and 

travelled distance and time. 

4.4. Experimental results  

4.4.1. Suburban Course  

The two Ibiza vehicles (diesel and gasoline) were driven by the five drivers along the 

suburban course. Tables 4.1 and 4.2 summarize the parameters characterizing the driving 

style of the five drivers.  Note that diesel vehicle uses lesser average RPM than gasoline 

vehicle, as corresponds to an engine with larger low speed torque. As expected, this course 

is done mainly in 4th and 5th gears and medium engine speed for gasoline vehicle, except for 

driver 5 which is characterized by a much more aggressive use of acceleration (more 

frequent use of 3rd gear, high RPM regime). Despite that, he spent roughly the same time 

than the others drivers to run the course, for the gasoline vehicle case, and slightly less time, 

for the diesel vehicle.  
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Figures 4.2 and 4.3 show the time evolution of the Leq,1s of the engine noise for the diesel 

and gasoline vehicles along the suburban course. This circuit contains a direction changing, 

which is done through a roundabout including a traffic light. This is observed in an obvious 

sound level decrease roughly at the centre of the time histories.  

Table 4.1. Driving parameters along the suburban course with the Ibiza diesel vehicle 

 

Driving Parameter 

Driver 

1 2 3 4 5 

Vehicle 

Speed 

(km/h) 

Average (km/h) 92.0 87.9 63.3 76.6 100.7 

Maximum (km/h) 126.2 124.2 108.5 98.9 158.5 

Standard deviation 

(km/h) 
25.6 22.3 25.8 17.5 25.2 

Engine 

Speed 

(RPM) 

Average 1980 1910 1880 1830 3450 

Maximum 3150 2950 2980 2910 5010 

Standard deviation 510 450 430 380 730 

Course Distance (m) 8587 8648 8547 8678 8558 

Time (min) 5.6 5.9 8.1 6.8 5.1 

 

Time 

at gear 

shift 

(%) 

1st 0.0 % 0.0 % 0.0% 0.0 % 0.0% 

2nd 5.5 % 2.8 % 13.4% 2.3 % 13.4% 

3rd 28.8 % 2.8 % 45.1% 9.8 % 66.9% 

4th 36.5 % 14 % 19.5% 16.2 % 11.1% 

5th 19.3 % 71.5 % 13.8% 67.3 % 0.0% 

Gear changing 9.9 % 8.9 % 8.2% 4.4 % 8.6% 
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Table 4.2. Driving parameters along the suburban course with the gasoline vehicle 

 

Driving Parameter 

Driver 

1 2 3 4 5 

Vehicle 

Speed 

(km/h) 

Average (km/h) 95.0 79.2 82.5 80.1 94.8 

Maximum (km/h) 125.4 101.9 107.3 102.8 157.4 

Standard deviation (km/h) 23.1 15.4 17.5 15.6 34.5 

Engine 

Speed 

(RPM) 

Average (RPM) 2650 2490 2590 2585 4040 

Maximum (RPM) 6280 5990 5890 5930 5850 

Standard deviation (RPM) 652 520 650 488 1163 

Course Distance (m) 9347 9380 9350 9344 9635 

Time (min) 5.9 7.1 6.8 7 6.1 

 

Time 

at gear 

shift 

(%) 

1st 0.0 % 0.0 % 0.0 % 0.0 % 0.0% 

2nd 0.0 % 0.0 % 3.6 % 2.0 % 15.1% 

3rd 20.4 % 3.0 % 12.6 % 4.3 % 44.4% 

4th 17.0 % 12.2 % 21.5 % 24.3 % 22.5% 

5th 55.2 % 77.0 % 52.8 % 62.2 % 7.8% 

Gear changing 7.4 % 7.8 % 9.5 % 7.2 % 10.2% 

 

As expected from the use a high engine regime (3rd gear, high RPM), an evident noise 

increase of the engine noise is seen in driver 5, in comparison with the other four drivers, for 

both the diesel and gasoline vehicles. Notice also that engine noise is higher for the diesel 

than for the gasoline vehicle, mainly at the minima (neutral gear, in the traffic lights of 

direction changing). 
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Figure 4.2. Time evolution of the engine noise Leq,1s for the five drivers of the diesel vehicle 

along the suburban course 

 

Figure 4.3. Time evolution of the engine noise Leq,1s for the five drivers of the gasoline vehicle 

along the suburban course 
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Figures 4.4 and 4.5 show the time history of the Leq,1s of the rolling noise for the diesel and 

gasoline vehicles along the suburban course. As expected, this noise is more correlated with 

the speed of each vehicle. However, whilst the rolling noise of driver 5 is significantly higher 

than other drivers for the diesel vehicle (its average speed is also appreciably higher, see 

Table 4.1), differences are less noticeable in the case of gasoline vehicle (compare average 

speeds in Table 4.2). 

For the sake of comparison, Figure 4.6 shows the level histogram of time history of driver 5, 

in comparison with the average level histogram of drivers 1-4, for the engine and rolling 

noises of diesel and gasoline vehicles. Since the five drivers spend different time in doing the 

direction changing (depending on that they encounter the traffic light in either red or green), 

this part has been removed from the respective histograms. The histogram of driver 5 is 

remarkably displaced towards higher levels in both cases. As expected also, this 

displacement towards higher levels is more significant for the engine noise. Notice also that 

rolling noise of the drivers 1-4 is higher than the corresponding engine noise, in both diesel 

and gasoline vehicles. Table 4.3 summarizes the overall Leq, for engine and rolling noises, 

each driver, and diesel and gasoline vehicles, along the suburban course. Again, the course 

Leq for driver 5 is compared with the corresponding eqL  of drivers 1-4. The driver 5 

behaves, in average, 9 dB noisier for the engine noise, and 3-4 dB noisier for the rolling 

noise. 
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Figure 4.4. Time evolution of the rolling noise Leq,1s for the five drivers of the diesel vehicle 

along the suburban course 

 

 

Figure 4.5. Time evolution of the rolling noise Leq,1s for the five drivers of the gasoline vehicle 

along the suburban course 
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Figure 4.6. Histograms of the averaged drivers 1-4 (blue) and driver 5 (red) for (a) engine 

diesel, (b) engine gasoline, (c) rolling diesel, and (d) rolling gasoline Leq,1s along the suburban 

course 

Table 4.3. Equivalent engine and rolling noise levels (dB) of the complete suburban course 

Driver Diesel Gasoline 

Engine noise Rolling noise Engine noise Rolling noise 

1 109 
41−eqL  

108 

111 
41−eqL  

109 

107 
41−eqL  

105 

 

111 
41−eqL  

108 

 

2 108 111 102 108 

3 106 106 103 104 

4 109 108 107 104 

5 117 113 114 111 
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4.4.2. Urban Course  

The two vehicles of segment B (diesel and gasoline) were driven then by the five drivers 

along the urban course. Tables 4.4 and 4.5 summarize the parameters characterizing the 

driving style of the five drivers.  As expected, this course is done mainly in 2nd and 3th gears, 

except for driver 5 who characterizes by a much more harsh use of acceleration (2nd gear, 

high RPM regime). In this case, he spent less time than the others drivers, running at a 

higher mean velocity, for the diesel vehicle, but fails to get faster in the gasoline vehicle 

case. This driving behaviour is common in urban scenarios. Aggressive drivers run faster 

between consecutive traffic lights, where they must remain stopped, being reached by the 

other drivers.  

Figures 4.7 and 4.8 show the time evolution of the Leq,1s of the engine noise for the diesel 

and gasoline vehicles, respectively, along the urban course. This circuit contains a lot of 

traffic lights, so that the vehicles must change gears frequently, staying roughly one third of 

the time in neutral (see Tables 4.4 and 4.5). This render alternate high and low noise levels 

along the time histories. As expected, minimum engine noise levels of the diesel vehicle 

(resulting from those with the engine out of gear), Figure 4.7, are higher than the 

corresponding minimum engine noise levels of the gasoline vehicle, Figure 4.8.  An apparent 

noise increase of the engine noise is seen in driver 5, in comparison with the other four 

drivers, for both the diesel and gasoline vehicles. 

Figures 4.9 and 4.10 show the time evolution of the Leq,1s of the rolling noise for the diesel 

and gasoline vehicles, respectively, along the urban course. As rolling noise is more 

determined by the vehicle velocity, a slight noise increases is noted for driver 5 in 

comparison with the other drivers, for the diesel vehicle (higher mean velocity, Table 4.4). 

However, since mean vehicle velocities are roughly the same for the gasoline vehicle (see 

Table 4.5) rolling noise time histories differences are insignificant. 

For the sake of comparison, Figure 4.11 shows the level histogram of time history of driver 5, 

in comparison with the average level histogram of drivers 1-4, for the engine and rolling 

noises of diesel and gasoline vehicles. Since the five drivers spend different time with the 

engine out of gear (depending on that they encounter the traffic light in either red or green), 

this part has been removed from the respective histograms. The histogram of driver 5 is 
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displaced towards higher levels in both cases. As expected, this displacement is more 

significant for the engine noise. As compared with the same histograms for the suburban 

course, Figure 4.6, the differences between driver 5 and the average of the other drivers is 

less for the urban course.  

Table 4.4. Driving parameters along the urban course with the diesel vehicle 

 

Driving parameter 

Driver 

1 2 3 4 5 

Vehicle 

Speed 

(km/h) 

Average (km/h) 38.6 31.2 35.6 32.5 42.5 

Maximum (km/h) 76.7 59.8 74.7 55.4 97.1 

Standard deviation (km/h) 18 14.1 15.8 14.4 21.2 

Engine 

Speed 

(RPM) 

Average 1390 1260 1355 1285 2027 

Maximum 3010 2890 2993 2880 4702 

Standard deviation 610 570 540 550 1070 

 

Course 

Distance (m) 8492 8475 8482 8461 8499 

Running time (min) 13.2 16.3 14.3 15.6 12.0 

Stopped time (min) 6.9 7.7 6.3 7.3 5.3 

 

Time at 

gear 

position 

(%) 

1st 7.1 % 3.7 % 4.0% 5.5 % 11.1% 

2nd 22.1 % 14.0 % 22.9% 10.4 % 43.5% 

3rd 21.8 % 20.3 % 28.2% 24.2 % 6.2% 

4th 4.5 % 8.4 % 1.3% 16.4 % 0.0% 

5th 0.0 % 0.0 % 0.0% 0.0 % 0.0% 

Neutral 34.4 % 32.1 % 33.8% 31.8 % 30.5% 

Gear changing 10.1 % 21.5 % 9.8% 11.6 % 8.7% 
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Table 4.5. Driving parameters along the urban course with the gasoline vehicle 

 

Driving parameter 

Driver 

1 2 3 4 5 

Vehicle 

Speed 

(km/h) 

Average (km/h) 30.4 27.6 30.1 30.8 31.8 

Maximum (km/h) 77.9 58.1 62.4 64.7 84.2 

Standard deviation (km/h) 18 14 14.7 16 19.8 

Engine 

Speed 

(RPM) 

Average (RPM) 1510 1590 1450 1555 1988 

Maximum (RPM) 3320 3300 3370 3290 5689 

Standard deviation (RPM) 725 710 690 620 1314 

 

Course 

Distance (m) 8350 8512 8739 8666 8573 

Running time (min) 16.5 18.5 17.4 16.9 16.2 

Stopped time (min) 7.3 8.4 8.3 9.2 9.4 

 

Time at 

gear 

position 

(%) 

1st 7.7 % 7.1 % 6.6 % 8.0 % 21.0% 

2nd 23.0 % 13.8 % 23.5 % 16.6 % 31.2% 

3rd 16.0 % 16.3 % 27.5 % 22.8 % 3.0% 

4th 4.3 % 16.5 % 2.1 % 9.2 % 0.0% 

5th 3.8 % 0.0 % 0.0 % 0.0 % 0.0% 

Neutral 31.5 % 34.6 % 32.3 % 35.8 % 36.6% 

Gear changing 13.7 % 11.7 % 8.0 % 7.6 % 8.2% 

 

Table 4.6 summarizes the overall Leq, for engine and rolling noises, drivers 1-5, and diesel 

and gasoline vehicles, along the urban course. Driver 5 behaves, in average, 5-6 dB noisier 

for the engine noise, 4 dB noisier for the rolling noise of the diesel vehicle, and roughly equal 

noisy for the rolling noise of the gasoline vehicle. 
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Figure 4.7. Time evolution of the engine noise Leq,1s for the five drivers of the diesel vehicle 

along the urban course 

 

Figure 4.8.Time evolution of the engine noise Leq,1s for the five drivers of the gasoline vehicle 

along the urban course 
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Figure 4.9. Time evolution of the rolling noise Leq,1s for the five drivers of the diesel vehicle 

along the urban course 

 

Figure 4.10.Time evolution of the rolling noise Leq,1s for the five drivers of the gasoline vehicle 

along the urban course 
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Figure 4.11. Histograms of the averaged drivers 1-4 (blue) and driver 5 (red) for (a) engine 

diesel, (b) engine gasoline, (c) rolling diesel, and (d) rolling gasoline Leq,1s along the urban 

course 

Table 4.6. Equivalent engine and rolling noise levels (dB) of the complete urban course 

Driver Diesel Gasoline 

Engine noise Rolling noise Engine noise Rolling noise 

1 107 
41−eqL

 

107 

100 
41−eqL

 

99 

100 
41−eqL

 

100 

 

100 
41−eqL

 

99 

 

2 107 97 95 97 

3 107 99 102 101 

4 108 99 100 96 

5 112 103 106 98 
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Therefore, systematic measurements in realistic driving conditions, with diesel and gasoline 

vehicles on medium size (segment B), in urban and suburban scenarios, have demonstrated 

that it is possible to discriminate noisy drivers from the mean traffic stream, using both the 

global equivalent level and the level histogram. Engine noise of aggressive drivers is roughly 

5-6 dB, in urban scenarios, and 8-9 dB, in suburban roads, higher than the average level. The 

rolling noise of aggressive drivers is, in average, in both cases, 3-5 dB above the global traffic 

noise level. 
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5. GROUND EFFECT IN THE NEAR TO FAR 

FIELD NOISE PROPAGATION 

 

Sound propagation about a flat ground involves different source properties, meteorological 

effects, and the interaction of sound with the ground. Assuming point sources and receivers, 

and a geometry similar to that of interest in this thesis (e.g. short source-receiver distances), 

the main effects affecting the propagation of sound from near field to far field microphones 

are spherical spreading and ground interaction. The first one can be taken into account as a 

pure geometrical factor. For modelling the interaction of the direct sound coming from the 

source with this reflected on the ground, we need to characterize its acoustic impedance 

and propagation constant.  This is the aim of this Chapter. The ground effect is taken into 

consideration as an excess of attenuation in the receiver with respect to the sound pressure 

level in free field conditions. Vertically homogeneous or layered grounds, with continuous or 

discontinuous properties along the horizontal distance, are considered. Different impedance 

models for each layer are then regarded. 
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5.1. Sound propagation over a boundary 

Let us consider a point source and receiver at heights hs and hr, respectively, over a flat 

surface, separated a lateral distance R, Figure 5.1. Let R1 and R2 be the source-receiver 

distance for the real and image sources, respectively, and θ the incidence angle of sound on 

the surface.  

 

Figure 5.1. Geometry for spherical waves propagating on the ground 

The sound pressure at the receiver is the sum of the direct signal, which comes from the real 

source, plus the reflected signal from the ground, which is assumed to come from the image 

source. If a plane wave model is applied, the sound pressure at the receiver should be p=pd + 

Rp pr, where pd and pr are the direct and reflected contributions, respectively, and Rp is the 

plane wave reflection coefficient, given by [Morse and Ingard, 1968] 

MN � 0OPQRST)UO)QRSTPOPQRST)VO)QRSTP for	extended	reaction	groundsOPQRST)UO)	OPQRST)VO)	 for	local	reaction	grounds ,   (5.1) 

where Zs is the surface impedance of the ground, θs is the transmission angle on the ground, 

k0 is the air wavenumber, ks is the propagation constant in the ground, and for extended 

reaction surfaces 

Y�Z[\]� � YSZ[\]S.         (5.2) 

R1 

R2 

R 
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For hard grounds, the surface impedance Zs is much greater than the air impedance Z0, Rp≈1, 

the sound pressure in the receiver would double, and the sound pressure level should be 

increased by 6 dB. On the other hand, for grazing incidence over locally reacting grounds, 

Rp≈-1, and the direct sound pressure should be cancelled by the opposite phase, reflected 

one. However, experimental measurements contradict this prediction. To solve this 

contradiction, a spherical wave model must to be taken into account. For such a model, 

Attenborough [2002] shows that the sound pressure at the receiver is   

                                 ^._, a, b/ � Jcd)e�fgh� # i Jcd)ejfghj ,    (5.3) 

where 

                                             i � MN.]/ # k1 � MN.]/lm.n/,     (5.4) 

is the spherical wave reflection coefficient on the ground. Therefore, the spherical wave 

reflection coefficient is the sum of the plane wave reflection coefficient plus a second term 

named the ground wave, which depends on the complex function F(w), the so-called 

boundary loss factor, defined as [Attenborough, 2002] 

                                                 m.n/ � 1 # o√qn	rUsjrtuv.�on/,     (5.5) 

being erfc the complementary error function. The complex variable w, in Eq. (5.5), also 

known as numerical distance, is 

n � �Vw% xY�M%.y # v�Z]/,      (5.6) 

where β=Z0/Zs is the normalized acoustical admittance of ground. If both the source and the 

receiver were on the ground, then [Attenborough et al., 2007] 

^._, a, b/ � 2m.n/ Jwz)hfgh ,     (5.7) 

which allows to interpret  F(w) as a boundary loss factor. F(w) is closely related with other 

complex functions used in plasma dispersion [Xie, 2010] such as the Faddeeva function 

                        m{,.n/ � rUsjrtuv.�on/,      (5.8) 

and the Plasma Dispersion Function 
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|}m.n/ � o√qrUsjrtuv.�on/.     (5.9) 

More insight in this F(w) function, as well as methods to calculate it, is given in Appendix E. 

Therefore, the ratio of sound pressure at the receiver to the sound pressure in free field is 

Ne�.~,�,�/N��.~,�,�/ � 1 # i h�hj 	rwz).hjUh�/.    (5.10a) 

The logarithmic version of this equation is the excess of attenuation 

                                                   ∆
 � 20	����� ��1 # i h�hj rwz).hjUh�/��,  (5.10b) 

or also 

                 ∆
 � 10	����� �1 # |i|% �h�hj % # 2|i| �h�hj v�Z�Y�.M% � M�/ # ∅��. (5.10c) 

where ∅	is the phase of Q. In many works ΔL is given in 1/3 octave bands. In these cases, Eq. 

(5.10c) must be modified to [Chessell, 1977] 

  ∆
 � 10��� �1 # |i|% �h�hj % # 2|i| �h�hj v�Z�u�Y�.M% � M�/ # ∅� SI����z).hjUh�/���z).hjUh�/ �, 
           (5.10d) 

being fa=[1-(Δf/fi)
2
]

1/2
, fb=Δf/fi, Δf is the width of the band, and fi the 

centre frequency of the band. In the case of 1/3 octave bands, fb=0.116555 and fa=0.99318.  

Thus, a ground impedance model is required to calculate the effect of this boundary in the 

sound field. Primarily, the ground is subdivided in laterally continuous or discontinuous. 

Secondarily, we will consider a vertically homogeneous or layered soil.  Each of the ground 

layers can be characterized by impedance models of one, two, three or four parameters. 

Furthermore, the medium under the ground can be of local or extended reaction.  

5.2. Laterally continuous ground 

5.2.1. Local reaction ground 

5.2.1.1. Vertically homogeneous ground 
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Let us consider a plane wave incident with angle θ0 on a surface characterized by an acoustic 

impedance Zs and a propagation constant ks, Figure 5.2. 

 

Figure 5.2. A plane wave incident on a homogeneous medium 

The excess attenuation on such a locally reacting homogeneous medium, as given by the 

second of Eq. (5.1), depends on their impedance and propagation constant.  

5.2.1.1.1. One parameter impedance model  

Most of the sound absorption measurements of porous materials fit to a single curve when 

they are characterized by the so-called absorber variable E [Mechel, 2002] 

          � � �)�� ,         (5.11) 

where σ is the flow resistivity, in N s/m4. In this case, empirical relations can be established 

for both the impedance and the propagation constant of the material [Mechel, 2002] 

                                     
�S � ���1 # v��UQj # ov��UQ��YS � Y��1 # v��UQ� # ov��UQ��.     (5.12) 

A lot of impedance models have been proposed based on these empirical equations [Cobo, 

2002]. Among these, the most successful model was proposed by Delany and Bazley [1970], 

and is given by   

�S � ���1 # 0.0511	�U�.�� # o	0.0768	�U�.���YS � Y��1 # 0.0858	�U�.� # o	0.175	�U�.��� .             (5.13) 

Z0,k0 

Zs,ks 
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The Delany&Bazley model provides a very good fit to experimental data in the range of 

0.00125 < f/σ < 1000. Figures 5.3 and 5.4 show the normalized acoustical impedance and the 

normalized propagation constant, respectively, of a ground characterized by the 

Delany&Bazley model for some values of the flow resistivity. 

This model, which depends on just one parameter (the flow resistivity) has been adopted in 

some templates for calculating the excess attenuation of grounds [ANSI S1.18, 1999; NT 

Acou 104, 1999]. Table 5.1 summarizes the values of the flow resistivity for some types of 

ground, as provided by the ANSI S1.18 standard. 

Table 5.1. Flow resistivity data for ground surfaces [From ANSI S1.18, 1999] 

Types of ground 
Effective flow resistivity, σσσσeff (x 10

3
 Pa s/m

2
) 

Range Average 

Upper limit 2.5 x 105 -25 x 105 800 000 

Concrete, painted 200 000 200 000 

Concrete, depends on finish 30 000-100 000 65 000 

Asphalt, old sealed with dust 25 000-30 000 27 000 

Quarry dust, hard packed 5000-20 000 12 500 

Asphalt, new, varies with particle size 5000-15 000 10 000 

Dirt, exposed, main-packed 4000-8000 6000 

Dirt, old road, filled mesh 2000-4000 3000 

Limestones chips, 1.25-2-5 cm mesh 1500-4000 2750 

Dirt, roadside with < 10 cm rocks 300-800 550 

Sand, various types 40-906 317 

Soil various types 106-450 200 

Grass, lawn or grass field 125-300 200 

Clay dry (wheeled/unwheeled) 92-168 130 

Grass field, 16.5% moisture content 75 75 

Forest floor (pine/hemlock) 20-80 50 

Grass field, 11.9% moisture content 41 41 

Snow, various types 1.3-50 29 
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Figure 5.3. Normalized impedance provided by the Delany&Bazley model for some values of 

the flow resistivity 

 

Figure 5.4. Normalized propagation constant provided by the Delany&Bazley model for some 

values of the flow resistivity 
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Figure 5.5 shows the excess attenuation provided by a soft, medium and hard ground for a 

geometrical configuration close to the near field-to-far field propagation we are assuming in 

this thesis. As it can be see, the three excess attenuation curves collapses to 6 dB at the low 

frequency limit, as all the grounds can be considered to reflect all sound at this limit. As the 

frequency increases, the excess attenuation takes sequential maxima and minima values as a 

consequence of constructive and destructive interference between direct and reflected 

sound. Maxima and minima moves towards higher frequencies, and their difference 

increases, when the flow resistivity of the ground increases. 

 

Figure 5.5. Excess attenuation for hs=0.3 m, hr=1.2 m, R=7.5 m and a ground characterized by 

a Delany&Bazley impedance model with different flow resistivities 

5.2.1.1.2. Two parameter impedance model  

There is evidence that the one parameter model tends to overestimate the attenuation 

within a porous material with a high flow resistivity. Attenborough [2002] proposed a two 

parameter model, which includes an exponential change of porosity with depth. This model, 

also assumed by the ANSI S1.18 [1999] standard, proposes 

�S � �� � �xg��) ���� # o " �xg��) ���� # Q)���g��*�,  (5.14) 
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where γ=1.4 for an ideal gas, σe is the effective flow resistivity of the ground (different of σ 

in Table 5.1), and αe (in 1/m) represents the effective rate of porosity change with depth. 

Table 5.2 shows typical values of these parameters for common grounds. A positive value of αe represents a porosity that decreases with depth. And vice versa, a negative value 

represents a porosity that increases with depth. 

Table 5.2. Values of σe and αe for some types of ground [From ANSI S1.18, 1999] 

Soil type 
Best fit parameter values 

σe (x 103 Pa s/m2) αe (1/m) 

Wet sandy loam 4500 -120 

Compacted silt 4000 -115 

Sandy soil 715 0 

Sand 330 0 

Sparse grass cover 630 120 

Grass-covered field 386 0 

Grassland 373 0 

Grassland 303 0 

Meadow with 8-10 cm high grass 227 121 

Hay-covered field 188 50 

Lawn 182 40 

Institutional grass 100 3 

Hard worn lawn 75 80 

Disused airfield 35 20 

Institutional grass 30 160 

Floor of pine forest 7.5 16 

Powder snow 3.5 2 

 

Figure 5.6 shows the excess attenuation provided for grounds with different combinations of 

(σe,αe) parameters, for the same geometrical setup adopted in Figure 5.5. The blue, green 

and red curves correspond to a sparse grass cover ground, an institutional grass soil, and a 

powder snow land. As it can be seen, the chosen ground type has a significant influence in 

the provided attenuation excess.  
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Figure 5.6. Excess attenuation for hs=0.3 m, hr=1.2 m, R=7.5 m and a ground characterized by 

a variable porosity impedance model with different (σe,αe) parameters 

5.2.1.1.3. Three parameter impedance model  

Attenborough et al. [2011] describes the phenomenological model (also named the Zwickker 

and Kosten model), based on the equations 

�S � O)  �¡ # w ��)¢ � %£ ,                (5.15) 

        YS � ¤ z)OPO) ,                (5.16) 

where ϕ is the porosity, T is the tortuosity and σ is the flow resistivity. This model assumes 

adiabatic conditions in the pores. Other authors proposed a modified model, also called 

Hamet model, more appropriate for porous asphalt, whose equations are 

�S � O)  �¥� � %£ ¦1 # �U�� � �§) � %£ ¨ m©� %£ ,       (5.17) 

YS � ª¤Y� OPO),                (5.18) 
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where 

m© � 1 # o ¢«¢m� � 1 # o ¢)¢¬© �  ��)¥¬� � ¬© ¥®¯

,                (5.19) 

being γ the specific heat ratio of air (1.4), and Npr the Prantl number of air (0.71). Table 5.3, 

from Attenborough et al. [2011], shows the flow resistivities and typical porosities for some 

types of grounds. 

Table 5.3. Typical values of the flow resistivity and porosity for certain types of grounds 

[From Attenborough et al., 2011] 

Ground type Air-filled porosity Flow resistivity kPa s m
-2

 

Snow 0.5-0.9 5-16 

Uncompacted gravel 0.3-0.4 1.5-59 

Newly-laid porous asphalt 0.15-0.3 2-15 

Forest floor 0.4-0.8 9-200 

Grassland 0.3-0.7 100-240 

Cultivated soils 0.4-0.6 100-2000 

 

Figure 5.7 shows the effects of these three parameters on the excess attenuation curves. For 

a fixed porosity and tortuosity, the differences between maxima and minima increases with 

the flow resistivity, mainly at frequencies below 2 kHz, Figure 5.7a. The effect of porosity, for 

constant flow resistivity and tortuosity, is seen in the whole frequency spectrum, Figure 

5.7b. Notice that even the location of maxima and minima are interchanged for φ=0.2 and 

φ=0.6. Similar behaviour is observed in the effect of tortuosity, for fixed flow resistivity and 

porosity, Figure 5.7c. 
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Figure 5.7. Excess attenuation for hs=0.3 m, hr=1.2 m, R=7.5 m and a ground characterized by 

a Hamet impedance model with different (σ, φ, T) parameters 

Another three parameter impedance model is the Wilson model [Attenborough et al., 2011], 

whose equations are 

�S � O)√¥  "°1 # �U�x�Uw¢±�² °1 � �x�Uw¢±³²*U� %£ ,       (5.20) 

           YS � Y�√¡ "°1 # �U�x�Uw¢±�² °1 � �x�Uw¢±³²´ *� %£ ,             (5.21) 

where 

µJ � %�¶¥ �µ· ≅ 1.47	µ�,     (5.22) 

and γ is the specific heat ratio of air. Figure 5.8 compares the excess attenuation curves 

provided by the tree parameter Wilson and Hamet models for a specific combination of (σ, 

φ, T) parameters. Slight differences are observed between the curves given by both models 

at frequencies below 2 kHz. 
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Figure 5.8. Excess attenuation curves provided by the Hamet and Wilson impedance models 

for hs=0.3 m, hr=1.2 m, R=7.5 m and (σ, φ, T)=(50 kN s/m
4
, 0.2, 4.3) 

5.2.1.1.4. Four parameter impedance model  

The four parameter impedance model recommended by ANSI S1.18 [1998] is 

�S � �� �P.¢/zP.¢/,                 (5.23) 

where 

       ¹S.¬/ � �f� ¥  # o fS®j�¢�)  ,                (5.24) 

       YS%.¬/ � ª¤ ��f� � �U�� 1N� ¥  # o fS®j�¢�) �,               (5.25) 

being γ  the specific heat ratio of air, Npr the Prandtl number, σ the dc component of the 

flow resistivity, ϕ the ground porosity, T the tortuosity, and SP a shape factor. For typical 

grounds, σ varies between 5000 and 20000000 N s/m4, the porosity varies between 0.3 and 

0.7, and the tortuosity varies between 1 and 10. Assuming that T=ϕ-n, where n depends on 

the shape of the grains, the four parameter model is converted into one of three 
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parameters. For spherical grains n=1/2. For most grounds, the value n=1 is more 

appropriate. The shape factor of the pores varies between 0.25 and 0.5. 

Figure 5.9 shows the curves of excess attenuation of a soil with an impedance of four 

parameters, for hs=0.3, hr=1.2, R=7.5 m and some combinations of the four parameters.  

 

Figure 5.9. Excess attenuation for hs=0.3 m, hr=1.2 m, dr=7.5 m, and four parameter ground 

impedance with (a) variable resistivity and ϕ=0.4, T=2.5, Sp=0.3, (b) variable porosity and σ=50 kN sm
-4

, T=4.3, Sp=0.3, (c) variable tortuosity and σ=50 kN sm
-4

, ϕ=0.4, Sp=0.3, and (d) 

variable shape factor and σ=50 kN sm
-4

, ϕ=0.4, T=2.5 

As it can be seen: 

• The flow resistivity is the parameter that has more effect on the excess attenuation 

curves at the low frequency range. 

• In order of influence, porosity is the second parameter influencing the excess 

attenuation curves. 

• The tortuosity has a very slight effect on the curves.  

• The shape factor has a remarkable effect at low frequency, and very light effect at 

high frequencies. 
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In an inter-laboratories comparison, a four parameter version of the Wilson model was used 

[Sutherland and Daigle, 1999]. The equations of this model were 

  

�S � O)√¥  �-G�U� %£ ,                (5.26) 

             YS � Y�√¡�G -⁄ �� %£ ,                (5.27) 

 

where 

       
- � 1 � �»xw ¼½2¾xo¿G � 1 # �U�»xw®¯ ¼½2¾1N�xo¿	,    (5.28)	

																			 ¾ � �S® �g¥  ��)��¼._/ � À�._/ À�._/⁄ ,     (5.29)	
γ is the specific heat ratio of air and Npr is the number of Prantdl. As it can be seen in Figure 

5.10, the four parameter ANSI S1.18 and Wilson impedance models provide excess 

attenuation curves that differ slightly in the maxima and minima. 

5.2.1.2. Vertically layered ground 

Let us consider now a locally reacting layered ground, Figure 5.11. Let (Zn, kn, dn) be the 

acoustic impedance, propagation constant and thickness, respectively, of each layer. The 

plane wave reflection coefficient in a system is 

MN � OPQRST)UO)OPQRST)VO),    (5.30) 

where Zs is now the input impedance to the layered ground, Z0 is the air acoustic impedance, 

and θ0 is the incidence angle. 
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Figure 5.10. Excess attenuation curves provided by the four parameters ANSI S1.18 and 

Wilson models for hs=0.3 m, hr=1.2 m, R=7.5 m and (σ, φ, T, Sp)=(50 kN s/m
4
, 0.4, 2.5, 0.3) 

 

Figure 5.11. A plane wave incident on a locally reacting layered ground 

The input impedance, Zs, can be obtained from [Mechel, 1988] 

           	�S � �� OjÁÂQRS.z�Ã�/VwO�SI�.z�Ã�/O�QRS.z�Ã�/VwOjÁÂSI�.z�Ã�/,               (5.31) 
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being �%I�, the input impedance of the second layer 

            �%I� � �% O$ÁÂQRS.zjÃj/VwOjSI�.zjÃj/OjQRS.zjÃj/VwO$ÁÂSI�.zjÃj/,               (5.32) 

and so on. The input impedance to the Nth layer, which is in contact with an infinite medium, 

will be 

      �I� � �o�v�Z.Y,/.               (5.33) 

One of the most common soil modelling considers a layer of thickness d over a semi-infinite 

medium. In this case, the input impedance of the layer is given by Eq. (5.33). The 

characteristic impedance and the propagation constant in the layer can be defined by any of 

the models discussed in the previous Section. For example, Figure 5.12 shows the excess 

attenuation curves of a 5 cm thick locally reacting layer characterized by a one parameter 

Delany&Bazley model, over a semi-infinite homogeneous ground.   

 

Figure 5.12. Excess attenuation curves for hs=0.3 m, hr=1.2 m, R=7.5 m and a 5 cm thick 

locally reacting layer characterized by a Delany&Bazley impedance model over a semi-infinite 

homogeneous ground 
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5.2.2. Extended reaction ground 

According to Anfosso-Lédée et al. [2007] and Li et al. [1998], the local reaction assumption is 

appropriate for most of soils, except for those with low flow resistivity (<10 kN s/m4), such as 

snow, forests or porous pavements. In this case, an extended reaction ground provides a 

more convenient model. For these kinds of soils, the transmission angle along each layer 

must be taken into account, Figure 5.13. 

 

Figure 5.13. Incident, reflected and transmitted waves, in an extended reacting layered 

ground 

For an extended reaction ground, Li et al. [1998] proposed the following equations 

| � Jcd)e�fgh� �1 # i �h�hj rwz).hjUh�/�i � MN # ½1 � MN¿m.n/MN � QRSTUÄ�QRSTVÄ�n � x0.5oY�M%.v�Z] # yJ/
,               (5.34) 

where 

yJ
ÅÆÇ
ÆÈ																																										yS�1 � �z)zj Z[\] % 																							É�E��r\r�ÊZ	ZÊtu{vr

�ySË1 � �z)zP Z[\] % �{\ ¦YS,�1 � �z)zP Z[\] %¨ 				�{art	�u	�É[vY\rZZ	, ,      
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            (5.35) 

is the input normalized admittance to the ground. The normalized admittance (Z0/Zs) and the 

propagation constant of each layer can be calculated by either of the above models. Eq. 

(5.35) provides the input admittance for a homogeneous ground, or for a layer above a semi-

infinite basement.  

Figure 5.14 shows the effect of layering on the excess attenuation curves of an extended 

reaction ground characterized by the Delany&Bazley model. Notice the large differences 

between curves at low frequencies. At frequencies above 1 kHz, the curves are almost 

coincident. 

 

Figure 5.14. Excess attenuation curves for hs=0.3 m, hr=1.2 m, R=7.5 m and an extended 

reaction ground, homogeneous or one layered, characterized by a Delany&Bazley impedance 

model with σ=15 kN s/m
4
 

5.3. Laterally discontinuous ground 

There are many situations where the surface between the vehicle and the far field 

microphone has a horizontal discontinuity. For example, Figure 5.15 shows the track where 
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some of the tests presented in Chapter 7 were carried out. During these tests, the vehicle 

ran on a paved road, while the far field microphone was located in an adjacent grass ground. 

 

Figure 5.15. A typical pass by track showing a clear lateral discontinuity 

For these situations, a laterally homogeneous ground cannot be considered anymore. 

Instead, a surface laterally discontinuous has to be regarded. Figure 5.16 shows the 

geometrical setup for this scenario. A point source at height hs on a surface with acoustic 

impedance Za radiates sound which attains a microphone at height hr on a ground with 

acoustic impedance Zb. The lateral discontinuity is at a horizontal distance Da from the 

source and Db from the receiver. The source-receiver separation is therefore Da+Db. The 

receiver is at R1 distance from the real source and at R2 from the image source. The source-

discontinuity-receiver ray (diffracted in the discontinuity) has a length Rd. The incidence 

angle on the surface is θ1. Let D1 be the lateral distance of the reflection point on the 

surface. Then: 

• If D1<Da the reflection occurs in the first part Za. In this case R2=Ra and θ1=θa. 

• If D1>Da the reflection occurs in the second part Zb. In this case R2=Rb and θ1=θb. 

• If D1=Da the reflections on the ground and in the discontinuity are coincident. 
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Figure 5.16. Sound propagation over a surface with an impedance discontinuity 

From the geometry of Figure 5.16 

M� � x.}� # }Ì/% # .É� � ÉS/% M% � x.}� # }Ì/% # .É� # ÉS/%MÃ � x}�% # ÉS% # x}Ì% # É�%}� � ÉS�{\.]�/ ]� � {�{\ �ÍÎVÍ�ÏPVÏ¯  .   (5.36) 

The propagation of a spherical wave over this surface is considered in the following. 

5.3.1. The de Jong model 

De Jong et al. [1983] proposed a semi-empirical solution to the problem of spherical wave 

propagation in a medium with a horizontal impedance discontinuity, combining spherical 

wave reflection in a homogeneous medium with the spherical wave diffraction in a rigid 

semi-plane [Daigle et al., 1985; Hothersall and Harriott, 1995; Attenborough et al., 2009]. 

According to Lam and Monazzan [2006], the de Jong model is valid for hard→soft soils, but 

fails for soft→hard ones. They proposed a modified de Jong model that can be used for all 

type of soils. The equations of this model are 

 

Za Zb 

R1 

R2 

θ1 

Rd 

hs 

hr 

Da Db 

D1 
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�� � 20��� � ��,      (5.37) 

with 

� � 1 # iÐ h�hj rwz).hjUh�/ # .i% � i�/ J(cÑ/�√g h�hÓ kÔmÃ� # ªmÃÌrwz).hjUh�/l,  (5.38) 

where 

i�,% � MN�,%.]�/ # k1 � MN�,%.]�/lmÕ�½n�,Ì¿,   (5.39) 

is the spherical wave reflection coefficient, corresponding to the first or second media,  

iÐ � �i� for	}� Ö }�i% for	}� × }�,     (5.40) 

MN�,%.]�/ �
ÅÆÇ
ÆÈOPÎ,�QRST�UO)¦�U° d)dPÎ,�SI�T�²j¨�/j
OPÎ,�QRST�VO)¦�U° d)dPÎ,�SI�T�²j¨�/j

extended	reaction	
OPÎ,�QRST�UO)OPÎ,�QRST�VO) local	reaction	

,    (5.41) 

Zsa,b and ksa,b are the characteristic impedance and the propagation constant in the medium 

of incidence (medium a or b in Figure 5.16), Flf(wa,b) is the boundary loss function (see 

Appendix E) of media a and b, 

n �
ÅÆÇ
ÆÈ2oY�M% ÄÎ,�j

½�Uh®Î,�¿j
Ø�U d)jdP,Î�j SI�jT�Ù

SI�jT� 	 extended	reaction
0.5oY�M% ½QRST�VÄÎ,�¿j�VÄÎ,�	QRST� local	reaction ,   (5.42) 

is the numerical distance, βa,b=Z0/Zsa,b, and Z0, k0 are the impedance and the wave number of 

air. The functions mÃ� � mkxY�.MÃ � M�/l and mÃÌ � mkxY�.MÃ � M%/l in Eq (5.38) are 

Fresnel integrals of the form 

m._/ � Ú rwsj,nÛ~ .      (5.43) 

The µ and γ parameters in Eq. (5.38) are given by 
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Ô � � 1 for	Ü� ≫ ÜÌ�1 for	Ü� Þ ÜÌ ,        ª � � 1 for	}� Ö }��1 for	}� × }�.   (5.44) 

Hothersall and Harriott [1995] compared this method with two others, one based on the 

formulation of the boundary integral equation, and other based on Fresnel zones. They 

concluded that the approximated de Jong model gives results that are compared with the 

boundary integral method except for the case of propagation over an impedance strip at 

very small grazing angles, with a computational cost reduced by a ten factor. 

Figure 5.17 shows the comparison between excess attenuation of a soft-hard discontinuous 

medium, and the corresponding curves that would be obtained with homogeneous hard or 

soft soils. The geometrical setup is close to that we expect to find in simultaneous near and 

far noise measurements during pass by tests. Both media are considered as locally reacting 

characterized by a Delany&Bazley impedance model. 

 

Figure 5.17. Excess attenuation of a discontinuous hard-soft soil compared with the 

corresponding hard or soft homogeneous soil. Parameters: hr=hs=1 m, Da+Db=7.5 m, Da=3 m, 

Db=4.5 m, σa=8000 kN s m
-4

, σb=400 kN s m
-4

 

Notice that the excess attenuation curve for a discontinuous ground is more similar to that 

of a continuous hard ground. This is due to that the noise source is 0.3 m over the hard 
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ground, while the receiver is 1.2 over the soft land, so that the hard medium has more 

influence in the receiver than the soft one. However, if the soft ground should be taken as 

representative of the whole surface (notice that Db=4.5 and Da=3 m), a large error should 

have been done. 

5.3.2. The Rasmussen model 

Rasmussen [1982a, b] proposed an integral formulation to the propagation problem over a 

plane with an impedance discontinuity, based on the Kirchhoff-Huygens equation. Firstly, 

Rasmussen [1982a] performed the numerical integration on the entire plane vertical to the 

discontinuity. Secondly, Rasmussen [1982b] used the stationary phase method to provide an 

approximate analytical formulation that is reduced to a simple numerical integration along a 

vertical line above the discontinuity.  

 

Figure 5.18. Geometrical setup for the acoustic field of a source over a plane with impedance 

discontinuity according to Rasmussen  

With reference to Figure 5.18, this second formulation gives the following solution for the 

pressure field in the receiver 

Za Zb 

R1 

R4 θa hs 

hr 

Da Db 

θb 

R3 

R2 
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^ � x8qY� }ÌrUwgf16q%  

Ú 0 Jcd).e�ße$/
�h�h$$.h�Vh$/ # i� Jcd).ejße$/

�hjh$$.hjVh$/ # iÌ Jcd).e�ße�/
�h�h�$.h�Vh�/ # i�iÌ Jcd).ejße�/

�hjh�$.hjVh�/à ,bÛ� ,  

(5.45) 

where Qa=Qa(R2, θa, Za) and Qb=Qb(R4, θb, Zb). The numerical integration of Eq. (5.45) requires 

specifying the integration step ∆z, and the maximum value of z, Zmax. The choice of (∆z, Zmax) 

results from a compromise between sufficient convergence of the numerical approximation 

and calculation time. Obviously, these two parameters are a function of frequency. For 

frequencies up to 2000 Hz and propagation distances up to 10 m, it is sufficient to take (∆z, 

Zmax) = (0.2 λ, 20 λ). For frequencies above 2000 Hz and distances larger than 50 m, Daigle et 

al. [1985] proposed (∆z, Zmax) = (0.03 λ, 70 λ). Moreover, the solution does not converge at 

frequencies below 300 Hz. Thus, for a frequency range of 2000 Hz, and distances up to 10 m, 

we have to include 100 terms (20 λ/0.2 λ) in the numerical approximation of the integral in 

Eq. (5.45). Daigle et al. [1985] noticed that the computational cost of this implementation is 

20 times higher than the de Jong semi-empirical method. 

For the numerical solution of Eq. (5.45 the integral is replaced by a sum 

^ � Í�x�gz)�ágj rUwg/f ∑ |�∆b�ã� ,     (5.46a) 

with 

|� �
Jcd).e�Âße$Â/

�h�Âh$Â$ .h�ÂVh$Â/ # i�� Jcd).ejÂße$Â/
�hjÂh$Â$ .hjÂVh$Â/ # iÌ� Jcd).e�Âße�Â/

�h�Âh�Â$ .h�ÂVh�Â/ # i��iÌ� Jcd).ejÂße�Â/
�hjÂh�Â$ .hjÂVh�Â/. 

  (5.46b) 

The distances and angles are calculated by 
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M�� � x}�% # .\∆b � ÉS/%M%� � x}�% # .\∆b # ÉS/%]�� � {�{\ � ÍÎ�∆�VÏP ,      (5.47a) 

and 

M�� � x}Ì% # .\∆b � É�/%Mf� � x}Ì% # .\∆b # É�/%]%� � {�{\ � Í��∆�VÏ¯ .      (5.47b) 

Once p has been calculated from Eq. (5.46), the excess attenuation is determined from Eq. 

(5.37), with ^� � rwz)h)/4qM�, being R0 the real source-receiver distance.  

Figure 5.19 compares the excess attenuation curves provided by the Rasmussen and de Jong 

models for the same near field/far field test considered in Figure 5.17. For the sake of 

comparison, the excess attenuation curves corresponding to homogeneous soft and hard 

soils are also included in the Figure. Each medium is considered as locally reacting with a 

Delany&Bazley impedance model. The Rasmussen model provides an excess attenuation 

curve that differs slightly of that given by the de Jon model. The more significant differences 

are found at the minima of the curves. 

In summary, we have a set of impedance models that can be used to calculate the excess 

attenuation of grounds, depending on their lateral and vertical homogeneity, their reaction 

(local or extended) to the sound, and the number of constitutive parameters (flow resistivity, 

porosity, tortuosity, shape factor) of the media. To facilitate the application of these models 

to a real situation, a Graphical User Interface (GUI) has been designed. This GUI is described 

in more detail in Appendix F [Ibarra et al., 2012b]. 
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Figure 5.19. Excess attenuation of discontinuous hard > soft ground compared to those 

obtained for the corresponding hard or soft homogeneous soils, in a similar scenario of near 

field/far field extrapolation. Parameters: hs=0.08 m, hr=1.2 m, Da+Db=6.75 m, Da=1.65 m, 

Db=5.1 m, σa=8000 kN s m
-4

, σb=400 kN s m
-4 
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6. EXTRAPOLATION OF ENGINE AND 

ROLLING NOISES TO THE FAR FIELD 

 

The measurement system described in Chapter 3 was based on two on-board microphones, 

one for the engine noise, and other for the rolling noise. Since most regulations are based on 

noise levels measured at the far field, a study of the near-field to far-field sound propagation 

in vehicles is pertinent. Therefore, the main goal of this Chapter is to analyse the relationship 

between the noise measured at the near field and the far field microphones. Separated 

filters are described then to extrapolate the two near field noise levels to the far field, where 

they will be added energetically. The main factors influencing these extrapolation filters are 

the geometrical spreading and the interaction with the ground, which was described in 

Chapter 5. Extrapolated and measured far field results will be compared in Chapter 7.  
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6.1. Propagation of the near field noise to the far field 

Let m1, m2 and m3 be the engine, rolling and far field microphones, respectively, Figure 6.1. 

The engine microphone is located inside the engine hood, close to the air intake system, as 

shown in Figure 3.9a. The rolling microphone is glued below the car chassis, close to the 

tyre, as seen in Figure 3.9b. The far filed microphone is 7.5 far from the middle line of the 

vehicle and 1.2 m above the ground. 

 

Figure 6.1. Measurements of noise in the near and far fields of a vehicle 

Let Pm1(ω), Pm2(ω) and Pm3(ω) the sound pressure spectra at microphones m1, m2 and m3, 

respectively. Assuming that no other noise sources than engine and rolling are measured in 

the far field microphone [Cobo et al., 2012] 

|ä�.¬/ � å�.¬/	|ä�.¬/ # å%.¬/	|ä%.¬/,	    (6.1) 

 where H1(ω) and H2(ω) are the extrapolation filters between the engine and rolling and the 

far field microphones, respectively, Figure 6.1. H1(ω) includes 

å�.¬/ � å�,ÏRRÃ.¬/	å�,SN�J�Ã.¬/	å�,�ÌS.¬/	å�,æ�Rç�Ã.¬/,  (6.2) 

where H1,hood(ω) stands for the propagation through the engine hood, H1,spread(ω) includes 

the geometrical spreading, H1,abs(ω) takes into account the sound absorption in the air, and 

H1,ground(ω) contains the effect of ground interaction. On the other hand, H2(ω) consists of  

å%.¬/ � 	å%,SN�J�Ã.¬/	å%,�ÌS.¬/	å%,æ�Rç�Ã.¬/.    (6.3) 
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Defining the sound attenuation between near and field microphones as 


��.¬/ � 20	����� �è�.¢/è$.¢/� � �20�����|å�.¬/|,    (6.4a) 

and 


%�.¬/ � 20	����� �èj.¢/è$.¢/� � �20�����|å%.¬/|,    (6.4b) 

the sound pressure level at the far field microphone will be 


ä�.¬/ � 
ä�.¬/ # 
��.¬/⨁
ä%.¬/ # 
%�.¬/,    (6.5) 

where ⊕ stands for energetic (logarithmic) summation. The first term of this summation 

includes the attenuation between the engine and the far field microphones. The second 

term comprises the sound pressure loss between the rolling and far field microphones. In 

the following, each of these terms is analysed separately.  

6.2. Engine noise extrapolation  

Taking logarithms at each side of Eq. (6.2) 


��.¬/ � �k∆
ÏRRÃ.¬/ # ∆
��,SN�J�Ã.¬/ # ∆
��,�ÌS.¬/ # ∆
��,æ�Rç�Ã.¬/l,  (6.6) 

being ∆
ÏRRÃ.¬/=TL(ω) the Transmission Loss across the engine hood,  ∆
��,SN�J�Ã.¬/ the 

propagation loss due to geometrical spreading, ∆
��,�ÌS.¬/ the air absorption loss, and ∆
��,æ�Rç�Ã.¬/ the excess attenuation for the ground interaction. This last tem was 

exhaustively studied in Chapter 5. Let us pay attention to the other terms. 

6.2.1. Transmission Loss due to the engine hood 

The TL of an engine hood vehicle was measured using the setup shown in Figure 6.2 [Ibarra 

et al., 2011; Bravo et al., 2012]. One loudspeaker is located inside the engine hood. In 

addition to the engine microphone, other microphones are located outside the vehicle, 

along a semi circumference of radius 1.2 m. Since the microphones are separated by 5º, we 

need 37 outer microphone positions to cover 180 º.  
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Figure 6.2. Setup for TL measurement 

A simultaneous measurement of the transfer functions between the loudspeaker and the 

inside and outside microphones allows us to calculate the TL as a function of the frequency 

and the angle. The measurements were performed with the Virtual Instrument MUIRSA, 

consisting of a DAQ NI PCI-MIO-16E, maximum sampling frequency of 250 kHz, managed by 

a MATLAB program. Figure 6.3 shows the positions of the loudspeaker inside the engine 

hood, and the inner and outer microphones during the measurements carried out on a 

vehicle. 

 

 

Figure 6.3. Positions of the loudspeaker and microphone m1 inside the engine hood (left), and 

position of the outer microphones in the first 5 positions (right) 

1.2 m 

Output Inputs 

Outer 

microphones 

Inner 

microphone 

Inner 

speaker 

MUIRSA SYSTEM 
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The measurements were carried out at the Technological Park of Leganes. The TL through 

the engine hood is defined as  

¡
.u, ]/ � 20log	�|éÎê'(è�.�,T/||éÎê'(è¶.�,T/|�.         (6.7) 

where Halt-m1 is the measured transfer function between the loudspeaker and the engine 

microphone, and Halt-mo is the transfer function between the loudspeaker and the outer 

microphone at angle θ  [Beranek and Ver, 1992]. 

Figure 6.4 shows the 3D directivity representation of the engine hood of a VW diesel vehicle 

for the frequency range of 100-5000 Hz. As expected, TL grows when the frequency 

increases. 

 

 

Figure 6.4. 3D directivity diagram of the engine hood for a VW diesel vehicle 

Figures 6.5 and 6.6 show the results of the angular dependence measurements of the TL 

through the engine hood at the central frequencies of the 1/3 octave bands. Notice as TL 

becomes more directional when the frequency increases. At low frequencies, a trend to 

radiate to the right of the vehicle is appreciated, in concordance with Tyler [1987], see 

Figure 3.3. 
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Figure 6.5. Directivity diagrams of the engine hood of a diesel vehicle for several 1/3 octave 

band frequencies between 100 and 630 Hz 
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Figure 6.6. Directivity diagrams of the engine hood of a diesel vehicle for several 1/3 octave 

band frequencies between 800 and 5000 Hz 
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Figure 6.7 shows the frequency dependence of TL through the engine hood for different 

angles. The FFT spectrum has been converted to 1/3 octave bands. 

 

Figure 6.7. Frequency dependence of TL through the engine hood for different angles 

From the 1/3 octave band spectra, the overall TL at each angle 

    ¡
R·J��ÕÕ.]/ � 10���k∑ 	10�.�	¥ë.T,�Á/�Á l  ,   (6.8) 

can be calculated. Figure 6.8 shows the angle dependence of the engine hood TLoverall for the 

measured vehicle. Again, a trend towards the right side of the vehicle is seen. 
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Figure 6.8. Angular dependence of the overall TL through the engine hood of a diesel vehicle 

6.2.2. Attenuation due to spherical spreading 

Once the engine noise has been propagated to an outer microphone, mo, of the semi 

circumference, Figure 6.9, its extrapolation to the far field microphone, m3, can be 

accomplished.   

 

Figure 6.9. Geometry to estimate the propagation filter 

The contribution of the spreading loss term of Eq. (6.6) is 

       ∆
��,SN�J�Ã.¬/ � 20�����.täR�/tä�R/ ,            (6.9)             
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Where rm1o and rmo3  are the distances between the microphones m1 and mo, and mo and m3, 

respectively. 

6.2.3. Attenuation due to air absorption 

The sound pressure loss due to the air absorption between the mo and m3 microphones is 

given by [ISO 9613-1, 1993] 

∆
��,�ÌS.¬/ � ìtäR�,     (6.10) 

where 

ì � 8.686u% í"1.84		10U�� �N¯NÎ �¥¥) �/%* # �¥¥) U�/% î0.01275	r
(jj$ï.�ð �u�� # �j�̄ ) U� #0.1068	r($$ñjð �u� # �j�¯ò U� óô, 

(6.11) 

Is the absorption coefficient of air, with 

u�õ � NÎN¯ �24 # 4.04	10fÉ �.�%VÏ�.���VÏ ,     (6.12) 

u� � NÎN¯ �¥¥) U�/% ö9 # 280	É	rUf.���"� ðð) (�/$U�*÷,    (6.13) 

pr=101.325 kPa, T0=293.15 ºK, pa is the atmospheric pressure in kPa, T is the atmospheric 

temperature in ºK, h is the molar concentration of water vapour given by 

É � É� �NPÎ'N¯  �NÎN¯ ,      (6.14) 

hr is the relative humidity of air, and psat is the saturation vapour pressure given by 

^S�H � ^�	10Uá.��fá.jø$.��ð /�.j��Vf.á���.     (6.15) 

Figure 6.10 shows the sound attenuation due to air absorption for rmo3=6.75 m, T=10 ºC and 

hr=20 %. As it can be seen, for the geometrical configuration of the near to far field 

extrapolation (short distances, and frequency contents below 2-3 kHz), air absorption 

provides insignificant sound pressure losses. 
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Figure 6.10. Sound attenuation due to air absorption for rmo3=6.75 m, T=10 ºC and hr=20 % 

6.2.4. Attenuation due to ground interaction 

 The ground interaction term, ∆
��,æ�Rç�Ã.¬/, can be obtained from the model developed in 

Chapter 5. For instance, assuming the geometry sets up Figure 6.9, a hard paved ground 

below the vehicle characterized by a Delany&Bazley impedance with σa=8000 kN s/m-4, and 

a soft grass ground around the far field microphone, also characterized by a Delany&Bazley 

impedance with σb=400 kN s/m-4, and applying the Rasmussen model for the discontinuous 

soil, we obtain the excess attenuation shown in Figure 6.11. 

6.3. Rolling noise extrapolation 

Taking logarithms at each side of Eq. (6.3) 


%�.¬/ � �k∆
%�,SN�J�Ã.¬/ # ∆
%�,�ÌS.¬/ # ∆
%�,æ�Rç�Ã.¬/l.  (6.16) 
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Figure 6.11. Attenuation due to ground interaction between mo and m3 in Figure 6.9, for a 

discontinuous ground with Da=2.3 m, Db=4 m, σa=8000 kN s/m
4
 and σa=400 kN s/m

4
 

The near field to far field extrapolation model of the rolling noise is based upon the work 

published previously by Anfosso-Lédée [2004a]. Let rm2, rm3 and rm23 be the rolling source to 

rolling microphone, the rolling source to far field microphone, and the rolling microphone to 

far field microphone distances, respectively, Figure 6.12. Assuming that the rolling noise 

source is somewhere along the wheel, that the two vehicle tyres at the side of the far field 

microphone radiates the same noise, and that the two tyres of the opposite side are 

screened by the vehicle itself [Cobo et al., 2012], the sound attenuation between the m2 and 

m3 microphones will be 


%�.¬/ � 20	����� ��è$�èj # ì.tä� # tä%/ # ½∆
æ,�èj # ∆
æ,�è$¿ # 3	,-.  (6.17)     

The two first terms are losses due to spherical spreading and air absorption, and have been 

discussed in Section 6.2. The third term corresponds to the ground interaction in the paths 

between the rolling source and the rolling and far field microphones. Thus, ∆Lg,rm2 includes 

the horn effect discussed in Chapter 3. The fourth term (+3 dB) comes for the pressure 

doubling produced by the second tyre at the far field side.  
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Figure 6.12. Geometrical setup for the extrapolation between the rolling noise and the far 

field noise              

Figure 6.13 shows the propagation filter between rolling and far field microphones, Eq. 

(6.17), and the contributions of spreading, air absorption and ground interaction losses.  

 

Figure 6.13. Level differences between the rolling and far field microphones for a 

discontinuous ground   



6. EXTRAPOLATION OF ENGINE AND ROLLING NOISES TO THE FAR FIELD 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

110 

 

For the calculations, the rolling source is along the wheel, 5 cm high over the soil, the rolling 

microphone is 15 cm over the ground and 20 cm far from the rolling source and the far field 

microphone is 6.75 m far from the vehicle wheels line and at a height of 1.2 m. The flow 

resistivity is 8350 kN s m-4 close to the rolling noise, and 430 kN s m-4 in the proximity of the 

far field microphone. A locally reacting discontinuous ground is assumed, with Da=2.75 m 

and Db=4 m. The de Jong model has been used with the two media characterized by a 

Delany&Bazley impedance. Notice that the contribution of the air absorption is insignificant. 

The contribution of geometrical spreading is constant with frequency. The contribution of 

ground is relevant at frequencies above 800 Hz, with additive and subtractive effects 

depending on the soil impedance and source-microphones geometry.   
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7. EXPERIMENTAL VALIDATION 

 

 

To validate the extrapolation model proposed in Chapter 6, a set of experimental 

measurements have been carried out to record simultaneously noise radiated by vehicles at 

the near and far field positions. The noise levels picked up by the engine and rolling 

microphones are extrapolated to the far filed microphone, using the propagation model 

exposed in Chapter 6, and compared with the noise levels measured at the far field 

microphone. The experimental tests were carried out at two different locations with distinct 

conditions. The first one consisted of pass by tests, at constant vehicle velocities, along an 

isolate track inside the Technological Park of Leganes (Madrid). The second one consisted of 

pass by tests, at constant vehicle velocities, and during harsh acceleration and deceleration 

conditions, along the test track of the IFSTTAR at Nantes (France).   
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7.1. Experimental procedure 

Simultaneous measurements of engine, rolling, and far field noises during pass by tests were 

carried out in a controlled access, without traffic, with low background noise, track of the 

Technological Park of Leganes (Madrid) [Ibarra et al., 2013a]. A light vehicle in the segment C 

was driven by the same person for a set of six vehicle runs at constant speeds from 40 to 90 

km/h. More specifically, the runs at 40 and 50 km/h were done in 2nd gear, in 3rd gear at 60 

and 70 km/h, and in 4th gear for 80 and 90 km/h velocities. For each pass-by velocity, the 

driver was maintained the vehicle velocity constant over a straight part of the road of about 

400 m length. During the vehicle pass along the track, the noise signals picked up by the 

engine, rolling and far field microphones were recorded in a B&K PULSE LabShop system 

(Version 14.0.1). Whereas the PULSE system was on a table besides the track, the two real 

field microphones moved with the vehicle. Therefore, Sennheiser wireless systems were 

used to transmit the signal from each microphone to the PULSE system. Figures 7.1, 7.2 and 

7.3 show the engine, rolling and far field microphones, respectively, along with their 

corresponding transmitting packages.   

The three microphones were Shure MX183, as described in Chapter 3. The far field 

microphone is covered with a wind screen. The near field microphones were worn with nose 

cones to reduce contamination by aerodynamic noise. The sensitivities of the three 

microphones have been calibrated with a B&K 4231.  

The signals recorded by the tree microphones have been then analysed with the PULSE 

LabShop system. The measurements were carried out with overcast sky, a temperature of 

12.6 ºC, a relative humidity of 58%, an atmospheric pressure of 924 mb, and a wind speed 

varying between 3 to 5 m/s.  
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Figure 7.1. Position of the microphone inside of the engine hood close to the air intake 

system (left), and position of the body pack transmitter (right) 

         

Figure 7.2. Position of the microphone near the rear tyre opposite to the exhaust pipe (left), 

and position of the body pack transmitter (right) 

 

Figure 7.3. The far field microphone for measuring the pass-by noise 
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For the tests carried out on a track situated at IFSTTAR in Nantes (France) [Ibarra et al., 

2013b], a vehicle Renault Scenic with 2.0 liter DIESEL engine, model 2001, equipped with 

Tyres Michelin Energy XH1 195/60 R15, was instrumented with three electret microphones. 

One of them, located inside the engine hood of the vehicle, near the air intake system (Fig. 

7.4a) was used to measure engine noise, Lengine. The other two microphones measure the 

rolling noise. They were mounted below and beside the vehicle chassis, one of them near 

the tyre farthest from the exhaust pipe measured, Ltyre , and another one in a so-called CPX 

position (Close ProXimity method), as defined in ISO/CD 11819-2( Fig. 7.4b) measured LCPX.  

 

Figure 7.4. Position of the microphones for measuring the (a) engine and (b) rolling 

noises 

A fourth electret microphone was situated in the far field, 7.5 m away from the centre of the 

road, at a height of 1.2 m in accordance with ISO 11819-1, Figure 7.5. It measured Lfar field. All 

the microphones were equipped with a simple wind screen to reduce the wind noise. The 

noise levels provided by these microphones were adjusted, before any measurement was 

carried out, with the B&K 4226 sound calibrator. The three signals provided by the near field 

microphones were recorded in a TEAC GX-1 system. Simultaneously, a sound device was 

used to acquire the signal provided by the far field microphone. The four signals were then 

post-processed by a B&K PULSE system to assess the noise levels reported in the next 

sections.   

Three types of measurements were carried out with this vehicle: static, dynamic at constant 

velocity, and dynamic under harsh acceleration and deceleration. 
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Figure 7.5. Position of the microphone at the far field for the static measurement 

For the static measurements, the main objective was to measure the Transfer Function 

between the microphone inside the engine hood and the far field microphone, e.g. the noise 

level differences at the engine and the far field microphones as a function of the frequency. 

While the vehicle is stopped on the road (Fig. 7.5), the engine at neutral gear is accelerated 

and maintained during 5 seconds at 2000, 3000, 4000 and 5000 revolutions per minute 

(RPM).  

The goal of dynamic measurements at constant velocity were to estimate the influence of 

the position of microphone measuring the rolling noise, as well as to relate the engine, 

rolling and far field noises with the vehicle velocity. During these tests, the vehicle is driven 

at constant velocities of 40, 50, 60, 70, 80, and 90 km/h. The rolling and engine noises are 

calculated from a sample of 0.31 s of the recorded signal during these tests. The far field 

noise level, on the other hand, is measured during the pass-by of the vehicle along the track 

as the maximum level  Lfar field = maxt {Lfar field(x(t))}, which corresponds to the passing of the 

vehicle just in front of the far field microphone. 

For the dynamic measurements under harsh acceleration, the vehicle was driven along the 

track at 1st gear and full acceleration, while the engine, rolling, and far field signals at the 

four microphones are recorded. The same procedure is repeated at 2nd, 3rd, 4th and 5th gears. 

The maximum noise levels at each microphone are taken then as representative of the 

engine, rolling and far field noises at each gear. 
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Also is important to relate the engine, rolling, and far field noises while the vehicle is braking 

with the engine, especially at lower gear ratios. Thus, during this test, the vehicle is driven 

along the track at 1st gear until achieving high engine load, and then the acceleration pedal is 

suddenly released when the vehicle is passing in front of the far field microphone. The same 

procedure was replicated for 2nd and 3rd gears. The noise levels which will be presented 

below are those corresponding to the passing of the vehicle right in front of the far field 

microphone. 

7.2. Experimental results in Leganes (Madrid) 

The levels recorded by the three microphones are presented in Figure 7.6 as a function of 

x=log(V/Vref), where the vehicle speed V is expressed in km/h and the reference speed Vref is 

set to 90 km/h. As expected, Ltyre increases with the logarithm of the vehicle speed 

[Sandberg and Ejsmont, 2002]. Engine noise also increases with vehicle speed, but with a 

lower slope than the rolling noise. Correspondently, far field noise also increases with 

log(V/Vref). The curves obtained by linear regression with the six experimental 

measurements are also superimposed.   

 

Figure 7.6. Noise levels for the engine, rolling and far field microphones as a function of log 

(V/Vref) with Vref = 90 km/h  
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Figures 7.7 and 7.8 show the 1/3 spectral levels of the rolling, engine and far field noises 

during these pass-by experiments of 40-90 km/h, measured at each microphone. As it can be 

seen, the engine noise levels are of the same order, or even lesser, than the rolling noise 

levels.  

From Figures 7.7 and 7.8, we can appreciate: 

• The noise spectrum in the far field is more like the engine noise spectrum at low 

frequencies (below 500 Hz), and the rolling noise spectrum at mid-high 

frequencies (above 500 Hz). 

• The engine spectrum peaks at low frequencies are reproduced almost mimetically 

in the spectrum of the far field noise. 

• The rolling noise peak about 1000 Hz, is almost reproduced equally in the far field 

noise spectrum [Sandberg, 2003b].  

• While the rolling noise spectrum falls almost with a linear slope above 1 kHz, the 

engine noise spectrum remains more or less constant, and begins to decay above 

4-5 kHz, possibly as a result the effect of low-pass filter due to the nose cone 

[Ibarra and Cobo, 2009]. 

 

Table 7.1 summarizes the overall noise levels of the near field and the far field microphones. 

We see that, for every 10 km/h of speed increase, the engine noise is kept constant with 

variations of 1-2 dB, the rolling noise is increased of 1-4 dB and the far field noise is 

increased of 1-3 dB. In other words, reducing the speed about 10 km/h, in average will be 

decreases the far field noise, in average, by 1 to 3 dB [Sandberg and Ejsmont, 2002]. 
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Figure 7.7. 1/3 octave spectral levels of  the engine, rolling and far field noises radiated by 

the vehicle during the pass-by tests at constant velocities from 40 to 60 km/h 
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Figure 7.8. 1/3 octave spectral levels of  the engine, rolling and far field noises radiated by 

the vehicle during the pass-by tests at constant velocities from 70 to 90 km/h 
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Table 7.1. Overall noise levels of near field and far field of VW diesel vehicle, for different 

velocities 

VW diesel vehicle 

Velocity (km/h) Gear Lengine (dB) Ltyre (dB) Lfar field  (dB) 

40 2 87.9 84 57.2 

50 2 87.6 84.4 60.6 

60 3 88.2 88.7 60.6 

70 3 87.3 92.3 61.7 

80 4 86.4 95.2 63.4 

90 4 87.1 97.2 65.5 

 

7.2.1. Comparison of measured and predicted results in Leganes 

The experimental far-field levels acquired by the microphone situated at 7.5 m from the 

centre of the vehicle will be compared with the far field levels extrapolated from the engine 

and rolling microphones using the model presented in Chapter 6. The rolling source, tyre 

microphone, engine microphone, and far field microphone heights for the extrapolation 

model were 0 cm, 8 cm, 10 cm and 0.8 m, respectively. The horizontal rolling source-tyre 

microphone, engine source-far field microphone, and rolling source-far field microphone 

were 13 cm, 6.6 m and 6.75 m, respectively.  

To account for the ground effect in the extrapolation model, a laterally discontinuous 

ground has been considered, Figure 6.3. We have followed recommendations of the 

Standard ANSI S1.18 [1999] to estimate the flow resistivity of an impedance model for each 

of the ground types. A point source which fulfils the directional requirements of the ANSI 

S1.18 Standard has been designed (see the details in Appendix G) [Cobo et al., 2013]. The 

sound pressure field generated by this source, situated at 0.5 m height above the ground, is 

picked up by two identical microphones situated at heights of 0.88 and 0.08 m respectively. 

The horizontal separation distance between source and microphones has been fixed to 3 m. 

The loudspeaker was driven by a pseudo-random signal generated by a home-made virtual 

instrument created in Matlab for the determination of the impulse response functions 

between input and measured signals. To avoid the influence of undesired reflexion and 
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background noise, the impulse response signals were windowed and converted to the 

frequency domain. Each measurement has been repeated and averaged over four different 

relative positions over the surface of analyses. During the measurements, the temperature 

was 12ºC, the relative humidity had a value of 48 %, the atmospheric pressure was 924 mb 

and the wind speed was varying between 1.2 m/s and less than 3 m/s in all cases.  

For determining the surface flow resistivity we have calculated the level difference between 

top and bottom microphones for each frequency,  

∆
J~N � 20	����� � '¶®.¢/�¶''¶è.¢/�.     (7.1) 

A predicted level difference spectrum, ∆
N�J can be calculated assuming that the surface 

can be described by a Delany&Bazley impedance model, Chapter 5. An optimisation 

procedure has then been applied to calculate the flow resistivity that minimizes the square 

error between the predicted and the experimental level differences. Using this procedure, 

we characterized the porous asphalt of the road as having a flow resistivity of σ=8000 kN s 

m-4, and a grass-land besides the characterized by a flow resistivity of σ=500 kN s m-4. The 

interaction of sound with this discontinuous surface has been accounted for by using the 

Rasmussen model (see Chapter 5). 

The measured spectral levels at the far field microphone are compared with the 

extrapolated spectral levels in Figures 7.9 and 7.10. A good agreement is obtained at 

frequencies above 500 Hz. Below this frequency, however, the extrapolated curves separate 

from the measured ones, this separation increasing when the vehicle speed grows. It is 

though that this disagreement is due to the aerodynamical noise, which is contaminating the 

rolling microphone below 500 Hz. Thus, the noise cone used for this purpose was 

unsuccessful. This will be confirmed with the measurement results in the IFSTTAR, where 

simple wind screens were used for the rolling and CPX microphones (see Figure 7.4). 
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Figure 7.9. Spectral noise levels measured by the far field microphone (red) and extrapolated 

from the near field microphones (blue), for velocities of 40-60 km/h 
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Figure 7.10. Spectral noise levels measured by the far field microphone (red) and 

extrapolated from the near field microphones (blue) for velocities of 70-90 km/h 
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Table 7.2 compares the measured and extrapolated overall levels at the far field 

microphone, using the spectral levels at the (40 Hz, 10 kHz) and the (500 Hz, 10 kHz) 

frequency bands. It has that the agreement between measured and extrapolated levels is 

rather good when considering the medium and high frequency band (500 Hz-10 kHz), with 

differences that are lesser than 0.7 dB. However, the comparison degrades when the low 

frequencies are included.  

Table 7.2. Experimental measured levels in the far field positions compared with the 

extrapolated far field levels from the engine and rolling microphones 

Velocity 

(km/h) 

Measured  

far filed  

(40 Hz-10 kHz) 

(dB) 

Simulated  

far field  

(40 Hz-10 kHz) 

(dB) 

∆∆∆∆L 

(dB)    

Measured  

far filed  

(500 Hz-10 kHz) 

(dB) 

Simulated  

far field  

(500 Hz-10 kHz) 

(dB) 

∆∆∆∆L 

(dB) 

40 57.2 56.6 0.6 55.0 54.6 0.4 

50 60.6 57.3 3.3 58.5 58.0 0.5 

60 60.6 61.2 0.6 61.6 61.2 0.4 

70 61.7 64.0 2.3 63.4 63.5 0.1 

80 63.4 66.6 3.2 65.3 65.6 0.3 

90 65.5 68.5 3.0 67.1 67.8 0.7 

 

As commented above, these differences are due to aerodynamic noise which is 

contaminating the rolling microphone signal. Several authors [Pichaud and Anfosso-Lédée, 

2009] [Anfosso-Lédée, 2004b] have reported similar trouble when the rolling microphone is 

exposed to an air flow. They have presented several results relating the noise levels due to 

aerodynamic effects as a function of the vehicle speed, testing several microphone 

windshields. The measurements were first performed in a laboratory with a wind turbine 

producing several speed flows, and outdoors in real driving conditions, quantifying the wind 

speed around the microphone position using pitot tube sensors. They presented noise levels 

in third-octave bands from 12.5 Hz to 20 kHz, for vehicle speeds starting at 50 km/h, up to 

130 km/h [Pichaud and Anfosso-Lédée, 2009]. They stated that aerodynamic noise is very 
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important in the low frequency range, with levels above 90 dB for a 50 km/h speed, and 

going beyond the 110 dB for 130 km/h. They concluded that this noise influenced 

significantly the levels acquired by the microphone in the low frequency range and 

recommended the use of a filter to decrease the aerodynamic noise pollution. 

As explained before, the placement of the sensor is selected in the plane of the tyre 

considering the feasibility for real-time operating conditions. We should consider then that 

the tyre/road emission is never omnidirectional as it is generally assumed in noise 

calculation, with directivity patterns with highest values appearing in the front of the tyre 

[Mioduszewski and Ejsmont, 2009], registering the horn effect, where the rolling noise 

microphone is situated.  

Despite this trouble with the aerodynamical noise below 500 Hz, it can be seen that the 

agreement between both curves is reasonably good. The agreement between experimental 

and predicted levels is satisfactory, with differences lower than 0.7 dB for all the pass-by 

velocities. We conclude that, despite its simplicity, the developed semi-analytical 

formulation provides a correct estimation of the far-field extrapolated levels in the 

frequency range of 0.5-10 kHz, which could then be compared in confidence with the 

current normative for road noise emissions in order to take control actions on the individual 

drivers if required.  

7.3. Experimental results in Nantes (France) 

Figure 7.11 shows Lengine and Lfar field as a function of the engine speed (in RPM) for the static 

measurement. Both noise level curves have a linear dependence with the logarithm of the 

engine speed in RPM. Notice that ∆L= Lengine - Lfar field = 32 dB for all RPM. Figure 7.12 

illustrates the spectral distribution of this ∆L. As it can be seen, this level difference is slightly 

lower (respectively higher) at low (respectively high) frequencies. This difference is also 

independent of the engine speed at high frequencies, whereas some discrepancies are 

observed at low and medium frequencies. 
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Figure 7.11 Noise levels Lengine and Lfar field as a function of engine speed (in RPM) for the static 

measurement 

 

 

Figure 7.12. Transfer Function between far field and engine microphones, for different engine 

speeds (in RPM) and its average 

As an example of the typical spectra measured at each microphone, Figure 7.13 shows the 

1/3 spectral level at the engine, rolling and far field microphones for a pass by test at 90 

km/h. As it can be seen, the spectral levels at both rolling microphones at low frequencies 

(below 300 Hz) are abnormally high, due to aerodynamic noise, which contaminates the low 

frequency range of noise measurements in the presence of high velocity air flow. The wind 

screens used to wear the rolling microphones in these test are successful to filter out the 

aerodynamic noise above 315 Hz, but fails below this frequency. Therefore, all noise levels 
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and spectra calculated in the following are restricted to spectral contributions from 315 Hz 

to 5 kHz, in accordance with the recommendation of the ISO 11189-2 Standard.  

 

Figure 7.13. 1/3 octave spectral levels at the engine, Lengine, tyre, Ltyre, CPX, LCPX and far field, 

Lfar field, microphones for the pass by test at 90 km/h constant speed 

 

Figure 7.14 illustrates the dependence of Ltyre, LCPX and Lfar field with x=log(V/90 km/h) in the 

pass-by test at constant speed, since rolling noise depends essentially on the vehicle speed. 

As expected, the three noise levels have a linear dependence with the logarithm of the 

velocity. Both rolling microphones measure distinct noise levels. The curves corresponding 

to both microphones have almost the same slope and differ by about 4 dB. This difference 

can be explained by the different distance between the microphones and the contact area, 

and by the directivity of the tyre noise emission.   

Figure 7.15 shows the spectral levels of the rolling, engine and far field noises during the 

pass-by experiment at constant vehicle speeds of 40 and 90 km/h. It is seen that the engine 

noise levels are of the same order, or even lesser, than the rolling noise levels. Notice that 

they are attenuated through the engine hood in roughly 20-32 dB depending on the 

frequency, as it have been seen in the transfer function results, Figure 7.12. 
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Figure 7.14. Noise levels Ltyre, LCPX, and Lfar field as a function of log(V/Vref) for the dynamic 

measurement at constant speed 

 

 

Figure 7.15. 1/3 octave spectral levels of the engine, rolling and far field noises radiated by 

the vehicle during dynamic tests at constant velocities of 40 and 90 km/h 
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Figure 7.16 exhibits Lengine, Ltyre, LCPX and Lfar field as a function of the gear ratio in the dynamic 

measurement under harsh acceleration. The noise level curves support a linear fitting with a 

function of the engaged gear. Notice that Lfar field and Lengine are roughly parallel, which 

indicates that the noise radiated to the far field in this driving condition is dominated quite 

completely by the engine. Again, since rolling noise depends mainly on the vehicle velocity, 

Ltyre and LCPX grow steadily with the engaged gear. On the other hand, Lengine keeps roughly 

constant, and Lfar feld decreases slightly, with the gear ratio. Effectively, far field noise sounds 

louder at low gear and high engine load (RPM). During this experiment, the passing of the 

vehicle in front of the far field microphone in the 4th gear ratio was made at a velocity of 

about 100 km/h, producing at this microphone a noise level Lfar field=70 dB. This level can be 

compared with the noise produced in the far field at this velocity in normal driving condition 

taken from Fig. 7.14 (65 dB). Therefore, it can be concluded that noisy driving by using harsh 

acceleration increases the far field noise level in around 5 dB, in accordance with the 

measurements done in real driving conditions [Ibarra et al., 2012]. 

 

 

Figure 7.16. Noise levels Lengine, Ltyre, LCPX, and Lfar field as a function of gear ratio for the 

dynamic measurement under harsh acceleration 
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Figure 7.17 shows the spectral levels of the rolling, engine and far field noises during the 

dynamic experiment under harsh acceleration. Figure 7.18 shows Lengine, Ltyre, LCPX and Lfar field 

as a function of engaged gear in the dynamic measurement under deceleration condition. As 

in the previous test, the noise curves support a linear fitting with engaged gear. Although the 

noise radiated by the vehicle to the far field is determined essentially by the engine noise at 

the lower engine gears, at the 3rd gear there is a significant contribution of the rolling noise. 

As a consequence, Lfar field increases slightly with the gear ratio. 

Figure 7.19 shows the spectral levels of the rolling, engine and far field noises during the 

dynamic deceleration experiment. At 2nd gear, a high contribution of the aerodynamical 

noise in the rolling microphones is clearly appreciated. 

 

 

Figure 7.17. 1/3 octave spectral levels of the engine, rolling and far field noises radiated by 

the vehicle during dynamic tests under harsh acceleration at 1
st

 and 3
rd

 engaged gear 
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Figure 7.18. Noise levels Lengine, Ltyre, LCPX, and Lfar field as a function of gear ratio for the 

dynamic measurement under deceleration condition 

 

 

Figure 7.19. 1/3 octave spectral levels of the engine, rolling and far field noises radiated by 

the vehicle during dynamic tests under deceleration condition at 1
st

 and 2
nd

 engaged gear 
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7.3.1. Comparison of measured and predicted results in Nantes 

In this Section, the spectral levels measured at the far field microphone are compared with 

those extrapolated from the engine and rolling microphones using the analytical model 

developed in Chapter 6. As explained above, to avoid low frequency contamination by 

aerodynamic noise of the noise picked up by the tyre microphones, only frequencies 

between 315 and 5000 Hz will be taken into account. 

The rolling source, tyre microphone, CPX microphone, and far field microphone heights were 

0.028 m, 0.15 m, 0.10 m and 1.2 m, respectively. The horizontal distances between the 

rolling source and the microphones are 2 cm for the tyre microphone, 20 cm for the CPX 

microphone, and 6.75 m for the far-field microphone. A laterally and vertically 

homogeneous ground is considered with flow resistivity 10000 kN s m-4 (typical of dense 

asphalt). 

The spectral levels measured at the far field and those extrapolated from the engine, tyre 

and CPX microphones, for the pass-by tests, at constant velocities 40 and 90 km/h are 

compared in Figure 7.20. A good agreement is obtained with the spectra extrapolated from 

the tyre microphone. The spectral levels measured at the far field and those extrapolated 

from the engine, tyre and CPX microphones, for the dynamical tests under harsh 

acceleration and deceleration, with different engaged gears are compared in Figures 7.21 

and 7.22, respectively. A reasonable agreement is obtained with spectra extrapolated from 

the tyre microphone. 

Further insight can be obtained by analysing the overall noise levels at the far field 

microphone, measured and extrapolated, as summarized in Tables 7.3-7.5. The differences 

between measured and extrapolated results are also shown in the last two columns of the 

Tables. Although the concordance is fine for the extrapolation from the CPX microphone, an 

excellent agreement is attained for the tyre microphone case, with differences lower than 

0.7 dB, in the case of constant speed, and lower than 1 dB in the case of harsh acceleration 

and deceleration. 

Therefore, two positions were considered as candidates for the rolling microphone, one 

recommended by the CPX method, and another glued to the car chassis near the tyre 
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farthest from the exhaust pipe.  Experimental results have demonstrated that positioning 

the rolling microphone at the car chassis provide better extrapolated levels at the far field. In 

this case, far field noise levels extrapolated from the rolling microphone differ less than 0.7 

dB from those measured in pass by dynamical tests at constant speed of 40-90 km/h. 

 

 

Figure 7.20. Experimental noise levels measured by the far-field microphone and 

extrapolated from engine, tyre and CPX positions, for pass-by tests at constant velocities of 

40 and 90 km/h 
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Figure 7.21. Experimental noise levels measured by the far-field microphone and 

extrapolated from engine, tyre and CPX positions, for pass-by dynamical tests under harsh 

acceleration at 1
st

 and 3
rd

 engaged gear 
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Figure 7.22. Experimental noise levels measured by the far-field microphone and 

extrapolated from engine, tyre and CPX positions, for pass-by dynamical tests under 

deceleration condition at 1
st

 and 2
nd

 engaged gear 

Table 7.3. Far field overall levels, measured and extrapolated from engine and rolling 

microphones, for pass by test at constant speed 

Velocity 

(km/h) 

Lfar field (dB) 

Measured 

 

Lfar field (dB) 

Extrapolated from tyre 

microphone 

Lfar field (dB) 

Extrapolated from CPX 

microphone 

ΔL 1 

(dB) 

 

ΔL 2 

(dB) 

 

40 55.9 55.5 56.1 0.4 0.2 

50 57.4 57.0 57.4 0.4 0.0 

60 59.2 59.0 59.7 0.2 0.5 

70 62.1 62.1 63.1 0.0 1.0 

80 63.3 63.5 64.3 0.2 1.0 

90 65.1 65.8 66.6 0.7 1.5 
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Table 7.4. Far field overall levels, measured and extrapolated from engine and rolling 

microphones, for pass by dynamic test under harsh acceleration 

 

Gear 

Lfar field (dB) 

Measured 

 

Lfar field (dB) 

Extrapolated from tyre 

microphone 

Lfar field (dB) 

Extrapolated from CPX 

microphone 

ΔL 1 

(dB) 

 

ΔL 2 

(dB) 

 

1 68.7 68.0 67.7 0.7 1.0 

2 61.9 62.4 62.4 0.5 0.5 

3 62.0 63.0 63.2 1.0 1.2 

4 66.1 66.1 66.7 0.0 0.6 

5 66.2 66.4 67.3 0.2 1.1 

 

Table 7.5. Far field overall levels, measured and extrapolated from engine and rolling 

microphones, for pass by dynamic test under decelerating condition 

 

Gear 

Lfar field (dB) 

Measured 

 

Lfar field (dB) 

Extrapolated from tyre 

microphone 

Lfar field (dB) 

Extrapolated from CPX 

microphone 

ΔL 1 

(dB) 

 

ΔL 2 

(dB) 

 

1 59.9 59.5 59.1 0.4 0.7 

2 62.4 61.8 61.9 0.6 0.5 

3 67.5 67.1 68.1 0.4 0.6 
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8. CONCLUSIONS AND FUTURE WORK 

 

8.1. Summary 

One of the most widespread environmental impacts of road transportation is the traffic 

noise. In fact, noise pollution has become the origin of social tension between economic 

development and quality of life. Nowadays the vehicle fleet is increasingly growing in urban 

environment, so that a sustainable acoustic environment has turned out to be a key issue 

and a technological challenge. Many efforts have been made by traffic managers and vehicle 

manufacturers to reduce the road traffic noise. Most developed countries have established 

noise limits which cannot be exceeded. In the same time, noise emission limits of individual 

vehicles have decreased by 8-11 dB in the last 30 years. However, community surveys 

indicate that noise annoyance in urban environments has maintained more or less constant 

along the last years. It is argued that the significant reduction of noise emission limits of 

individual cars has been neutralized by the increase of the vehicle fleet.   

The subjective appraisal of noise level is the noise annoyance. A relationship there exists 

between an overall noise index (day-night level) and noise annoyance. Noise annoyance is 

also highly correlated with Maximum Noise Levels (MNL). Frequently, MNL are generated by 

vehicles being driven in an aggressive manner, e.g under harsh acceleration and misuse of 

engine braking. It has been reported that MNL produced by noisy drivers can exceed 10 dBA 

the noise levels generated by a sample of vehicles travelling at constant velocity on a smooth 

surface. 

Therefore, the driving style has a significant impact on the noise produced by a vehicle. A 

same vehicle can be driven by either a noisy or quiet manner by distinct drivers. Eco-driving, 

which involves using low engine speed and moderate acceleration, can potentially reduce 8 

dBA the noise radiated by a vehicle. We have proposed in this thesis an on-board 

measurement system able to characterize and compare noisy and quiet drivers. This system 

is based on the assessment of the engine and rolling noises by two microphones located 

inside the engine hood and close to one of the wheels, respectively. Tests carried out in real 

driving conditions in urban and suburban environments in Madrid (Spain) have 
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demonstrated that aggressive drivers radiated noise levels 5-8 dB above the average traffic 

stream. 

Whilst this on-board system provides engine and rolling noise levels in the near field of the 

vehicle, standard regulations in most countries are based on averaged noise levels measured 

in the far field. Since we claim that traffic noise can be evaluated by on-board measurements 

in the near field using low-cost systems on many vehicles, instead of fixed measurements in 

the far field, then the relation between near and far field is of main interest. Therefore, a 

propagation model that extrapolates the noise measured at the engine and rolling 

microphone to the far field microphone has been provided. This model takes into account 

the transmission loss across the engine hood, the geometrical spreading, the pressure loss 

due to air absorption and the interaction of sound with the ground. The effect of ground on 

the propagation of sound has been taken into consideration by modelling the spherical wave 

reflection of a point source over a surface characterized by an impedance model.  

Finally, a complete set of near field-far field tests has been carried out to validate the near 

field-to-far field propagation model, including vehicle pass-by at constant velocities, and 

under harsh acceleration and deceleration. 

8.2. Thesis contributions 

The main contributions of this thesis have been the following: 

• The design of an on-board system to measure the noise radiated by a vehicle to the 

near field. This system is based on two Shure MX183 microphones supporting levels 

up to 125 dB without overload. Both microphones are located at near field positions 

of the vehicle, one for the engine noise and other for the rolling noise. 

• The use of this system to characterize the behaviour of drivers in real driving 

conditions. Systematic measurements in realistic driving conditions were performed, 

with diesel and gasoline vehicles on medium size (B and C segments), in urban and 

suburban scenarios. These measurements have confirmed that it is possible to 

differentiate noisy drivers from the mean traffic stream, using both the global 

equivalent level and the level histogram. Engine noise of aggressive drivers is roughly 

5-6 dB, in urban scenarios, and 9 dB, in suburban roads, higher than the average 
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level. The rolling noise of aggressive drivers is, in average, in both cases, 3-4 dB above 

the global traffic noise level. 

• The development of a propagation model from the near field microphones to the far 

field one. For the extrapolation of the engine noise, it is also necessary to know the 

isolating properties of the engine hood. This has been carried out using a set of 

microphones surrounding the hood surface over a semicircle. This has made possible 

to measure the transmission loss of the engine hood as function of frequency and 

polar angle. The external signal due to the engine has been subsequently propagated 

to the far-field in the same manner than the rolling noise, and both signals have been 

added at the position of the receiver. The attenuation between the near-field and 

far-field positions is mainly affected by the acoustical properties of the ground 

surface, estimated using several ground impedance models. As the propagation 

surface is not uniform, but presents a discontinuity of impedance due to different 

soils between the source and the receiver positions, we have paid particular 

attention to the acoustical propagation over a hybrid surface composed of porous 

asphalt and grass-land.  

• We have developed a graphical user interface that facilitates the extrapolation of the 

near field to the far field with a simple interactive tool. Besides providing attenuation 

curves for geometric divergence, absorption due to the air, attenuation by the 

ground, the characteristic impedance, the wave number, plane wave and spherical 

wave reflection coefficients, the final result provides the sum of all these attenuation 

factors, expressed as a propagation filter in the entire spectrum of frequencies, 

whether narrow band or third octave bands.  

• The determination of the flow resistivity for the different types of soils has been 

performed using the two-microphone method standardized in the ANSI S1.18 

standard. To comply with the directivity requirements of this standard, we have 

developed a point source. The sound is radiated through a small aperture connected 

to a conventional loudspeaker through a steel cone. The measured polar directivity 

diagrams at the central frequencies of the octave bands between 125 and 4000 Hz 

show that the designed point source radiates with angular deviations lesser than ±1 

dB within ±45º. However, its frequency response exhibits strong peaks, which exceed 

more than 20 dB the flat part of the curve, and can be detrimental for inverting 
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excess attenuation data in acoustic impedance of the investigated soil. To solve this 

problem, the original frequency response of the point source has been equalised by 

inverse filtering. It has been demonstrated that zero-phase, and minimum-phase, 

cosine-magnitude inverse filtering effectively flattens the frequency response of the 

point source. An additional advantage of inverse filtering is to shorten significantly 

the length of the sound source time response, facilitating the fitting of a time window 

to separate desired (from the ground) and unwanted (from near objects) 

contributions to the time response. 

• The validation of the propagation model with pass by tests under controlled driving 

conditions. A comparison between predicted and measured data at 7.5 m apart from 

the vehicle axis and at 1.2 m above the ground has been carried out, for pass-by test 

at constant velocities ranging from 40 to 90 km/h. Besides the simplicity of the 

model, the comparison with the measurements is reasonably good. The accuracy in 

the overall levels predicted for the frequency range 315 Hz–5 kHz stay within about 

0.7 dB for all the analysed pass-by velocities. The proposed formulation constitutes 

then a consistent tool for traffic noise extrapolation. 

8.2.1. Publications of this thesis 

Tables 8.1 and 8.2 summarize the papers published, as a result of this thesis, in both peer-

reviewed journals and conferences. 

Table 8.1. Papers published in peer-reviewed journals 

Title Authors Reference 

Measurement of the contribution of each 

individual vehicle to the road traffic noise 

Ibarra, D., Cobo, P., 

Bravo, T. 

J. Acoust. Soc. Am., 

2010, 128: 2420 

Relating the noise radiated by road 

vehicles with the driving behavior 

Ibarra, D., Cobo, P., 

Calvo, J.A., San Román, 

J.L. 

Noise Con. Eng. J., 

2012, 60: 171-183 

Point source equalised by inverse filtering 

for measuring ground impedance 

Cobo, P., Ortiz, S., Ibarra, 

D., de la Colina, C. 

Appl. Acoust., 

2013, 74:561-565 

Far-field extrapolation of Maximum Noise Ibarra, D., Bravo, T., Under review in 
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Levels produced by individual vehicles Cobo, P. Appl. Acoust., 2013 

Relationship between the noise radiated 

by a vehicle to the near and far fields 

Ibarra, D., Cobo, P., 

Anfosso-Lédée, F. 

Sent to Noise Cont. 

Eng. J., 2013 

Influence of the Start/Stop system on 

noise emission of a diesel vehicle in urban 

traffic 

Ibarra, D., Cobo, P., 

Calvo, J.A., San Román, 

J.L. 

Sent to 

Transportation 

research part D, 

2013  

 

Table 8.2. Papers published in conferences 

Title Authors Conference 

Noise reduction of the engine hood of a 

vehicle 

Ibarra, D., Cobo, P., de la 

Colina, C., Calvo, J.A., San 

Román, J.L. 

EAEC 2011, 

Valencia (Spain) 

Maximum Noise Levels produced by light 

vehicles in relation with the radiated 

sound field 

Bravo, T., Ibarra, D., Cobo, 

P. 

Internoise 2011, 

Osaka (Japon) 

Characterization of the noise emissions of 

a passenger vehicle 

San Román, J.L., Díaz, V., 

Cobo, P., Alvarez-Caldas, C., 

Calvo, J.A., García-Pozuelo 

Ramos, D., Gauchia, A., 

Ibarra, D., Olmeda, E., 

Quesada, A. 

IMECE-ASME 

2011, Denver 

(USA) 

Relación del ruido radiado al campo 

cercano por vehículos ligeros con el tipo 

de conducción 

Ibarra, D., Cobo, P., Calvo, 

J.A., San Roman, J.L. 

18th CIMA 2011, 

Cholula (México) 

Extrapolation of Maximum Noise Levels 

from near field measurements to far-field 

positions 

Bravo, T., Ibarra, D., Cobo, 

P. 

Internoise 2012, 

New York (USA) 

GUI para la extrapolación de los niveles de 

ruido de campo próximo de un vehículo al 

Ibarra, D., Bravo, T., Cobo, 

P. 

FIA 2012, Evora 

(Portugal) 
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campo lejano 

Far field extrapolation of the noise 

radiated by vehicles to the near field 

Cobo, P., Ibarra, D., Bravo, 

T., Calvo, J.A., Alvarez, C., 

Quesada, A., San Roman, 

J.L. 

NVH-SAE 2012, 

Florianopolis 

(Brasil) 

 

8.3. Future work 

We have shown here a preliminary relationship between the driving behaviour and the noise 

radiated by a vehicle to the near field. This relationship has been based on a limited sample 

of drivers (5 or 6) with vehicles of segments B and C. In the future, this relationship should 

be extended to more vehicles and drivers. Concerning the vehicles, this study needs to be 

expanded to include: 

• Two-wheeled vehicles, which are known to be responsible of a large amount of noise 

annoyance in urban traffic conditions. 

• Heavy vehicles, which radiate high levels of road traffic noise, mainly arising on the 

engine. 

 Regarding the drivers, the current study has been based on the comparison of the noise 

radiated by a driver which behaves harshly with the average of other 4-5 drivers behaving 

normally, which have been considered the “mean traffic stream”. Perhaps, a comparison 

should also be done with drivers performing a purposely echo-driving, e.g. drivers using low 

engine speed and moderate acceleration. Also, to increase the statistical significance of our 

preliminary results, a larger sample of drivers should be regarded. 

We plan also to improve the comparison between predicted and measured noise levels at 

the far field in the low frequency range. Although a good concordance between measured 

and extrapolated noise levels has been obtained above 300 Hz, a comparison below this 

frequency has not been possible since that aerodynamical noise has contaminated the 

measured rolling noise. We expect that the measurement of rolling noise at frequencies 

below 300 Hz should improve with the use of surface microphones. 
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APPENDICES 

A. IMPROVEMENTS OF THE SHURE 

MICROPHONES 

 

Two improvements were made to the Shure microphones: 

• Improvement of the dynamic range 

• Calibration accessory 

 

A.1. Improvement of the dynamic range 

The increase of the dynamic range (DR) was achieved by changing the electronics of the line 

preamplifier (see Figure A.1), reducing its sensitivity to 10 mV/Pa. And the dynamic rage 

theoretically was increased from 96 dB to 100 dB. There some tests were made to check this 

improvement, with a band pass noise filtered at 1 kHz, with a sound pressure level of 129 

dB. 

 

Figure A.1. Line preamplifier for Shure Microphone 

 

In Figure A.2, in the temporal evolution, we can see that there is a slight clipping in the signal 

with a level of 129 dB. Due to this distortion, in Figure A.3 are seen the corresponding 

harmonics at 2 and 3 kHz. This result gives us an idea that the microphone supports over 130 
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dB, but 125 dB before reaching the distortion, this means that we can increase the dynamic 

range about 105 dB instead of 100 dB, and because its equivalent output noise is 20 dB. 

 

Figure A.2. Temporal evolution of Shure MX183 microphone in the first 15 ms 

 

 

Figure A.3. Sound pressure level of the band pass noise filtered at 1 kHz 

 A.2. Calibration accessory 

The diameter of the Shure MX183 microphone is slightly lesser than half an inch. Therefore, 

to use the B&K 4231 calibrator has been necessary to create a cylindrical piece, as shown in 

Figure A.4, which would allow us to fit the Shure microphone in the hole of calibrator. 

0 2m 4m 6m 8m 10m 12m 14m

[s]

-60

-20

20

60

100
[]

31.5 63 125 250 500 1k 2k 4k 8k 16k

[Hz]

70

80

90

100

110

120
130
[dB/20u ]



APPENDICES 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

145 

 

        

 

Figure A.4. Calibration accessory for the B&K 4231 calibrator 
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B. RESULTS OF THE PRELIMINARY 

MEASUREMENTS OF THE NEAR FIELD 

VEHICLE NOISE 

The results presented here are the complementary of the Chapter 3.6, with a light vehicle 

running at two remaining conditions: 

• Acceleration at full load and 1st gear and change to neutral to measure just the rolling 

noise. 

• With the vehicle stopped, acceleration up and down to measure just the engine 

noise.  

Figures B.1 and B.2 show the waveforms and spectra of a 20 ms sequence of the second test 

for the engine and rolling microphones, respectively. In this case there is not a prominent 

peaks in the engine noise spectrum, due to a neutral gear is engaged. Moreover, the rolling 

noise extends to about 1 kHz, from where it falls with a slope of roughly 40 dB/decade. 

Figure B.3 shows the cross spectrum of the engine and rolling signals. In this second test the 

vehicle is circulating in neutral gear, shows clearly that in this case there is not a periodic 

noise from the engine. 

Figure B.4 shows the spectrogram of the sequence of the second test that includes 

acceleration in 1st engaged gear and change to neutral gear. In the case of the engine noise, 

clearly is showed the increase of the fundamental frequency when is accelerated, and the 

subsequent decrement when the neutral gear is positioned. It is also noted that the rolling 

noise has a greater bandwidth. 
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Figure B.1. Waveform (top), FFT spectrum (centre) and 1/3 octave spectrum (below) for a 20 

ms sample of the engine microphone in the second test 
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Figure B.2. Waveform (top), FFT spectrum (centre) and 1/3 octave spectrum (below) for a 20 

ms sample of the rolling microphone in the second test 
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Figure B.3. Cross spectrum between the engine and rolling signals for a 20 ms sequence of 

the second test 

 

 
Figure B.4. Spectrogram of the engine (above) and rolling (below) signals for a 30 s sequence 

of the second test 
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Figures B.5 and B.6 show the waveforms and spectra of a 20 ms sequence of the third test 

for the engine and rolling microphones, respectively. As can be seen, the spectrum of the 

rolling microphone is very similar to the engine microphone, exist a difference of about 20-

25 dB, which is possibly due to the attenuation path between the microphones and the 

source. 

Figure B.7 shows the cross spectrum of the engine and rolling signals. In this third test, there 

is a clear peak at the frequency of 150 Hz, which coincides with the peak of the spectrum of 

each of the microphones. 

Figure B.8 shows the spectrogram of the sequence of the second test that includes 

acceleration in neutral gear. This time sequence includes a double acceleration and 

deceleration. The variation of the frequency with the time is apparent in both spectrograms. 
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Figure B.5. Waveform (top), FFT spectrum (centre) and 1/3 octave spectrum (below) for a 20 

ms sample of the engine microphone in the third test 
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Figure B.6. Waveform (top), FFT spectrum (centre) and 1/3 octave spectrum (below) for a 20 

ms sample of the rolling microphone in the third test 
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Figure B.7. Cross spectrum between the engine and rolling signals for a 20 ms sequence of 

the third test 

 

 
Figure B.8 Spectrogram of the engine (above) and rolling (below) signals for a 30 s sequence 

of the third test  
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C. RELATION BETWEEN RADIATED NOISE 

AND DRIVING BEHAVIOUR FOR 

VEHICLES OF SEGMENT C  

We proceeded to the position of the two calibrated microphones, one to register the engine 

noise and the other for the rolling noise. Figures C.1 and C.2 show the position of the 

microphones for engine and rolling noise, respectively for the case of vehicles of segment C. 

After the calibration and the position of the microphones, the system operation was verified. 

Once described the proposed suburban and urban circuits and the correct operation of the 

equipment, the tests are made along to the circuits with 6 different drivers, with the 6th 

driver behaving in an aggressive and sporty way. 

For each of these tests, we recorded the signals from each microphone through the 

template of the PULSE system, and we processed them to obtain the following 

representations: 

• The time evolution of the equivalent level of 1 s (Leq, 1s) each of the microphones and 

for each of the 6 drivers, along the urban and suburban circuits, see Figures C.3-C.6. 

• The overall equivalent levels, Leq, of suburban and urban circuits, of engine and 

rolling noises for each of the drivers (Table C.1). 

• The level histograms along the circuits, Figures C.7-C.8, e.g. the time percentage that 

the equivalent level is in each level band. 
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Figure C.1. Position of the engine microphone closet to the air intake system 

 

      

Figure C.2. Position of the rolling microphone closet to the rear wheel for the rolling noise 

measurement 
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Figure C.3. Time evolution of the engine noise Leq,1s for the six drivers of the gasoline vehicle 

along the suburban course 
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Figure C.4. Time evolution of the rolling noise Leq,1s for the six drivers of the gasoline vehicle 

along the suburban course 

Figures C.3-C.4 show the time evolution of Leq, 1s of the engine and rolling noises of the Astra 

gasoline vehicle along the suburban course. As can be seen the circuit contains a traffic light 

at the middle of the trip, changing the direction due to the roundabout, reducing the Leq, 1s 

approximately in the centre of the graphics. 

Figures C.5-C.6 show the time evolution of Leq, 1s of the engine and rolling noises of Astra 

gasoline vehicle along the urban course. As shown this circuit contains many traffic lights, 

shifting gear very frequently, being approximately one third of the total time in neutral gear. 

As we can see in both circuits, the level of the driver 6 in red colour is significantly higher 

than the other 5 drivers. 
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Figure C.5. Time evolution of the engine noise Leq,1s for the six drivers of the gasoline vehicle 

along the urban course 
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Figure C.6. Time evolution of the rolling noise Leq,1s for the six drivers of the gasoline vehicle 

along the urban course 

Figures C.7 and C.8 show the histograms levels of the temporal evolution of the driver 6, 

compared with the average of the other five drivers 1-5, for the engine and rolling noises of 

the Astra gasoline vehicle along the suburban and urban courses. The six drivers have 

different times with the stopped engine, depending if they found a green or red traffic light. 

This part was removed from the respective histograms. 

In both courses, the histogram of driver 6 is displaced to higher levels and this displacement 

is more significant in the case of the engine noise, for the rolling noise this displacement is 

less evident. 

0000 200200200200 400400400400 600600600600 800800800800 1000100010001000 1200120012001200 1400140014001400

80808080

100100100100

 

 

 

0000 200200200200 400400400400 600600600600 800800800800 1000100010001000 1200120012001200

80808080

100100100100

 

 

 

0000 200200200200 400400400400 600600600600 800800800800 1000100010001000 1200120012001200 1400140014001400

80808080

100100100100

 

 

 

0000 200200200200 400400400400 600600600600 800800800800 1000100010001000 1200120012001200 1400140014001400

80808080

100100100100

 

LL LL
ee ee

qq qq
,, ,,
11 11

ss ss
 (

d
B

)
 (

d
B

)
 (

d
B

)
 (

d
B

)

 

 

0000 200200200200 400400400400 600600600600 800800800800 1000100010001000 1200120012001200 1400140014001400

80808080

100100100100

 

 

 

0000 200200200200 400400400400 600600600600 800800800800 1000100010001000 1200120012001200

80808080

100100100100

Time (s)Time (s)Time (s)Time (s)

 

 

Driver 1Driver 1Driver 1Driver 1

Driver 2Driver 2Driver 2Driver 2

Driver 3Driver 3Driver 3Driver 3

Driver 4Driver 4Driver 4Driver 4

Driver 5Driver 5Driver 5Driver 5

Driver 6Driver 6Driver 6Driver 6



APPENDICES 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

160 

 

 

 

Figure C.7. Histograms of the averaged drivers 1-5 (blue) and driver 6 (cyan) for engine noise 

(above) and rolling noise (below) Leq,1s along the suburban course 
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Figure C.8. Histograms of the averaged drivers 1-5 (blue) and driver 6 (cyan) for engine noise 

(above) and rolling noise (below) Leq,1s along the urban course 

 

Table C.1 summarizes the overall Leq for the engine and rolling noises, for each driver, along 

the urban and suburban courses. Again, the Leq of the driver 6 is compared with the Leq 

corresponding of the other 5 drivers 1-5. The driver 6 behaves in average 7-8 dB louder in 

case of the engine noise in both circuits, and 1.5 dB louder in the case of rolling noise, 

because this noise is more related with the vehicle speed in each course. 
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Table C.1. Equivalent engine and rolling noise levels (dB) of the suburban and urban courses, 

for the engine and rolling noises and for all drivers 

 

 

Figures C.9-C.10 show the time evolution of Leq, 1s of the engine and rolling noises of the Golf 

diesel vehicle along the suburban course. As can be seen the circuit contains a traffic light at 

the middle of the trip, changing the direction due to the roundabout, reducing the Leq, 1s 

approximately in the centre of the graphics. 

Figures C.11-C.12 show the time evolution of Leq, 1s of the engine and rolling noises of Golf 

diesel vehicle along the urban course. As shown this circuit contains many traffic lights, 

shifting gear very frequently, being approximately one third of the total time in neutral gear. 

As we can see in both circuits, the level of the driver 6 in red colour is significantly higher 

than the other 5 drivers. 

 

 

Driver 
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2 105.3 110.4 100.2 101.2 

3 100.3 105.7 97.8 99.7 

4 103.0 108.8 98.3 98.2 

5 103.0 108.2 99.7 99.8 

6 111.6 110.1 106.0 101.6 
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Figure C.9. Time evolution of the engine noise Leq,1s for the six drivers of the diesel vehicle 

along the suburban course 
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Figure C.10. Time evolution of the rolling noise Leq,1s for the six drivers of the diesel vehicle 

along the suburban course 
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Figure C.11. Time evolution of the engine noise Leq,1s for the six drivers of the diesel vehicle 

along the urban course 
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Figure C.12. Time evolution of the rolling noise Leq,1s for the six drivers of the diesel vehicle 

along the urban course 

 

Figures C.13-C.14 show the histograms levels of the temporal evolution of the driver 6, 

compared with the average of the other five drivers 1-5, for the engine and rolling noises of 

the Golf diesel vehicle along the suburban and urban courses. The six drivers have different 

times with the stopped engine, depending if they found a green or red traffic light. This part 

was removed from the respective histograms. In both courses, the histogram of driver 6 is 

displaced to higher levels and this displacement is more significant in the case of the engine 

noise, for the rolling noise this displacement is less evident. 
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Figure C.13. Level Histograms of the averaged drivers 1-5 (blue) and driver 6 (cyan) for 

engine noise (above) and rolling noise (below) Leq,1s along the suburban course 
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Figure C.14.Level Histograms of the averaged drivers 1-5 (blue) and driver 6 (cyan) for engine 

noise (above) and rolling noise (below) Leq,1s along the urban course 

 

Table C.2 summarizes the overall Leq for the engine and rolling noises, for each driver, along 

the urban and suburban courses. Again, the Leq of the driver 6 is compared with the Leq 

corresponding of the other 5 drivers 1-5. The driver 6 behaves in average 1-2 dB louder in 

case of the engine noise in both circuits, and 3 dB louder in the case of rolling noise, because 

this noise is more related with the vehicle speed in each course. 
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Table C.2. Equivalent engine and rolling noise levels (dB) of the suburban and urban courses, 

for the engine and rolling noises and for all drivers 

 

 

In Tables C.1-C.2 we have the summary of the overall equivalent levels Leq of the suburban 

and urban circuits for each driver and for engine and rolling noises, respectively. From these 

results we can deduce that, depending on the vehicle type and the made course, in average, 

a vehicle radiates 2-7 dB in the case of the engine noise, and 1-3 dB for the case of the rolling 

noise, when  is driving in a noisy style. 

From the analysis of these signals we have confirmed that both the overall noise levels as 

the histograms are used to differentiate the driving style, more or less noisy, each of the 

drivers. And especially, is useful to identify significantly noisy drivers, which is one of the 

objectives of this thesis. This would allow taking preventive measures, because, according to 

Rylander [2006], reducing the maximum levels, we can reduce the annoyance of the 

population and create a sustainable acoustical environment. 

  

 

Driver 

Golf Diesel 

Suburban Urban 

E (dB) R (dB) E (dB) R (dB) 

1 106.6 〈
Jú〉�U� 

 

 

107.7 

107.7 〈
Jú〉�U� 

 

 

108.3 

106.0 〈
Jú〉�U� 

 

 

106.4 

101.3 〈
Jú〉�U� 

 

 

99.7 

2 106.0 110.1 105.6 99.8 

3 108.6 107.0 107.7 99.2 

4 107.8 108.2 106.7 99.0 

5 106.6 108.0 105.7 99.2 

6 110.3 109.9 107.1 103.8 
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D. ANALYSIS OF THE DRIVER INFLUENCE 

IN THE NOISE RADIATED BY LIGHT 

VEHICLES 

 

This Appendix summarizes the experimental results of noise measurements, of engine and 

rolling, radiated in the near field by five light vehicles of segment B, C and D, circulating in 

suburban and urban courses, both typical of Madrid. These vehicles have been driven by five 

different drivers, four of them in a typical driving, and the fifth in an aggressive and sporty 

style. For each of the test, we capture the signals from each microphone through the 

template of PULSE system, and processed to display the following representations: 

• The global time used for urban and suburban courses, for each driver and for each 

vehicle, Figure D.1. 

• Overall equivalent levels, Leq, of suburban and urban circuits, of engine and rolling 

noises, for each of drivers, averaged for each of the vehicles, Figures D.2 and D.3. 

• Overall equivalent levels, Leq, of suburban and urban circuits, of engine and rolling 

noises for each of the vehicles (Tables D.1-D.5). 

• The level histograms along urban and suburban circuits, averaged for each of the 

drivers, Figures D.4 and D.5, i.e. the percentage of time that the equivalent level is in 

each of the level bands. 

Figure D.1 shows that the average time of the suburban course is between 7 and 9 min. 

Drivers 3 and 4 are employing more time doing this circuit. We can see that driver 5, who 

drives with an aggressive and sporty style, is capable to reduce 1.4 min (17.5%) in the 

trajectory of the circuit, compared with the average of the other four drivers. It can be 

appreciated that the achieved time by driver 4 with the diesel vehicle in the suburban circuit 

is higher, because he probably encountered all the traffic lights in red colour. Moreover, the 

gasoline engine vehicles achieved in average less time. 
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The average time of the urban circuit was between 20 and 25 min. In this time, drivers 2 and 

3 take a longer time doing the trajectory of the circuit. In this circuit, driver 5 reduced his 

time by 2.2 min (9.5%) compared with the average of the other 4 drivers. 

 

 

Figure D.1. Time used for suburban (top) and urban (bottom) circuits, for each driver and for 

each vehicle 

Figure D.2 shows the overall equivalent levels, Leq, of both circuits for the case of the engine 

noise and for each of the drivers. In the case of the suburban circuit, the average level of the 

first 4 drivers is about 7 dB below of the average level of the driver 5. Drivers 2 and 3 have a 

lower level. In the case of the urban circuit the average level of the first 4 drivers, is only 3.6 

dB below of the average level of the driver 5. Another important thing is that the diesel 

vehicles in a suburban ambience behave on average, 4 dB noisier than the gasoline vehicles, 

and 7 dB noisier for the case of the urban course. 
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Figure D.2. Overall equivalent levels, Leq, of suburban (top) and urban (bottom) circuits, of the 

engine noise for each of the drivers and for each of the vehicles 

 

In Figure D.3 can be seen the overall equivalent level, Leq, of both circuits for the case of the 

rolling noise and for each of the drivers. For both circuits, the average level of the first 4 

drivers is 2-3 dB less than the average level of the driver 5. It can also be noted that the 

drivers 2 and 3 have a lower level. 

Tables D1-D5 summarize the engine and rolling noise levels for the urban and suburban 

circuits and for different tested vehicles. It also added the average of the first 4 drivers (in 

red colour), to make it easier the differences with respect to driver 5. 
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Figure D.3. Overall equivalent levels, Leq, of suburban (top) and urban (bottom) circuits, of the 

rolling noise for each of the drivers and for each of the vehicles 

 

Table D.1. Overall Leq, of Ibiza gasoline vehicle of the suburban and urban circuits for the 

engine (E) and rolling (R) noises and for each of the drivers 

 

Driver 

Ibiza gasoline vehicle 

Suburban Urban 

E (dB) R (dB) E (dB) R (dB) 

1 106.7 111.3 99.8 99.9 

2 102.0 108.3 95.5 96.6 

3 102.9 104.5 101.8 101.0 

4 107.3 104.3 99.8 95.6 

<Leq>1-4 105.3 108.1 99.8 98.8 

5 114.2 110.9 106.2 98.0 
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Table D.2. Overall Leq, of Ibiza diesel vehicle of the suburban and urban circuits for the engine 

(E) and rolling (R) noises and for each of the drivers 

 

Driver 

Ibiza diesel vehicle  

Suburban Urban 

E (dB) R (dB) E (dB) R (dB) 

1 108.3 110.7 107.6 97.5 

2 109.0 108.3 106.9 99.3 

3 106.5 106.5 107.0 100.2 

4 109.2 109.8 107.8 98.4 

<Leq>1-4 108.4 109.1 107.4 99.0 

5 116.6 113.1 111.7 103.4 

 

 

Table D.3. Overall Leq, of Audi diesel vehicle of the suburban and urban circuits for the engine 

(E) and rolling (R) noises and for each of the drivers 

 

Driver 

Audi diesel vehicle 

Suburban Urban 

E (dB) R (dB) E (dB) R (dB) 

1 108.8 110.3 107.3 108.0 

2 107.6 103.6 106.2 99.0 

3 107.0 105.6 106.5 99.8 

4 107.0 110.4 106.1 103.7 

<Leq>1-4 107.7 108.4 106.6 104.2 

5 112.5 112.0 109.3 103.2 
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Table D.4. Overall Leq, of Astra gasiline vehicle of the suburban and urban circuits for the 

engine (E) and rolling (R) noises and for each of the drivers 

 

Driver 

Astra gasoline vehicle 

Suburban Urban 

E (dB) R (dB) E (dB) R (dB) 

1 105.3 110.5 100.2 101.3 

2 100.3 105.8 97.8 99.7 

3 103.0 108.9 98.3 98.2 

4 103.1 108.3 99.8 99.8 

<Leq>1-4 100.3 108.7 99.1 99.9 

5 111.6 110.1 106.1 101.7 

 

Table D.5. Overall Leq, of Golf diesel vehicle of the suburban and urban circuits for the engine 

(E) and rolling (R) noises and for each of the drivers 

 

Driver 

Golf diesel vehicle 

Suburban Urban 

E (dB) R (dB) E (dB) R (dB) 

1 106.1 110.1 105.7 99.8 

2 108.7 107.1 107.7 99.2 

3 107.8 108.3 106.7 99.1 

4 106.6 108.1 105.8 99.3 

<Leq>1-4 107.4 108.5 106.6 99.4 

5 110.4 109.9 107.1 103.9 

 

Figures D.4 and D.5 show the level histograms of the average temporal evolution of each of 

the 5 drivers with the 5 vehicles for the engine and rolling noises, along the urban and 

suburban circuits.  

In both courses, the histogram of driver 5 is displaced to higher levels and this displacement 

is more significant in the case of the engine noise.  
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Figure D.4. Level histograms of the engine noise (top) and rolling noise (below), Leq, 1s, of each 

of the drivers, averaged with all vehicles along the suburban circuit 
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Figure D.5. Level histograms of the engine noise (top) and rolling noise (below), Leq, 1s, of each 

of the drivers, averaged with all vehicles along the urban circuit 

 

In Table D.6 we have the summary of the averaged overall equivalent levels Leq, for the 

urban and suburban circuits, for each driver and for engine and rolling noises, respectively. 

From these data we can deduce that, depending of the vehicle and course types, in average, 

a vehicle generates 3-7 dB more in the case of engine noise, and 1-3 dB more for the case 

rolling noise, when is driving in a "noisy" style. And with this driving style, in average the 

driver 5 reduces the time by 17.5 % in a suburban course, and by 9.5 % in an urban course. 

In Table D.7 we observe the overall Leq, and averaged times of the suburban and urban 

circuits for engine and rolling noise for each of the timetable. We found that, although the 

90909090 95959595 100100100100 105105105105 110110110110 115115115115 120120120120 125125125125
0000

2222

4444

6666

8888

10101010

12121212

14141414

 

85858585 90909090 95959595 100100100100 105105105105 110110110110 115115115115 120120120120
0000

2222

4444

6666

8888

10101010

12121212

LLLL
eeee qqqq

 (dB) (dB) (dB) (dB)

T
im

e
 (

%
)

T
im

e
 (

%
)

T
im

e
 (

%
)

T
im

e
 (

%
)

 

 

Driver 1Driver 1Driver 1Driver 1

Driver 2Driver 2Driver 2Driver 2

Driver 3Driver 3Driver 3Driver 3

Driver 4Driver 4Driver 4Driver 4

Driver 5Driver 5Driver 5Driver 5



APPENDICES 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

178 

 

routes were not in the traffic time, in the morning we found a little more traffic than in the 

case of afternoon, in average the difference was just one minute. In the case of engine noise 

did not find a significant difference, as we know the microphone was under the engine hood. 

And in case of the rolling noise we found a small increase of 1-3 dB when is driving with 

more traffic, because the microphone position is near the wheel and also recorded the noise 

from other vehicles. 

Table D.6. Averaged times (T) and Leq, for suburban and urban circuits, for the engine (E) and 

rolling (R) noise and for each of the drivers 

 

Driver 

           <Leq>1-5 Vehicle             <Leq>1-5 Vehicle   <Leq>1-5 Vehicle  

        Suburban  Urban Total Total 

T (min) E (dB) R (dB) T (min) E (dB) R (dB) E (dB) R (dB) 

1 7.7 107.2 110.6 20.9 105.3 103.1 106.4 108.3 

2 8.9 106.8 106.9 23.2 105.0 98.9 106.0 104.6 

3 9.1 105.9 107.1 24.9 105.1 99.8 105.5 104.8 

4 9.3 107.0 108.6 22.4 105.0 100.2 106.1 106.2 

<Leq>1-4 8.8 106.8 108.6 22.9 105.1 100.8 106.0 106.2 

5 7.4 113.6 111.4 20.7 108.7 102.5 111.8 108.9 

 

Table D.7. Overall Leq and total averaged times of the suburban and urban circuits, for the 

engine and rolling noise and for each of the schedules 

Schedule Suburban Urban 

Time 

(min) 

Leq (dB) Time 

(min) 

Leq (dB) 

E R E R 

Morning 8.5 106.7 109.0 22.7 105.0 101.4 

Afternoon 9.5 106.9 107.4 23.3 105.3 98.2 

 

Table D.8 summarizes the average of the overall Leq, of the suburban and urban circuits for 

the noises of gasoline and diesel engines. From these results we conclude that, in average, a 
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vehicle with diesel engine generates 4 dB more than a vehicle with gasoline engine, for the 

case of a suburban course, and almost 7 dB more for the case of an urban course.  

Table D.8. Overall Leq, of the suburban and urban circuits for the noises of gasoline and diesel 

engines 

Engine noise Suburban Urban 

Leq (dB) Leq (dB) 

Gasoline 103.5 99.5 

Diesel 107.9 106.9 

 

Table D.9 presents the averaged overall level, Leq, of the suburban and urban circuits, for the 

engine and rolling noise, when the drives are separated by gender. We note that for the 

engine noise there is any significant difference between genders, in contrast to rolling noise, 

when the difference is 2-3 dB higher for the case of male drivers. The increase in the rolling 

noise is mainly affected by the vehicle speed, since a decrease of 5-10 km/h involves a 

reduction of 2-4 dB in the rolling noise [Sandberg and Ejsmont, 2002]. 

 

Table D.9. Averaged overall level, Leq, of the suburban and urban circuits, for the engine and 

rolling noise, and for separate driver gender 

 

Gender 

Suburban Urban 

Leq (dB) Leq (dB) 

E R E R 

Male 107.1 109.7 105.2 101.9 

Female 106.4 107.0 105.1 99.4 

 

Therefore, the measurement system allowed a more accurate approximation to the traffic 

noise studies, in more realistic conditions, including the introduction of effects such as 

vehicle and engine type, vehicle age, state of pavement and mainly the influence of the 

driver. 
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E. THE BOUNDARY LOSS FUNCTION 

 

We have seen in Chapter 5 that the sound pressure generated by a point source and 

received in a receiver, both above a surface, is 

^._, a, b/ � Jcd)e�fgh� # kMN # ½1 � MN¿m.n/l Jcd)ejfghj  ,    (E.1) 

where 

i � MN.]/ # k1 � MN.]/lm.n/,     (E.2) 

is the spherical wave reflection coefficient on the ground. The contribution of the second 

term of Eq. (E.2) in Q to the total field in the receiver takes into account that the wave fronts 

are spherical, rather than plane. This contribution is also called ground wave, w is a complex 

variable called numerical distance, defined as [Attenborough, 2002] 

n � �Vw% xYM%.y # v�Z]/,      (E.3) 

β is the normalized admittance of the ground, F(w) is the boundary loss factor on the 

ground, whose expression is 

m.n/ � 1 # o√qn	rUsjrtuv.�on/,    (E.4) 

erfc is the complementary error function. Note that w depends on the frequency through Y � 2qu/v�. 

If both the source and receiver were on the ground, then 

^._, a, b/ � 2	m.n/ Jcd)efgh  ,      (E.5) 

where R is the transmitter-receiver distance. Eq. (E.5) allows the interpretation of F(w) as a 

boundary loss factor on the ground. The F(w) function defined in Eq. (E.4) is closely related 

to other functions used in plasma dispersion studies. Specifically, the Faddeeva function 

defined as [Xie, 2010]. 
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                                   m{,.n/ � rUsjrtuv.�on/,      (E.6) 

and plasma dispersion function, defined by [Xie, 2010] 

|}m.n/ � o√qrUsjrtuv.�on/.     (E.7) 

Thus, we see that 

m.n/ � 1 # n	|}m.n/ � 1 # o√qn	m{,.n/.    (E.8) 

E.1 Methods to calculate the boundary loss function 

Different techniques have been proposed for the numerical calculation of the boundary loss 

function on the ground, F(w), the Faddeeva function, Fad(w) and PDF(w). Here we review 

some of them. 

E.1.1. Chessell method 

The boundary loss function on the ground, F(w), was defined by Chessell [1977] as 

m.n/ � 01 # o√qn	rUs � 2nrUs �1 # s�!� # sj%!� # s$�!� #⋯� ^{t{	|n| Ö 10� � �%s # �	∙�.%s/j # �∙�∙�.%s/$ #⋯� ^{t{	|n| × 10,    (E.9) 

where the variable w, in his formulation, is equals to w2 of the numerical distance function 

defined in Eq. (E.3). 

E.1.2. Pirinchieva method 

Most of the works on ground propagation of finite impedance use the Pirinchieva procedure 

[1991, 1993] for integrating the boundary loss function. Now, assuming w=x+jy, the 

Pirinchieva procedure to integrate Fad(w) is 

 

m{,.n/ � ö å._, a/ # o�._, a/ Z[	_ Þ 3.9	�	a Þ 3on � �.fá�����sjU�.����á��# �.�����%�ásjU�.��ff�%�# �.��%�����fsjU�.�%��f�� # �.n/ Z[	_ × 3.9	�	a × 3,   
(E.10) 
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where 

å._, a/ � �g.~jV�j/ # %�g ∑ J(Âj½~jV�jV�j¿.�jU~jV�j/jVf�j~j � ��g �.É/ # |%Û�ã� ,   (E.11) 

�._, a/ � ~g.~jV�j/ # %~g ∑ J(Âj½~jV�jU�j¿.�jU~jV�j/jVf�j~j # �~g �.É/ � i%Û�ã� ,   (E.12) 

|% � 2rU½~jV%�gU�j¿ �����U��Í���jVÍ�j �,     (E.13) 

i% � 2rU½~jV%�gU�j¿ ���Í�V������jVÍ�j �,     (E.14) 

�� � v�Z.2_a/,      (E.15) 

-� � Z[\.2_a/,      (E.16) 

G� � rU%g� � v�Z.2q_/,      (E.17) 

}� � Z[\.2q_/,      (E.18) 

 

and	�.n/ Þ 2	10Uá,  �.É/ Ö 10Uf, is achieved with three or four terms in Eqs. (E.11-E.12). 

E.1.3. Weideman method 

Weideman [1994] proposed a simple method for calculating the Faddeeva function. This 

method is based on the formula 

m{,.n/ � �√g.ëUws/ # %.ëUws/j # ∑ {�V���U��ã� ,    (E.19) 

with 


 � 2U�/f1�/%
� � ëVwsëUws ,      (E.20) 

and 

 {� � �%� ∑ .
% # �I%/rUHÁjrUw��Á�U�IãU�V� ,    (E.21) 

with n=1,2,..,N, M>>N, and 
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�I � Ig��I � 
	�{\ ��Á%  .      (E.22) 

Note that Eq. (E.22) describes a discrete Fourier sum, which can be calculated using an FFT, 

instead of using N separate sums. The described method can be implemented in MATLAB 

using 8 lines (Figure E.1). This method assumes that w is in the upper semi-plane. For values 

of w in the lower semi-plane must be used 

m{,.�n/ � 2rUsj � m{,.n/.     (E.23) 

In this case we have to take into account that the possible loss of precision due to 

cancellation effects, which occurs particularly near the Fad(w) zeros. The accuracy of the 

described method depends on N. According Weideman, for N=16 the accuracy reaches the 

sixth decimal digit, while for N=32, the accuracy extends to the twelfth decimal digit. 

 

Figure E.1. MATLAB program to calculate the Faddeeva function [After Wideman, 1994] 

E.1.4. Xie methods 

In a recent paper, Xie [2010] discusses different techniques to calculate the PDF(w) function. 

First, we can try an explicit integration of the integral. This can be done using the Matlab 

function, valid only for Im(w)> 0 

function out=Xie1(zeta) 
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syms x 

format long 

out=double(sqrt(1.0/pi)*int(exp(-x^2)/(x-zeta),-inf,inf)); 

 

The Xie1 function (1+0.1*j) yields 

-0.954563543114130 + 0.661426866417288i 

One way to calculate the PDF function, very popular among plasma physicists, was the 

continued fraction. The equation is 

|}m.n/ � s
UsjV�jV .(�/.�j/

(	jßñjß .(j/.$j/(	jßïjß (ÎÂß��Âß�ß(ÎÂßj…

 ,     (E.24) 

 

being 

{�V� � �.%�U�/% ,								\ � 1,2,…
��V� � �n% # �%V%� ,					\ � 1,2,…{� � �n .     (E.25) 

 

Eq. (E.24) converges in the whole plane except in the points of the real axis of w. In points 

near the real axis, the number of required terms is increased, and it is difficult to maintain 

accuracy. Thus, in points of the region |Im(w)|≤1 and 0≤Re(w)≤10, this method does not 

work, and it is preferable to use any other. In the region of validity, accuracy depends on the 

number of terms in the continued fraction. For example, the PDF(1+0.1*j) function 

calculated by this method provides 

 

-0.933741777135722 + 0.674209328325076i,  for N=100 
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-0.964276252648030 + 0.660158921452315i,      for N=150, and 

           NaN +               NaNi,     for N=200. 

 

Then this method provides a less approximate solution to calculation of the PDF. 

Another method that was used a lot in the 80's was the Padé approximants. A Matlab 

function based on this method is as follows: 

 

function out=Xie4(z,method) 

format long 

b=[ -1.734012457471826E-2-4.630639291680322E-2i; 

-1.734012457471826E-2+4.630639291680322E-2i; 

-7.399169923225014E-1+8.395179978099844E-1i; 

-7.399169923225014E-1-8.395179978099844E-1i; 

5.840628642184073+9.536009057643667E-1i; 

5.840628642184073-9.536009057643667E-1i; 

-5.583371525286853-1.120854319126599E1i; 

-5.583371525286853+1.120854319126599E1i]; 

c=[ 2.237687789201900-1.625940856173727i; 

-2.237687789201900-1.625940856173727i; 

1.465234126106004-1.789620129162444i; 

-1.465234126106004-1.789620129162444i; 

.8392539817232638-1.891995045765206i; 

-.8392539817232638-1.891995045765206i; 

.2739362226285564-1.941786875844713i; 
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-.2739362226285564-1.941786875844713i]; 

sqrtpi=1.772453850905516; 

zc=conj(z);x=real(z);y=imag(z); 

switch method 

case 1 % with correction for Im(z)<0 and Abs(Im(z))<1.0/Abs(Re(z)) 

    if(y>1.0/abs(x)) 

        sigma=0; 

    elseif(abs(y)<1.0/abs(x)) 

        sigma=1; 

    else 

        sigma=2; 

    end 

out=sum(b./(z-c))+sigma*1i*sqrtpi*exp(-z*z); 

case 2 % using Z(x-iy)=[Z(x+iy)]©~+2 i sqrt(¦Ð) exp(-(x-iy)^2), y>0 

    if(y<0) % with correction for Im(z)<0 

        % out=conj(sum(b./(zc-c)))+2.0i*sqrtpi*exp(-z*z); % seems 

better? 

        out=sum(b./(z-c))+2.0i*sqrtpi*exp(-z*z); 

    else 

        out=sum(b./(z-c)); 

    end 

otherwise % directly, without correction for Im(z)<0 

out=sum(b./(z-c)); 

end 
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Table E.1 shows how this method calculates the value of the plasma dispersion function for 

two values of the complex variable, with positive and negative imaginary parts. 

Table E.1. PDF of some values of the complex variable, by the Padé approximants method 

 

w 

Method 

0 (without correction 

by Im(w)<0) 

1 (with correction by 

Im(w)<0) 

2 (with correction by 

Im(w)<0 and 

|Im(w)|<1/|Re(w)|) 

9.8+10.0*j -0.049856227230207 + 

0.051133797504614i 

-0.049856227230207 + 

0.051133797504614i 

-0.049856227230207 + 

0.051133797504614i 

9.8-10.0*j -0.049856225480352 - 

0.051133795382389i 

-174.7614631080070 

+63.63268853831691i 

-174.7614631080070 

+63.63268853831691i 

 

As can be seen, the version that works well is one that includes the correction. Xie [2010] 

also compares this solution by Padé approximants (with corrections) with which provides the 

Weideman method, providing both very approximate values. He concludes, therefore, that 

both methods are best for the calculation of the PDF and Faddeeva functions. 

E.2. Comparison of methods 

Then, we compare the Weideman, Pirinchievaand and Xie methods, using the same 

expression for the complex variable w. 

Figure E.2 shows |F(w)| as a function of |w|, for different values of phase angle of w (in 

degrees) calculated by Stinson [1995]. Note that the modulus of the boundary loss function 

tends to 1 when w module tends to zero, regardless of the phase angle. When |w| 

increases, however, the function value depends significantly on the phase angle value. In 

fact, when 

� �gf Þ arg.n/ Þ � gf,     (E.26) 

the curves do not approach to zero, but grow rapidly with |w|. 



APPENDICES 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

188 

 

 

Figure E.2. |F(w)| as a function of |w|, for different phase angle values of w in degrees [After 

Stinson, 1995] 

 

This asymptotic behaviour in the lower semi-plane of w is incorrect. To avoid this, make sure 

that (Figure E.3) 

� gf Þ arg.n/ Þ �gf .       (E.27) 

This condition is satisfied if we choose the positive root of KR2 in Eq. (E.3) [Stinson, 1995]. 

To compare the three methods, we will use Matlab functions of Pirinchieva (which calculates 

F(w)), faddeeva (which calculates Fad(w)) and pdf (which calculates PDF(w)). For this, it is 

necessary to define a geometry and a ground admittance, to calculate the function w of Eq. 

(E.3). 

Let us consider a geometry with hs=0.3 m, hr=1.2 m and R=7.5 m. The ground of local 

reaction is characterized by a Delany&Bazley impedance type with σ = 100 kN s/m4. Figure 

E.4 shows the real and imaginary parts of the characteristic normalized admittance of the 

ground. Figure E.5 shows the numerical distance w for this geometry and for this ground). 
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Note that the w phase is maintained throughout the frequency range within the permitted 

values by the Eq. (E.26). 

 

 

Figure E.3. w complex plane showing the range of valid arguments for the boundary loss 

function F(w) [modified from Stinson, 1995] 

 

Figure E.4. Normalized admittance of the ground characterized by a Delany&Bazley 

impedance with σ = 100 kN s/m
4
 



APPENDICES 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

190 

 

 

Figure E.5. Numerical distance for the admittance of Figure E.4 and hs=0.3 m, and hr=1.2 m 

and R=7.5 m 

Figure E.6 shows the modulus and phase of the boundary loss function calculated according 

to the three methods mentioned before: 

• F1(w)=Pirinchieva(w) 

• F2(w)=1+jsqrt(π).*w.*faddeeva(w) 

• F3(w)=1+w.*pdf(w) 

As can be seen, the three methods provide essentially the same result, for the resolution of 

the Figure E.6. 

The boundary loss function, F(w), plays an important role to calculate the spherical wave 

reflection coefficient in the outdoor sound propagation. Since w, the numerical distance, is a 

complex variable, we must take some precautions so that the F(w) function remains 

continuous and limited when w increases. As a practical rule, according to Stinson [1995], 

keeping the phase angle of w between - π/4 and 3π/4, is equivalent to taking the positive 

value of the square root of KR2. 
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Figure E.6. Boundary loss function of the numerical distance represented in Figure E.5, 

calculated by the three methods 
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F. GUI FOR THE EXTRAPOLATION OF NEAR 

FIELD NOISES GENERATED BY A 

VEHICLE TO THE FAR FIELD 

A MATLAB Graphical User Interface (GUI) has been designed to calculate the propagation 

filter of noise levels measured in the near field of a vehicle to the far field position. Its 

implementation allows selecting the parameters of the position of the source and receiver, 

and the atmospheric conditions. Impedance models are considered with different surfaces 

configurations (homogeneous layered or discontinuous layered), either with local or 

extended reaction. The user interface allows plotting the normalized impedance, 

characteristic impedance, the reflection coefficients of plane or spherical waves, the 

geometrical divergence attenuation by a constant term, that depends on the separation 

between source and receiver and the attenuation by absorption of air, which depends on 

the frequency and the atmospheric variables (temperature, pressure and humidity). At long 

distances, this effect can be quantitatively important. And the attenuation by absorption of 

ground contains essentially the direct interference with the reflected noise into the soil, 

which may be constructive (reinforcement) or destructive (attenuation). 

The graphical user interface (Figure F.1) is a good tool to facilitate the calculus of the 

extrapolation of the near-field levels to the far field. The implementation is simple and 

functional as it provides the necessary options to calculate the final propagation filter 

described in Chapter 5, allowing us to enter the parameters of the location of the sound 

source and receiver, as well as weather conditions. 

In Figure F.2 we can see the first part of the second screen of the GUI for the extrapolation 

of the near field to the far field, that calculates the distance of the direct signal between the 

source and the impedance discontinuity (r1=6.84 m), the impedance discontinuity to the 

receiver (r3=4.78 m), the reflected signal between source an impedance discontinuity 

(r2=2.45 m), the reflected signal between impedance discontinuity and the receiver (r4=4.82 

m), and the angles of incidence (θ1=58.63° and θ2=74.60°). The input data are: source height 
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hs=0.08 m, receiver height hr=1.2 m, and the distance between source and receiver d=6.75 m 

and d1=2.1 m. 

 

Figure F.1. Graphical user interface 

 

Figure F.2. Geometry for extrapolation of the near field to the far field 
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The second part of this screen shown in Figure F.3, ask for the values of the atmospheric 

conditions. For this example, we are chosen as: temperature T=20 ºC, atmospheric pressure 

Pa=1000 mb and relative humidity H=50 %, allowing us to obtain the air density (ρ0=1.18 

kg/m3), sound speed in air (c0=343.2 m/s) and air impedance (Z0=406.04 N s/m2). This will 

lead to a more accurate estimation for specific conditions required. 

 

Figure F.3. Atmospheric conditions for extrapolation of the near field to the far field 

In screen number 3 we can choose the Rasmussen propagation model or de Jong 

propagation model, also whether it will spread on soils of local reaction or extended 

reaction, we can also select if they are homogeneous or layered surfaces. In this case we 

choose the Rasmussen propagation model in homogeneous surface of local reaction. Once 

we select the way for the propagation, we have to choose what kind of impedance model for 

the soil we want to use, in this case we chose the one-parameter model of Delany and 

Bazley [1970], with a flow resistivity of 8350 k N s/m4 for the asphalt and 400 k N s/m4 for the 

grass. 

In Figure F.4 we can see the different models of impedance that we can choose to calculate 

the propagation filter. Namely: the one parameter Delany-Bazley model, the two parameter 

variable porosity model, the three parameter Wilson or Hamet models, and the four 

parameter ANSI S1.18 and Wilson models. 
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Figure F.4. Type of ground surface an impedance model for propagation to the far field 

 

Once we have selected the type of surface and type of model, we press the OK and next 

buttons, to proceed to the fourth and final screen shown in Figure F.5. In this picture we see 

all results offered by this GUI. In the first left graphics appear the ground impedance Zs, the 

characteristic impedance Zg, the wave number ks, the plane wave reflection coefficient Rp 

and the spherical wave reflection coefficient Q of two different surfaces, each one with its 

real and imaginary parts. In the other right graphs obtain the attenuation constant of the 

geometric divergence, which in this case is 16.7 dB/m and the air absorption increases with 

increasing frequency. In this case it is almost negligible because the distance is too short. 

Also is shown the ground attenuation that depends on the frequency. Lastly, with the sum of 

all these attenuation factors, we obtain the final propagation filter for the conditions 
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described previously, which, in this case, fluctuates between -8 and 23 dB/m depending on 

the frequency. 

 

 

Figure F.5. Display of the results for the excess attenuation 

 

Figure F.6 shows the same results, but this time representing the wave number ks2, the 

spherical wave reflection coefficient Q2, and the propagation filter expressed in 1/3 octave 

bands. 
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Figure F.6. Screen of the results for the excess attenuation, propagation filter shown in third 

octave bans. 
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G. POINT SOURCE EQUALISED BY INVERSE 

FILTERING FOR MEASURING GROUND 

IMPEDANCE 

 

G.1. Point source 

 

Figure G.1 shows a sketch of the designed point source. The sound is radiated through a 

small aperture which is connected to a 10-inch loudspeaker through a steel cone. Both the 

loudspeaker and the cone are enclosed in a wooden box of 3 cm width walls. The box has 

dimensions (79 x 36 x 36) cm. The cone is 42.5 cm large. The small aperture has a diameter 

of 3 cm. 

 
 

Figure G.1. Sketch of the point source 

 

G.1.1. Frequency response 

 

The frequency response function (FRF) of the source was measured in the anechoic room of 

the CAEND using a B&K 4191L microphone 1.5 m far from the aperture. The time response 

Loudspeaker 

Cone 

Mineral 

wool 
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between the source and the microphone was measured first using a MLS signal (order 16, 

ten averages). Assuming that the microphone has flat response, the FFT of the measured 

time response affords directly the FRF of the source. Figure G.2 shows the time response and 

the FRF of the source. The strong resonant structure of the source is clearly seen in both its 

time and frequency responses. The amplitude of resonances overpasses in more than 20 dB 

the flat part of the FRF.  These resonances can cause strong peaks in the measurement of 

excess attenuation curves which in turn can produce incertitude in the assessment of the 

ground impedance.  

  

 

Figure G.2. Time (above) and frequency (below) responses of the original point source 

 

G.1.2. Directivity patterns 

 

The directivity of the point source was measured in the anechoic room of the CAEND using 

the setup sketched in Figure G.3. A turntable is situated above the point source. A B&K 

4191L microphone suspended at the end of a rod turn around the point source describing an 

angle θ1 between -90º and 90º. The microphone is R1=2.03 m far from the centre of the 

turntable. Let R2 and θ2 be the distance of the microphone and the turn angle with respect 

to the centre of the source aperture, respectively. Since the centre of the source aperture is 

displaced a distance L=0.425 m from the centre of the turntable, the measured directivity 
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pattern D(R1,θ1) must be mapped into the corrected pattern D(R2,θ2). This is done correcting 

the measured time responses for amplitude and angle. To correct for amplitude, each time 

response is multiplied by 

 

Figure G.3. Sketch of the measurement of the directivity of the point source 

 	m � hjh�Uë,                               (G.1) 

 

where R2 is given by (See Figure G.3) 

 

                                             M% � xM�% # 
% � 2M�
	v�Z]�.                             (G.2) 

 

to correct for angle, each angle θ1 is transformed to θ2 by 

 

              ]% �
ÅÆÇ
ÆÈ�90 � {Z[\ �ëUh�QRST�hj  [u		M�Z[\]� × M%	{\,	]� Þ 0{Z[\ �h�SI�T�hj  [u		M�Z[\]� Ö M%	9 # {Z[\ �ëUh�QRST�hj  [u		M�Z[\]� × M%	{\,	]� × 0.                (G.3) 

  

Figure G.4 shows a 2D directivity pattern of the point source corrected by amplitude and 

angle. The resonant structure of the source is clearly appreciated again in this picture. The 
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directional behaviour of the source is better perceived in Figure G.5 which shows in polar 

coordinates vertical cuts of Figure G.4 at some discrete frequencies. 

 

Figure G.4. 2D directivity map of the point source as a function of frequency and corrected turn 

angle 

The ISO 3382-1 standard [2009] recommends providing the directivity patterns of sources 

averaged in frequency and angle. To average in frequency, narrowband FRFs are 

transformed to octave band FRFs. Angle smoothing is yielded by gliding averaging in ±15º 

arcs around the measurement angle. Figure G.6 shows the resulting polar directivity 

diagrams of the designed point source at the central frequencies of octave bands between 

125 and 4000 Hz. It is seen that the designed point source complies with the ANSI S1.18 

[1999] requirement of Omni directionality for ground impedance measurements; namely, it 

deviates from a semi-sphere less than ±1 dB within ±45º. 
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Figure G.5. Polar directivity diagrams of the point source at some discrete frequencies 

 

 

Figure G.6. Smoothed polar directivity diagrams of the point source at central octave band 

frequencies 
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G.2. Equalisation by inverse filtering 

 

Cobo et al. [2007] demonstrated that the FRF of a sound source can be drastically equalised 

by pre-emphasizing the MLS signal with the inverse filter 

 

      _S.�/ � �U� �S.u/ é∗.�/|é.�/|jVNj�,                 (G.4) 

 

where H(f) is the FRF of the sound source, p is a regularization constant, 

 

|�S.u/| � öv�Zæ �g.�U�)/� � u� Ö u Ö u%0 u Þ u�, u × u%,     (G.5) 

 

for cosine-magnitude spectra, with B=f2-f1 the frequency band where the source must be 

equalised, f0=(f2+f1)/2 the central frequency, and 

 

  Ψ�P.�/ � � 0 u�t	brt� � ^É{Zr	^Ê�ZrZ� �g Ú |�P.�/|�U�ÛUÛ ,� u�t	E[\[EÊE � ^É{Zr	^Ê�ZrZ.                (G.6) 

 

The equalisation process outlined above depends on four parameters: f1 and f2, the low and 

high frequency limits of the frequency band, p, the regularization parameter, and g, the 

cosine shaping parameter. They are chosen according with the natural frequency response 

function of the sound source. In this case, the choice was (f1,f2,p,g)=(18 Hz, 6358 Hz, 1 % of 

the spectral maximum, 0.2). 

 

G.2.1. Frequency response 

 

Figure G.7 shows the time and frequency responses of the point source without and with 

equalisation by inverse filtering. The drastic effect of inverse filtering is appreciated in both 

the time and frequency responses. The inverse filtered time waveform is much shorter than 

the original one. In the frequency domain, the strong peaks of the original point source have 

been severely flattened in the equalised response in the frequency band from 18 to 6300 Hz.   
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Figure G.7. (a) Time and (b) frequency responses of the point source without and with 

equalisation by inverse filtering 

G.2.2. Directivity patterns 

 

Figure G.8 shows the polar directivity diagrams of the inverse filtered point source at the 

central frequencies of octave bands between 125 and 4000 Hz. These directivity diagrams 

have been smoothed by averaging in gliding arcs of ±15º around the measurement angle. It 

can be seen that the designed point source, when equalised by inverse filtering, deviates 
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lesser than ±1 dB within ±90º, resulting even more omnidirectional than the original source 

without inverse filtering. 

 

Figure G.8. Smoothed polar directivity diagrams of the inverse filtered point source at central 

octave band frequencies 

 

G.3. Measuring ground impedance with the point source 

 

The acoustic impedance of two soils, one hard and other soft, Figure G.9, has been 

measured by the method recommended by the ANSI S1.18 standard [1999], using the point 

source described in Section G.2. This method consists on measuring the sound level 

difference in two microphones close a point sound source, ∆Lexp, calculating the level 

difference according to a impedance model of the soil, ∆Lthe, and varying the parameters of 

the impedance model so that the square difference |∆Lthe-∆Lexp|
2  achieves a minimum. 

Three geometries for the source-microphones arrangement are recommended depending 

on the type of soil and frequency range of interest [ANSI S1.18, 1999]. Kruse and Mellert 

[2008] suggested another slightly different geometry which minimises the measurement 

errors in the frequency range between 100 and 400 Hz. Here, an intermediate geometry 

between both recommendations have been adopted consisting on sound source hs=0.295 m, 



APPENDICES 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

206 

 

top microphone height ht=0.8 m, bottom microphone height hb=0.1 m, and source-

microphones distance d=2 m.  

      

 

Figure G.9. Concrete (a) and grass (b) soils 

 

G.3.1. Hard ground 

 

The first ground impedance measurement was carried out on the concrete soil of the CSIC 

courtyard, Figure G.9a. Time responses were measured using MLS signals of order 16, ten 

averages, and sampling frequency fs=120 kHz. Figure G.10 shows the time responses 

measured at the top and bottom microphones. To illustrate the effect of inverse filtering, 

three time responses are shown for each microphone; namely, the original one, without 

inverse filtering, the inverse filtered one to generate a zero-phase cosine-magnitude pulse, 

and the inverse filtered one to generate a minimum-phase cosine-magnitude pulse. To 

appreciate better the differences between the three time responses, they have been 

displaced vertically each other. As it can be seen, inverse filtered time responses are much 

shorter than the original one. This is important in this measurement, carried out in a 
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scenario with close surfaces and objects which provide undesired reflections/diffractions to 

the measured time response. These can be removed by time windowing, as shown in Figure 

G.10. Whilst the time window fits perfectly between the desired and undesired reflections in 

the inverse filtered time responses, it truncates energy from the soil in the original one. This 

is a further advantage of using inverse filtering to shorten the time response of the point 

source. 

 

 

 

Figure G.10. Time responses in the top (a) and bottom (b) microphones for the concrete soil 

 

Figure G.11 shows the sound level difference, ∆Lexp, calculated from the windowed time 

responses at top and bottom microphones. It can be seen that the level difference curves 
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measured with inverse filtering are smoother than the original one, which is spikier. Peaks of 

the original curve are due to resonances of the sound source. These peaks could cause 

difficulties in the inversion of level difference data to ground impedance [Attenborough and 

Boulanger, 2004]. 

 

Figure G.11. Level difference curves for the concrete soil 

 

The curve obtained with zero-phase cosine-amplitude inverse filtered MLS was used to 

assess the acoustic impedance of the concrete soil. A local reacting soil, with a Delany-Bazley 

impedance model is assumed [Attenborough and Horosenkhov, 2008]. This acoustic 

impedance model is characterised by one parameter, the flow resistivity σ. The least square 

method outlined above provides an optimum value σ=20000 kN sm-4. Figure G.12 shows the 

acoustic impedance of the concrete soil corresponding to this flow resistivity value. Figure 

G.13 shows superimposed the level differences curves, ∆Lthe and ∆Lexp. 
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Figure G.12. Acoustic impedance of the concrete soil for σ=20000 kN s m
-4

 

 

 
 

Figure G.13. Theoretical and experimental level difference curves for the concrete soil with 

σ=20000 kN sm
-4
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G.3.2. Soft ground 

 
Further measurements were done in a grass soil at the garden of the CAEND, Figure G.9b. 

Time response at the top and bottom microphones were measured again using MLS signals 

of order 16, ten averages, and fs=120 kHz, without and with inverse filtering. Figure G.14 

shows the time responses at both microphones, along with a time window superimposed. 

Again, time responses at each microphone have been displaced vertically each other so that 

differences between them can be better appreciated. Due to the longer duration of the non-

filtered time responses, the time window truncates part of the soil reflected energy. 

 

 

 

Figure G.14. Time responses in the top (a) and bottom (b) microphones for the grass soil 



APPENDICES 
___________________________________________________________________________________________ 

__________________________________________________________________________________________ 

211 

 

 

A similar analysis to that applied in Section G.3.1 provides the level difference curves of 

Figure G.15. Again, outstanding peaks are seen in the non-filtered curve, as a consequence 

of the strong resonances of the original sound source. The zero-phase cosine-magnitude 

inverse filtered curve is used to obtain the flow resistivity of the Delany-Bazley acoustic 

impedance that minimises the square differences between theoretical and experimental 

level difference curves. This process results in σ=700 kN s m-4. Figure G.16 shows the 

corresponding Delany-Bazley acoustic impedance. Finally, Figure G.17 shows superimposed 

the level difference curves, ∆Lthe and ∆Lexp, obtained for this soil. 

 

 

Figure G.15. Level difference curves for the grass soil 
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Figure G.16. Acoustic impedance of the grass soil for σ=700 kN s m
-4

 

 

 

Figure G.17. Theoretical and experimental level difference curves for the grass soil with σ=700 

kN sm
-4
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