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1 Abstract 

An acoustic vector sensor (or AVS) consists of three orthogonally placed particle velocity 
sensors [1] and one sound pressure microphone. These sensors can be used to localize 
broad banded (1Hz-20kHz) sound sources in three dimensional space as well as determining 
sound intensity, sound energy and absorption coefficients. 
In this paper the use of an AVS for environmental noise applications is investigated. A 
method to localize (low frequency) sound sources is demonstrated as well as the 
measurement of local surface impedance. 
Traditional acoustic testing methods have limitations in finding low frequency sources. It is 
hard to determine the direction of arrival (DOA) of the noise using traditional microphone 
arrays. The AVS offers a novel possibility to locate low frequency noise sources in 3D. 
Once a dominant source is located (in 3D space), the surface impedance is determined by 
measuring the local normal particle velocity and the sound pressure. With this surface 
impedance known as function of the DOA it is possible to calculate the angle dependent local 
acoustic absorption. 
An overview on benefits of acoustic vector sensors will be given and a low frequency case 
study will be presented and discussed. The method has been tested during low frequency 
noise measurements in an outdoor environment. As a source a propeller driven aircraft and a 
normal luxury car was used. 
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2 Introduction 

In this paper a technique is presented that makes it possible to measure the surface 
impedance (and thus reflection coefficient and absorption coefficient) of outdoor surfaces like 
grass or hedges for different angles. For this method one needs a source that is relative far 
from the measurement location, under a known angle. And an acoustic impedance probe 
close to the surface. 
Noisy machinery such as cars or planes is used here as a source. The source angle to the 
surface is required to be able to perform a proper surface impedance measurement. It is 
possible to determine the source angle by techniques that are described in [2]. Those 
techniques will be discussed briefly in this paper. 
The surface impedance measurement is also known in lab conditions see e.g. [5], [6], [7] and 
the method is also deployed with environmental anonymous noise sources [4]. 
What is new about this method is that environmental noise is first localized. Then it is 
determined if this source is dominant (so if it is practically the only noise source existing) and 
if this is true then a measurement is treated as being valid. The advance of this method is 
that the acoustic impedance is measured at a range of angles and can be dome 
automatically. 
Of course one could position and reposition a sound source manually but this is a very 
laborsome task. The method as described here makes it possible to simply put a probe 
somewhere and monitor for e.g. 24 hours. Sources can be detected, classified, localized and 
selected automatically if they are suitable for further analysis. 
 
In general localization of (low frequency) sources is a difficult task if one uses microphones. 
This is because a microphone has no directional sensitivity and the direction of arrival (DOA) 
of a sound wave has to be derived from the delay between signals of spaced microphones. 
Multiple spaced microphones are required to be able to find sources and the spacing should 
be in the order of a half wavelength of the frequency of interest. Low frequency sound waves 
have long wavelengths (100Hz sound waves have a wave length of 3 meters) and therefore 
the array size becomes large. If broad banded signals are of interest, intermediate 
microphones are deployed. This leads to a large channel count. 
An acoustic vector sensor (AVS) consists of three orthogonally placed particle velocity 
sensors and one sound pressure microphone. A particle velocity sensor has a directional 
sensitivity for all frequencies and this feature is exploited for the source localisation. 
With a single AVS it is possible to detect multiple sources at the same instance. One is able 
to discriminate only two sources if they are uncorrelated, static (non moving) and small in 
bandwidth [2]. If sources are more broad banded it is possible to discriminate more sources. 
If sources have specific properties it can be discriminated. Obvious properties are e.g. 
sources with a different frequency spectrum impulse type sources that are separated in time. 
Less obvious discriminating properties are e.g. moving sources. 
In this paper low frequency moving sources are required to measure the surface impedance. 
In practice we use propeller driven aircrafts and road vehicles. Both type of machinery noise 
have different properties and are treated differently. 
 
Propeller driven aircrafts have tonal components and the Doppler frequency shift can be 
used to determine the speed of the aircraft and the closest point of the aircraft. This together 
with the angular information that is directly obtained from the AVS one can determine with a 
single AVS: a) speed of the aircraft; b) closest point of the aircraft; c) true source frequency; 
d) the heading of the aircraft; and e) the height / elevation angle of aircraft. It is also possible 
to determine if the source is the only dominant source. 
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The noise of road vehicles has much less tonal components and the source frequency is not 
constant as they shift gear or (de-)accelerate. It is therefore not possible to use algorithms 
that rely on the Doppler shift. If the Doppler shift cannot be used it is impossible to determine 
the elevation angle and height. But as road vehicles usually have zero height this is not a 
show stopper. 

3 Two source localization examples 

In this paragraph the DOA of the two different (propeller driven aircraft and road vehicle) 
sources is explained. The localization of the plane has to be done in 3D and the localization 
of the road vehicle needs to be done in 2D because the height is assumed zero. 

3.1 DOA propeller driven aircraft 

As an example the AVS signals of a flyover of a helicopter are shown in Figure 1. In the left 
graph the time-frequency-level-DOA representation is shown. The colour in the graph 
represents the angle (the direction is shown in Figure 1, middle); the brightness of the colour 
indicates the signal strength, the x-axis is time, y-axis is frequency. 
The technique that is used to estimate the elevation is to combine the Doppler curve and the 
DOA curve. The first curve provides the 3D closest point of the aircraft and the latter gives 
the 2D closest point of aircraft. The elevation can be derived out of this [7]. 
The spectrum is tonal and broad banded. The purple lines in 0-17s, 50-200Hz (continued to 
42s) are caused by a propeller plane waiting to takeoff. It can therefore be concluded that the 
helicopter is not the only dominant source in the frequency bandwidth of 50-200Hz, higher 
frequencies may be used for the determination of the surface impedance. 
From the Doppler/DOA signal, a velocity of 83km/h, a closest passing distance of 92m, an 
elevation angle at the closest passing distance of 72 degrees, a heading of 6 degrees and an 
elevation of 89m are calculated. 
It is assumed that the helicopter flies in a straight line for a certain amount of time and under 
that assumption the elevation angle is estimated as function of time and impedance is 
measured as function of estimated angle. 
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Figure 1 Left: time-frequency-DOA representation of a helicopter. Middle: the colour 
represents the angle; the brightness of the colour indicates the signal strength. Right: the 
angle derived out of the broad band signal. 
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3.2 DOA road vehicle 

As can be seen in Figure 2 (left) most of the signal is not tonal and found in the 100Hz-2kHz 
bandwidth and almost no Doppler shift is noticed. Only at lower frequencies some tonal 
frequency shift is noticed Figure 2 (middle) but this is not suited to analyse. 

 

Figure 2 Left: time-frequency-DOA representation of a passing car (colour legend same as in 
Figure 1, middle). Middle: same but now in a 50Hz-100Hz bandwidth. Right: DOA from the 
broad band signal. 

The acoustic signals of the road vehicle can be used because the car has a known (zero) 
elevation angle, only the angle over ground is required. 

4 Measurement of a Hedge with as source a passing car 

An acoustic vector sensor (AVS) is placed close to a hedge at 1.2m height. The noise of a 
normal car passing by at approximately 40km/h was used as a noise source. Two acoustic 
impedance probes are used here to test the method. One is placed at the surface of the 
hedge and one is placed in front of the hedge (see the white probes in Figure 2, left). Only 
the signals of the closest probe are used here.  
Three AVS probes are used. These are the blue probes in Figure 2, left. The signal of only 
one AVS is used here and the other ones are used for validation. 
 

  

Figure 3: Measurement set up. Left the probes, right: an overview of the situation.  

The angle as function of time is measured (Figure 4, left) and at the same time the 
normalized surface impedance is measured (Figure 4, right). An angle of 90 degrees is 
normal to the hedge. Because the car is passing at a relative close distance (closest point 
approximately 5 meters) there is no need to check if this was the only dominant source. 
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Figure 4: Raw measurement data. Left: angle of the car as function of time, right: measured 
normalized absolute surface impedance as function of time. 

From the data represented in Figure 4 one can derive the reflection coefficient as function of 
angle R=[Zsin(angle)+1]/ [Zsin(angle)-1]. The absolute value of the reflection coefficient as 
function of angle is shown in Figure 5. 

  

Figure 5: Two representations of the absolute reflection coefficient as function of angle. 

5 Measurement of grass with as source a plane 

An acoustic vector sensor (AVS) is placed close (20cm) to the grass. As acoustic source the 
noise of a propeller driven aircraft is used. The measurement location is situated at the end 
of the runway of Teuge airport NL. Planes fly over at approximately 20-50 meters height.  
From the AVS sensor the measured angle over ground is measured as function of time 
(Figure 7 left). From the time-frequency-DOA-level representation (Figure 7 left) one can see 
that the airplane is the only dominant source. 
 
The elevation angle as function of time is determined (Figure 8, left) and at the same time the 
normalized surface impedance is measured (Figure 8, right). 
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Figure 6: Measurement set up. Left: the probes, right: the plane used a sound source. 

    

Figure 7: Measured of a propeller driven aircraft. Left: angle over ground as function of time. 
Right: time frequency DOA and level representation of the AVS signal.  

From the data displayed in Figure 7 one can derive the speed of the aircraft (158km/u); the 
closest point of the aircraft (28.4m); the heading of the aircraft and the height of the aircraft 
22.5m. From that the elevation angle as function of time is derived. 

 
Figure 8: Raw measurement data. Left: elevation angle of the plane as function of time, right: 
measured normalized local impedance as function of time. 

The measurement results that are shown in Figure 8 (right) show diffraction patterns that are 
caused by ground reflections and an elevated impedance sensor placement. It is possible to 
derive the ground impedance out of the local impedance but this is beyond the scope of this 
paper.  
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6 Discussion 

In this paper the use of acoustic vector sensor is studied to measure the angle depending 
surface impedance of surfaces like grass or hedges. For this two known techniques are 
combined: a 3D source localisation technique and a surface impedance technique. 
Separate systems are used with a lot of redundancy for this R&D. This was done to be able 
to verify the localisation technique and to get a feeling for proper sensor placement. 
Especially the latter has to be studied more to get an understanding of the relation between 
the local impedance (at the measurement location) and the surface impedance (the 
impedance at the position of the reflecting surface). Especially with grass and hedges it is not 
clear what position is the place of reflection. 

7 Conclusions 

A method for localization of acoustic sources and simultaneously the measurement local 
surface impedance as function of angle is proposed. Machinery noise such as cars, planes 
and helicopters can be measured and used with this method. The source is localized with a 
single (four channel and 3D) acoustic vector sensor. The signals are observed in a time, 
frequency, direction of arrival, and sound level graph to see if the localized source is the only 
dominant source. If this is the case the source position as function of angle is known. And 
this is used as input to determine the local surface impedance as function of angle. From this 
value the angle depending reflection coefficient can be derived. 
 
Although the technique is not developed completely yet, it is shown that it is possible to be 
able to measure the acoustic properties of outdoor materials with the use of a single acoustic 
vector sensor and machinery noise like cars, helicopters or planes.  
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