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Abstract

Electric vehicle warning sounds are now required by law in many countries due to safety concerns, but this
additional noise source may increase unwanted noise pollution. Therefore, the design of an electric vehicle
warning sound system that can produce a directional sound field has been investigated. This paper introduces
two design suggestions for a system with comparable performance to the conventional loudspeaker array, but
at a significantly lower manufacturing and maintenance cost, suitable for wider commercial adoption. The
first method utilises a single loudspeaker attached to a length of perforated piping which acts as a directional
acoustic radiator, which is analogous to the shotgun microphone. The second approach replaces the standard
loudspeaker array with inertial actuators mounted to a vehicle body panel and these are driven to radiate a
controlled directional sound field. A simulation based comparison between the suggested configurations and
a conventional loudspeaker array of equivalent physical dimensions is presented.

1 Introduction
Within the past couple of decades, Electric Vehicles (EVs) and Hybrid-Electric Vehicles (HEVs) have increased their share of the passenger vehicle market, and given the desire and support of public and authorities
alike for ecologically friendlier means of transportation, it is reasonable to assume that this presence is only
going to grow stronger in the future. A wider integration of EVs in public and private transport should result
in better living conditions for urban areas, with reduced air pollution due to lower carbon dioxide emissions,
and reduced noise pollution, due to the quiet operation of electric motors [1].
Focussing on the subject of noise generated by vehicles, it has been studied and established that indeed EVs
produce significantly less engine noise than Internal Combustion Engine (ICE) equipped vehicles. However,
it is factors such as aerodynamics and the interaction of tyres with the road that dominate as noise sources
for higher speeds, at which both types of vehicle produce similar noise levels [2]. Still, research results point
out that for speeds below the 30 km/h limit, EVs are consistently quieter compared to typical ICEs [3].
A point of concern regarding this quiet operation of EVs is the lack of detectability it may provide for
pedestrians, cyclists and other vulnerable road users. Researchers and institutions have investigated the
extent to which this lack of audible cues poses a safety issue and whether it necessitates the use of external
warning sounds for EVs. Though results do not unanimously reach a verdict [4], [5], and opposition to
the adoption of warning sounds has been expressed [6], legislation for the mandatory use thereof has been
coming into effect across different countries [7], [8]. For the purpose of rendering vehicles audibly detectable
while avoiding excessive unwanted noise, surveys have been conducted to determine the characteristics of
an effective warning sound. The guidelines for Acoustic Vehicle Alerting Systems (AVAS) first initiated by
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the European Commission are being adopted globally and constitute a standard manufacturers of EVs are
required to meet [9].
Apart from refining the content of the warning sound itself, an approach to ensure detectability while minimising the vehicle’s overall contribution to noise is to generate a directional sound field. In-depth research
on a directional warning sound system has been performed in the past through the European Commission
project eVADER (electric Vehicle Alert for Detection and Emergency Response), which included investigation of methods to direct the sound field at specific targets identified as vulnerable road users [10], [11],
[12]. The suggested solution uses an array of loudspeakers installed at the front bumper of the vehicle, which
can achieve a high degree of selective beamforming. However, such a configuration requires a high cost of
manufacture and maintenance due to its components, especially if intended for implementation in affordable
passenger vehicles.
The aim of this paper is to investigate methods that are capable of producing directional sound fields, and
that are suitable for integration as warning sound systems for EVs, while maintaining a lower cost than
conventional loudspeaker arrays. Two approaches to designing such a system are investigated. The first
concept is a low cost acoustic radiator consisting of a single loudspeaker attached to a perforated pipe, which
generates the directivity of an end-fire array that would otherwise require multiple sound sources. The second
approach utilises an array of structural actuators, lower in cost and potentially more robust than loudspeaker
drivers, which force the vibration of a panel–possibly belonging to the body of the vehicle. By controlling
this vibration, the system can be tuned to achieve a directional sound field with selective beamforming
capabilities.
Section 2 introduces the principles of operation and the mathematical models used to simulate a conventional
multiple loudspeaker array, the low-cost end-fire radiator and the structural array. In addition, the acoustic
indicators used to evaluate each system are defined. Section 3 presents a comparative study of the three
systems, detailing the parameters for which the simulations are run and showcasing their results.

2 Theory
2.1

Loudspeaker Array

The most straightforward way to achieve a high degree of directivity over a significant bandwidth is to use
an array of multiple individual acoustic sources. As the primary concern of this paper regards only the
potential directivity performance when it comes to the loudspeaker array, particular properties inherent in
a loudspeaker driver are not investigated in this model. Assuming an output volume velocity Un , where
n denotes the index of the loudspeaker in the array, the total sound field radiated by N loudspeakers is
equivalent to the linear superposition of the sound fields radiated by each one individually; thus, the total
pressure at position r is given by
N
jρ0 ω0 X e−jkrn
p (r) =
Un
,
(1)
4π
rn
n=1

where ρ0 is the density of air, ω0 is the angular frequency, k is the acoustic wavenumber and rn is the distance
from the n-th source to the pressure evaluation position. The complex values of the volume velocities Un
can be adjusted individually at each frequency in order to control the directivity of the system. The process
for this optimisation is further elaborated in Section 2.4.

2.2 Low Cost End-Fire Acoustic Radiator
In 1991, Holland and Fahy developed a “Low-Cost End-Fire Acoustic Radiator”[13]. The design consisted of
an array of holes drilled in a pipe to which a horn compression driver was attached. The resulting directivity
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was shown to approach that of a multiple loudspeaker array in an end-fire configuration. The potential
use of this directional sound source as an AVAS has also been investigated in [14] and [15]. Due to the
simplicity of its components, the end-fire radiator may be rendered a less expensive, more robust alternative
to a loudspeaker array as long as it can match its acoustic performance.
The principle of operation for the end-fire radiator is as follows: Considering a pipe where a number of holes
have been drilled along its main axis, as in Figure 1, for any sound wave travelling down its length, each
individual hole acts as a sound source that radiates to the external space. Given that the output from each
hole is delayed due to the propagation of sound along the length of the pipe, these “sources” also display a
delay between each other given by l/c0 , where l is the spacing between consecutive holes and c0 the speed
of sound in air.

Figure 1: Example schematic, not to scale, for the end-fire radiator.

The end result is a configuration that radiates sound similarly to an end-fire array consisting of a number of
sources equal to the number of holes drilled in the pipe. The directivity pattern, sensitivity and frequency
range of operation of this array is primarily dependent on the physical parameters such as the size, spacing
and number of the holes as well as the dimensions of the pipe itself.
Mathematical Model

Figure 2: Schematic for the mathematical model of the end-fire radiator.

The mathematical model, which has been presented and analysed in [13] and [15], is constructed to estimate
the sound field radiated by each hole and calculate the sound pressure levels in the far field. The system
can be effectively modelled using acoustic transmission line theory, while approximating the fluid within the
pipe as inviscid and ignoring any external coupling between holes. Figure 2 presents a schematic diagram of
the end-fire radiator including the parameters considered in the mathematical model.
The impedance at the end of the pipe opposite to the source is taken as Z0 = ρ0Sc0 , which corresponds to
an anechoic termination, with S being the cross-sectional area of the pipe. The impedance transformation is
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used to extract the impedance Zd1 downstream of the first hole, which is given as


ρ c
ρ0 c0 Z0 + j( 0S 0 tan (kl)
Zd1 =
.
ρ 0 c0
S
S + iZ0 tan (kl)

(2)

It can be assumed that the acoustic pressure remains uniform in the area of the hole, given the small dimensions compared to the wavelength in question, and considering the continuity of volume velocity, the
impedance upstream of the hole Zu1 is
Zu1 =

1
.
1/Zd1 + 1/Zb1

(3)

In the specific case of the end-fire radiator, the impedance Zb1 corresponds to the value at the site of the
respective hole. As the volume velocity through the hole will not generally be high enough to cause viscous
flow, this radiation impedance can be approximated as

 2
k
k (t + 1.5αb )
,
(4)
Zb = ρ0 c0
+j
4π
παb2
where variables t and ab refer to the thickness of the pipe and the diameter of each hole respectively. The
value of Zb is the same for all holes as they are identical in this system, although the sizes of the holes
could be tuned to modify the response as investigated in [13], [15]. Using the value of Zu1 in place of Z0
in equation (2), the downstream impedance from the second hole can be calculated, and subsequently all the
respective impedances for each hole along the pipe.
In the region between the sound source and hole n, part of the plane wave of amplitude A1 is reflected
backwards with amplitude B1 , due to the impedance change caused by the hole as shown in Figure 2. The
pressure pn at the region of this hole is thus given as


Zun
pn = A1 + B1 = 2A1
.
(5)
Zun + ρ0 c0 /S
The acoustic pressure pn−1 at the location of each hole can then be expressed in terms of pn , Zun−1 , Zdn
and the distance l between consecutive holes as
(
)

Zun−1 ρ0Sc0 + Zdn [cos (kl) − i sin (kl)]

pn−1 = pn
.
(6)
Zdn ρ0Sc0 + Zun−1

Using equation (6), the acoustic pressure at every hole can be calculated using the known impedances. The
total radiated pressure can then be calculated as in Section 2.1, using equation (1), with Un replaced by the
volume velocity through each hole of the pipe, which is given by
Ubn =

pn
.
Zbn

(7)

The mathematical model of the endfire radiator predicts a low frequency limit for its ability to achieve
reasonable directivity, expressed though the relation
kL = 4π

(8)

where L is the distance between the first and last holes on the pipe. This means that the overall length of the
array needs to be a least twice the wavelength of the lowest frequency.
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Figure 3: Schematic for the mathematical model of the structural array. A rectangular plate of thickness h is
excited by a number of individual point forces Fi perpendicular to the plane defined by its sides a and b.

2.3 Structural Array
A typical dynamic loudspeaker, such as the ones used in [11] and considered when modelling the loudspeaker
array in Section 2.1, utilises a voice coil to drive a diaphragm that, through its vibration, radiates the sound.
This system, though capable of good performance and bandwidth, could be liable to failure when exposed to
the environment when mounted on the exterior of a vehicle, and is relatively expensive to manufacture and
maintain. Sound radiation could instead be achieved by an inertial actuator forcing a panel instead of a voice
coil acting upon a diaphragm. This could potentially provide a lower cost with increased robustness, since
the system would not rely on the relatively fragile diaphragms used in loudspeakers.
The proposed structural array would consist of a number of inertial actuators acting upon a panel which
could form part of the vehicle’s body to further minimise cost and better integrate the system. As with a
loudspeaker array, the interference effects from vibrations caused by multiple actuators cause a directional
radiated sound field. One of the key differences between the systems is that instead of multiple diaphragms
being independent from each other, the vibration of the radiating panel at any one point is affected by the
force applied by every actuator.
Mathematical Model
Figure 3 illustrates the geometry and approximations considered for the mathematical model of the structural
array. The panel is taken as a thin rectangular plate with length a, height b and length h. The inertial actuators
have been approximated by single point forces acting perpendicularly to the ab plane. In practice an actuator
will have finite dimensions, however, since the actuators would be small compared to the size of the panel
considered in this application, this is a reasonable approach considering the mathematical and computational
simplicity that it offers.
The mathematical model for the structural array is based on the vibration of a rectangular thin plate which
is simply supported along the edges, as presented in [16]. A separable solution of the transverse modal
displacement for such a system is of the form
wmn (x, y, t) =

∞ X
∞
X

Wmn sin km x sin kn yejωt

(9)

m=1 n=1

where Wmn is the modal amplitude and m, n are the modal indices for modes along the x and y axes
respectively. For boundary conditions of zero transverse displacement along the edges, the wavenumber
eigenvalues in each coordinate direction are
km = mπ/a,

m = 1, 2, 3, ...

kn = nπ/b,

n = 1, 2, 3, ...

(10)
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and the discrete frequencies at which the system resonates are given by



EI 1/2  2
km + kn2 ,
ωmn =
ρh

(11)

where E is Young’s modulus of elasticity and ρ is the density of the plate, while I is the moment of inertia
per unit width. For an input forcing function of a point force, f (x, t) = F δ(x − xi )δ(y − yi )ejωt located at
xi , yi , the modal amplitudes are given by
Wmn =

where M is the mass of the plate.

4F sin km xi sin kn yi
,
2 )
M (ω 2 − ωmn

(12)

The acoustic pressure in the far field, at a distance r from the defined centre point of the plate can be
calculated using the Rayleigh integral in terms of the complex transverse velocities ẇ(r S ) at points r S on
the surface S, such that the pressure is given by
Z
jωρ0 ẇ(r s )e−jkR
p (r) =
dS,
(13)
2πR
S
where R = |r − r s |. The complex velocity ẇ(r S ) can be expressed as
 mπx   nπy 
ẇ(r S ) = Ẇmn sin
{0≤x≤a
0≤y≤b }.
a
b

(14)

The total acoustic pressure at a point described by the coordinates (r, θ, φ) in the far field, radiated from the
panel upon which a number of N point forces act at coordinates (xi , yi ), is expressed upon evaluation of the
integral in equation (13) as
p (r, θ, φ) =

∞ X
∞
X
jωρ0 e−jkr

m=1 n=1

2πr



 N
(−1)m e−jα − 1 (−1)n e−jβ − 1 X
ab
Ẇmn (i),
mnπ 2 (α/mπ)2 − 1
(β/nπ)2 − 1

(15)

i=1

where α = ka sin θ cos φ and β = kb sin θ sin φ.

2.4 Array Optimisation and Performance Metrics
A method of quantifying a system’s directivity performance is through the acoustic contrast between the
average mean square pressure in a bright zone and the average mean square pressure in a dark zone. As
defined in [17], the acoustic contrast at a given frequency is
AC =

pH
qH H H
B HBq
B pB
=
,
H
H
H
pD pD
q HD HDq

(16)

where q is the vector containing the complex source strengths, pB , pD are the vectors containing the amplitudes of the complex pressures in the bright and dark zones respectively, H B , H D are the matrices of
complex transfer responses between the sources and the measuring points in the bright and dark zones, while
the superscript H indicates the Hermitian complex conjugate transpose.
Source Strength Optimisation
The definition of two distinct zones between which a contrast can be measured allows for the formulation of
an optimisation problem. The value of acoustic contrast is maximised when pH
B pB is maximised under the
H
constraint that pD pD remains constant at value d, resulting in the Lagrangian:
H
H
L = qH H H
B H B q − λ(q H D H D q − d)

(17)
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No. of loudspeakers
Spacing between loudspeakers
Array length
No. of holes
Hole radius
Spacing between holes
Effective array length
Pipe length
Pipe radius
Pipe thickness
No. of actuators
Spacing between actuators
No. of modes considered (x-direction)
No. of modes considered (y-direction)
Panel dimensions
Panel density
Young’s modulus
Poisson ratio
Frequency of first mode

Loudspeaker Array
6
14.3 cm
71.5 cm
End-Fire Radiator
10
6 mm
8 cm
72 cm
80 cm
2 cm
3 mm
Structural Array
6
14.3 cm
12
8
1 m × 0.2 m × 3 mm
2700 kg/m3
70 GPa
0.334
192.25 Hz

Table 1: Set simulation parameters specific to each system.

with the positive and real Lagrange multiplier λ. By setting the complex differential of L with respect to q
to zero, and under the assumption that H H
D H D is invertible, yields the eigenvalue problem
−1
H
λq = [H H
D H D ] H B H B q = M q.

(18)

The source strength vector q that maximises the acoustic contrast is proportional to the eigenvector of the
matrix M corresponding to its largest eigenvalue [17]. Therefore by adjusting the source strengths according
to the values of said eigenvector, the overall radiated sound field will be characterised by the maximum
possible acoustic contrast. In the cases of the loudspeaker array and the structural array, this would be the
method of achieving the highest degree of directivity, by controlling each individual loudspeaker driver or
actuator respectively.

3 Simulations
3.1 Simulation Parameters
The performance of the investigated systems has been evaluated through simulations using the mathematical
models presented above. Vehicle warning sounds currently in use and in development are mostly limited to
frequencies between 100 Hz and 3 kHz. An operating range from 40 Hz to 4 kHz is therefore deemed as
suitable to include all potential components of a warning sound and provide a clear picture of each system’s
frequency response.
The complex acoustic pressure is estimated using equations (1) and (15) for a distance r = 5 m from the
centre of each array and a θ angle coverage of 360o , with the φ angle kept at 0o , corresponding to the plane of
movement for the vehicle. Calculations are performed for 360 measurement points evenly distributed along
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(a) Loudspeaker Array

(b) End-Fire Radiator

(c) Structural Array
Figure 4: Normalised SPL frequency response as a function of the observation angle for a simulated six
loudspeaker array, the end-fire radiator, and the structural array.

a 5 m radius circle sharing the centre of the array in question. A designated bright zone covering an angle
θB = 60o in the forward direction, and the dark zone defined by its explementary angle θD , are used to
calculate the acoustic contrast and optimise the outputs of the loudspeaker and structural arrays to achieve
the highest possible degree of directivity. Other general parameters which are common in all simulations are
the density of air taken as ρ0 = 1.225 kg/m3 , and the speed of sound in air as c0 = 340.27 m/s.
Table 1 shows the parameters which are associated with each system. Six loudspeakers form the loudspeaker
array, as with the array used for the system presented in [11]. Investigations of the effects that the physical
characteristics have on the directivity performance have been carried out in [13] and [15]. The physical
characteristics of the pipe are chosen to ensure the optimum compromise between operational bandwidth at
the frequencies needed for warning sounds and implementation within the confines of a passenger vehicle.
The structural array features six actuators, placed at intervals identical to the loudspeakers in the above case,
to offer a more direct and substantial comparison between their performances. The panel, placed with its
main plane facing the forward direction, has been given the dimensions of 1 × 0.2 × 0.003 m, a reasonable
size to fit in a vehicle, and its material chosen has been chosen as aluminium.
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Figure 5: On-axis SPL frequency response for a six loudspeaker array, the end-fire radiator and the structural
array.

Figure 6: Acoustic contrast frequency response comparison between a six loudspeaker array, the end-fire
radiator and the structural array.
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Comparison of Results

Figure 4 shows the Sound Pressure Level (SPL) frequency response as a function of the observation angle for
the three simulated systems. The values have been normalised to allow a more straightforward comparison of
the systems’ directivity. The zero degree angle corresponds in each case to the presumed forward direction;
both the loudspeaker array and the structural array have been optimised to maximise their output within the
aforementioned θB angle centred around this direction.
Given the parameters set in Table 1, the low frequency limit of the endfire radiator estimated according to
equation 8 should be as high as 945 Hz. Still, an observable albeit reduced directivity remains for frequencies
above 500 Hz. Its directivity performance improves as frequency increases until the 2 kHz mark, however
beyond that side lobes of significant intensity appear. The loudspeaker array maintains its directivity across
the entire spectrum investigated, although along with the increase in frequency, there is an overall increase
in the output SPL in every direction. The structural array also displays a directional behaviour throughout
the tested frequency range, while limiting the increase in SPL observed in the previous case.
The on-axis SPL frequency response for each configuration is shown in Figure 5. In this instance no normalisation has been performed, but for better comparison the gain has been adjusted so that the estimated
SPL at 1kHz is equal for all three cases. The low frequency limit of the endfire radiator seen in Figure 4 is
also visible here. In the case of the loudspeaker and structural arrays, the response across the investigated
frequency range is characterised by a similar low frequency limit as well as dips and peaks at frequencies
above 1.5 kHz, behaviour which is not evident when investigating the normalised output.
Acoustic Contrast
Figure 6 shows the acoustic contrast over frequency for all three systems. Although the end-fire radiator
appears capable of achieving the highest contrast, its operational bandwidth is limited and its performance
at frequencies below 1 kHz is rather poor. Both the loudspeaker and structural arrays show a flat response
across the majority of the frequency range investigated, indicating a large operational bandwidth, although
the maximum contrast achieved is significantly lower than that of the end-fire radiator. While the structural
array displays a low frequency limit, presumably due to the dominance of the first mode of the plate, its
performance at frequencies higher than 2 kHz surpasses that of the loudspeaker array.

4 Conclusions
This paper presents two directional sound system concepts for the implementation of warning systems in an
electric vehicle, in the form of an end-fire radiator and a structural actuator array. Cost efficiency and durability given the application were taken into account for these designs. Analytical mathematical models were
developed for both systems which allow for a parameter optimisation, given the restrictions imposed by their
in-vehicle implementation, to produce directional sound fields across a frequency range suitable for warning
sounds. The analytical models were used to perform a series of simulations to compare the performance of
the systems to a conventional loudspeaker array. Simulation results indicate that all systems are capable of
achieving high directivity, however in the case of the end-fire radiator the operational bandwidth is limited.
The structural array displays a constant acoustic contrast over frequency and surpasses the performance of
the loudspeaker array at the upper end of the investigated frequency range.
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