
HAL Id: hal-04694361
https://hal.science/hal-04694361v1

Submitted on 18 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Methodology for 3D sound synthesis of directional
acoustic sources by higher-order ambisonics

Philippe Thorner, Eric Bavu, Jean-Baptiste Doc, Christophe Langrenne

To cite this version:
Philippe Thorner, Eric Bavu, Jean-Baptiste Doc, Christophe Langrenne. Methodology for 3D sound
synthesis of directional acoustic sources by higher-order ambisonics. Internoise 2024, Aug 2024, Nantes
(France), France. �hal-04694361�

https://hal.science/hal-04694361v1
https://hal.archives-ouvertes.fr


Methodology for 3D sound synthesis of directional acoustic sources by
higher-order ambisonics

Philippe THORNER1, Éric BAVU, Jean-Baptiste DOC, Christophe LANGRENNE
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2 rue Conté, 75003 Paris, France

ABSTRACT
This paper presents the 3D soundfield synthesis of the pressure field radiated by directional acoustic
sources using both the multimodal method and higher-order ambisonics (HOA). Ambisonics is
a technique for encoding and reproducing measured or modeled (virtual) sound pressure field,
based on a decomposition of the acoustic field over spherical harmonics. The directional source
considered in this work is an acoustic horn excited by a flat piston. The free-field radiation from
this horn is first modeled accurately over a wide frequency range using the multimodal method,
which requires relatively low computational resources. This radiated pressure field, collected on a
dual-layer sphere of virtual sensors distributed over a Lebedev geometry, allows its projection into
the ambisonic domain. The pressure field is then synthesized in the laboratory’s 3D 5th order HOA
spatialization sphere, which consists of fifty-six loudspeakers. This offers the ability of listening
to the radiated sound using a higher-order ambisonic synthesis of a ’virtual’ source before it is
manufactured. To qualitatively evaluate the performance of the proposed procedure, the transfer
function of the synthesized horn is measured around the listening point within the spatialization
sphere.

1. INTRODUCTION

3D Higher-Order Ambisonics (HOA) is a technique for encoding and decoding a soundfield
measured or synthesized in three dimensions. It consists of a decomposition of the acoustic
soundfield over a truncated orthogonal basis of spherical harmonics. This decomposition results
in the estimation (measures) or the simulation (synthesis) of the ambisonic components. In its
early days, this method was only applicable to the first order [1]. It was later extended to higher
orders [2, 3]. Recently, a 3D 5th order spatialization sphere, consisting of fifty-six loudspeakers
driven by HOA, has been developed [4, 5] and has been tested for 3D soundfield synthesis, which
has successfully been applied to moving sources localization applications [6, 7].

The acoustic source studied in this paper is an acoustic horn, whose radiation is frequency-
dependent. The 3D synthesis of the source soundfield is illustrated in Figure 1. As a first step, the
pressure field radiated by the horn has to be simulated over a computational domain consisting
of a 100 points distributed over a dual-layer Lebedev geometry. These points are then projected
into the ambisonic domain. As a final step, the pressure field is synthesized in the fifty-six-
loudspeaker sphere. This allows the source to be measured or listened to in the sphere prior to
being manufactured.
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Figure 1: 3D sound synthesis of a horn by HOA

The simulation methodology used to reproduce the radiated pressure field needs to operate
over a wide range of frequencies and offer low computational costs. This is the reason why the
multimodal formulation was used. This formulation is a semi-analytical method taking benefits
from the preferential direction of guided propagation [8]. This method is commonly used to study
the propagation of sound waves in waveguides. In particular, Guennoc et al. [9] developed a
general formulation to calculate the pressure field in waveguides with a variable section, such as
horns. Félix et al. [10] introduced the use of a Perfectly Matched Layer (PML) in the multimodal
formulation to simulate the radiation of a waveguide in free field conditions.

In the first section of this paper, the computation of the pressure field using the multimodal
formulation is outlined. A second section describes the ambisonic encoding of the simulated
pressure field and its subsequent synthesis in the spatialization sphere. In the third section,
results are presented and analyzed. The two last sections are dedicated to conclusions and future
developments.

2. COMPUTATION OF THE RADIATED PRESSURE FIELD

Figure 2 illustrates the configuration for the study of propagation in the horn and its
radiation using the multimodal formulation with a PML.
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Figure 2: Radiation in free field of a baffled horn using the multimodal formulation with a PML

The studied baffled Wave Guide A (WGA) is placed in a larger Wave Guide B (WGB), with
an absorbent layer (PML) of thickness δ on its walls, in order to simulate its radiation in free field
conditions. The Wave Guide C (WGC) ensures that the baffle is taken into account in the radiation
condition. The pressures inside the waveguides A, B and C are solutions of the Helmoltz’s equation

(∆+k2)p = 0, (1)

and can be written as a modal decomposition

pη(r, x) =
Nη∑

n=0
Pηn (x)ϕηn (r ), (2)
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where η= A,B ,C and ϕηn is the modal function of the nth mode, element of the orthogonal basis
built with Bessel functions of the first and second kinds. WGB is assumed to be of infinite length.
These assumptions set the radiation condition at the output of WGA. By writing the continuity
of pressures and pressure gradients at the junction of the waveguides at x = 0 the radiation
impedance yields:

ZAout = F ZB
[
I +GT YC G ZB

]−1
F T , (3)

where F and G represent the inter-modal coupling between respectively WGA & WGB and WGC &
WGB. ZB is the characteristic impedance of WGB. YC is the admittance of WGC brought back to
the junction at x = 0. I is the identity matrix.

Equation (1) and the pressure gradient q = ∂x p are then both projected onto the modes to
obtain a system of equations relating pressure, pressure gradient and their first order derivatives.
Substituting the gradient by Q = Y P in this system leads to the Riccati equation for the admittance:

Y ′ =−Y 2 +Y F +F T Y −K 2, (4)

where K is the dispersion matrix, which characterizes the modes propagation inside the horn.
Equation (4), being non-linear, is numerically solved with the help of a Magnus [11] scheme. The
resolution requires an initial condition, which is known at the interface x = 0 and is described by
Y|x=0 = 1/ZAout . As a result of this process, the impedance is now determined at every point inside
the horn. An initial condition for the pressure is then imposed to compute the pressure field inside
the horn. Using the coupling between the guides, the radiated pressure field outside the horn can
now be simulated. It is then possible either to plot a pressure map at a given frequency (see Figure
3a) or a frequency response in free field (see Figure 3b).

(a) pressure map inside the horn, ka = 16.7 (b) on-axis frequency response of the horn at 2 m

Figure 3: a) Pressure map at ka = 16.7 and b) frequency response on-axis at 2 m for a conical horn
(ri n = 2 cm, rout = 10 cm, L = 50 cm)

3. AMBISONIC ENCODING

First, the pressure field radiated by the horn is computed for 100 virtual sensors distributed
on a dual-layer Lebedev geometry using the methodology presented in the previous section. This
allows the coefficients of the spherical Fourier transform (SFT), Pnm , to be calculated using a
discrete version of the following equation:

Pnm =
∫ 2π

0

∫ π

0
p(θ,δ)Y m

n (θs ,δs)sin(δ)dδdθ, (5)

where p(θ,δ) is the radiated pressure field simulated with the multimodal method and Y m
n (θ,δ) is

the normalized spherical harmonic of indices (m,n). Since the pressure field cannot be computed
over the continuous surface of a sphere, a Lebedev grid [12, 13] is used to discretize the surface,
which ensures a minimization of the projection’s error and provides the best performances of
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soundfield reproduction in the 3D spatialization sphere. After the discretization of the projection
surface, equation (5) writes

Pnm =
L∑

l=0
wl p(θl ,δl )Y m

n (θl ,δl ), (6)

where wl is the weight of the l th Lebedev’s point [13].
Finally, the ambisonic components are computed using the dual layer approach proposed

by Williams [14]:

Bnm = Pnm(r1)h(2)
n (kr2)−Pnm(r2)h(2)

n (kr1)

i n
[

jn(kr1)h(2)
n (kr2)− jn(kr2)h(2)

n (kr1)
] , (7)

where h(2)
n and jn are respectively the spherical Hankel function of the second kind and the

spherical Bessel function of the first kind.

4. RESULTS

The proposed methodology has been applied to a Bessel horn placed on-axis at 2 meters
from the listening point. The horn geometry is illustrated in Figure 4a. The transfer function of the
horn’s virtual prototype is then measured inside the sphere (see Figure 4b) using a microphone
located at the sphere’s center. The main objective of this measurement is to assess the relevance,
realism, and performance of the 3D sound synthesis, considering the room and experimental
conditions. Figure 5 shows the transfer function measured at the sphere’s center, resulting from
the 3D sound synthesis, compared with a computed transfer function in free field.

ri n = 20

rout = 160

a(x) = f
(
ri n ,rout ,L, x

)x

L = 400

(a) Geometry of the horn in millimeters

Microphone at the
center of the sphere

Loudspeakers

Structure

(b) Experimental setup

Figure 4: a) Horn’s geometry and b) experimental setup for measurements
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Figure 5: On-axis Transfer Function of a Bessel horn at 2 m (ri n = 2 cm, rout = 16 cm, L = 40 cm)
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A good fit between measurement and free field model is observed from 200 Hz to 10 kHz.
However, there are some discrepancies between the two curves, which can be explained by room
effects and experimental conditions. Below 200 Hz, the measurement is mainly composed of
background noise within the room, since the frequency response of the loudspeakers is limited
below 100 Hz. Above 2 kHz, the scatterings due to the spatialization sphere structure and to
residual reflections in the acoustically treated room are responsible for mismatches between
measurement and synthesis.

Those room effects and phenomena induced by experimental conditions, such as scattering,
were quantified by measuring the transfer function of a monopole of amplitude 1 at all
frequencies, synthesized by the same spatialization sphere using ambisonics. As shown in
Figure 6, they are then very well compensated for the horn by normalizing its measured transfer
function by the measured transfer function of the monopole.
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Figure 6: Normalized on-axis Transfer Function of a Bessel horn at 2 m (ri n = 2 cm, rout = 16 cm,
L = 40 cm)

5. CONCLUSION

The performance of the 3D soundfield synthesis was assessed using the multimodal
formulation and the higher-order ambisonic technique. The pressure inside the horn was
computed using the general multimodal formulation developed for a variable section waveguide,
and the radiated pressure field was simulated using the multimodal method with a Perfectly
Matched Layer (PML).

The proposed methodology in this paper yields realistic and relevant results since the
synthesis fits the measurement within the frequency bandwidth of the loudspeakers used for the
soundfield reproduction. Discrepancies have been identified below 100 Hz due to the inherent
characteristics of loudspeakers in this frequency range and the background noise of the room.
Other deviations can be observed above 2 kHz due to scattering by the sphere’s structure and
residual room effects.

By normalizing the virtual horn measurement by the frequency response of a monopole
spatialized in the same conditions, the discrepancies above 2 kHz have effectively been reduced.

6. FUTURE WORKS

Dong et al. [15] has recently developed a formalism based on the calculation of the
Helmholtz-Kirchoff integral from the pressures and gradients calculated numerically around
the horn using the multimodal method. In future developments associated with the research
presented in this article, a modulus and phase directivity function will be implemented using the
same methodology.

We are also planning to model several sources placed above a reflecting ground and encode
them in the ambisonic domain in order to synthesize three-dimensional outdoor sound scenes.
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