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% 1% Introduction

There is a growing demand for systems capable of realistically conveying the illusion of being
immersed in a different, real or virtual, environment. Applications in areas such as
entertainment, communications, telepresence and psychophysical research require the
faithful presentation of sensorial information to one or multiple users.

Humans are sensitive to the spatial features of sound fields. We can accurately determine the
direction from which sound reaches our ears, judge the distance to a given source, perceive
the effects of obstacles within the sound propagation path, assess the properties of listening
rooms through reverberation, and, to some extent, estimate the size and shape of sound
sources. A system intended to present a realistic auditory scene to its users must be able to
convey all these information.

This dissertation contributes towards the realistic presentation of auditory information by
formulating new methods for the synthesis and reproduction of sound fields. A sound field
reproduction system attempts to re-create the complete sound field across an extended region
surrounding the listener. If the acoustic intensity around the user could be re-created, the
resulting experience would be indistinguishable from that of actually being at the presented
scene.

% 2% Mathematical modeling of sound fields

Sound field reproduction makes extensive use of the Kirchhoff integral theorem. Using this
theorem, it is possible to recover the complete sound field within a source-less region from
acoustic intensity measurements on the boundary enclosing it. The result reduces the
dimensionality of the problem, greatly decreasing the amount of measurements and
processing required.

Unfortunately, the dimensionality reduction gained from the Kirchhoff integral theorem is
not enough to design a practicable system. Sound fields carry too much information for exact
reproduction. A compromise must be made between the reproduction system's complexity and
its accuracy. Since different applications might demand varying degrees of precision, a
scalable format for the characterization of sound fields is required.

First attempts to formulate such an scalable encoding format led to a technique known as
Ambisonics. In recent years, research surrounding an extension to this format, based on the
spherical harmonic functions, has been very active. This is the so-called High-Order
Ambisonics (HOA) encoding.
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Figure 1: Layout of cylindrical recording and reproduction arrays. The black stars represent
the transducers. The cylindrical geometry defines a privileged axis which can be made

parallel to the horizontal plane for accurate sound field presentation while limiting the
number of transducers.

% 3% Plane wave decomposition of cylindrical sound pressure distributions

The formulation of HOA is very simple and elegant. Sound pressure on a boundary surface is
either calculated in a computer simulation or measured using a microphone array. The result
is then expressed as a weighted-sum of spherical harmonics. The expansion coefficients,
truncated at some degree, are the HOA encoding. Reliance on the spherical harmonics,
however, leads to some constrains on this technique. The boundary conditions must be
sampled regularly in terms of solid angles. Furthermore, distance is not part of the encoding,
thus requiring the boundary to be spherical with all samples taken at an equal distance from
a fixed observation point.

This chapter proposes the use of cylindrical geometries in the design of microphone and
loudspeaker arrays. This approach is illustrated in Fig. 1. To use these kind of arrays, the
solutions to the Helmholtz equation are derived in cylindrical coordinates. A significant result
found in these solutions is the set of functions known as the cylindrical harmonics.

The cylindrical harmonic functions will eventually become a crucial building block for the
encoding of sound fields recorded with cylindrical microphone arrays. In this sense, they are
similar in importance to the spherical harmonics which lie at the core of HOA.
Aleast-squares approach to encode the sound fields recorded by cylindrical microphone arrays
is presented in this chapter. This method works only in the far field; it does not consider
distance information. However, the mathematical techniques used to define this encoding,
known as the plane wave expansion, can be applied to more complex encodings which include
distance information. This will be one of the main topics of this dissertation and is elaborated
in the following chapters.
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Figure 2! Block diagram for the proposed system’s encoding stage. A cylindrical microphone
array is used to sample the sound field over a spherical measuring grid. The result is encoded
using the spherical harmonic functions. The microphone array has different resolutions for
azimuth and elevation. The result is a Mixed-Order Ambisonics encoding of the sound field.



Figure 3: Photograph of a 157-channel, irregular loudspeaker array at the Research Institute
of Electrical Communication. Its construction is simpler than that of a spherical array;
however, conventional HOA decoders cannot be effectively applied to it.

% 4% Mixed-Order Ambisonics for cylindrical microphone arrays

Human auditory perception does not exhibit spherical symmetry. We show greater spatial
accuracy when localizing sound sources in the horizontal plane. It is, thus, useful to
characterize sound fields with a greater emphasis on their horizontal features. Several
existing systems attempt to do this for both sound field recording and reproduction. They can
be classified into three categories: plane-wave decomposition, wave field reconstruction and
mixed-order Ambisonics. Methods based on the plane-wave decomposition can be applied to
virtually any geometry by expressing a given sound field as a sum of plane waves. However,
this leads to the loss of distance information; what is known as the evanescent field. Attempts
to encode the evanescent field are, at the moment, limited to spherical harmonic expansions.
The wave field reconstruction approach is system-dependent since it takes the form of a set of
filters that matches given recording and reproduction arrays without an intermediate
encoding.

In this chapter, a mixed-order Ambisonics method is used to increase horizontal accuracy by
using a large set of horizontally-oriented spherical harmonics. This approach normally
requires a spherical boundary and considers a single observation point. In this dissertation,
the alternative recording system shown in Fig. 2 is introduced.

The new proposal results in a mixed-order Ambisonics encoder and its output is
system-independent. This was achieved by defining a measuring grid which does not
necessarily uses the same distribution as the microphone array. The measuring grid is
defined using two parameters provided by the user, leading to a scalable encoding using
considerably less channels than previous methods, such as those based on the helical wave
spectrum. More specifically, the proposed method results in M2 + 2N + 1 channels, where the
linear dependency N sets the system accuracy in the horizontal plane. The presented system
is considered to be future-proof since it is compatible with the Ambisonic B-format with little
modifications.

% 5% Decoding generalized Ambisonics for arbitrary loudspeaker configurations

The spherical geometry used in HOA leads to simple encoding and decoding equations.
However, it poses difficulties for its practical use. Spherical microphone arrays can be easily
build and transported, however, the spherical geometry is difficult to preserve when building
a loudspeaker array. A more realistic loudspeaker array is shown in Fig. 3. The loudspeakers
in this system cover the walls and ceiling of a rectangular room. The loudspeaker separation
is constant; therefore, it does not offer a regular sampling of the sphere.

This chapter focused on sound field reproduction, specifically that of HOA-encoded sound
fields. Conventional HOA encodings and their decoders do not consider distance explicitly
since they assume that the far-field approximation holds. Furthermore, transducers in both
the recording and reproduction arrays are considered to be equidistant from the observation
point.



(a) Polar harmonic (¢=1) (b) Axial harmonic (¢ <1)
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Figure 4: The cylindrical harmonic functions of fourth polar order. Three types of cylindrical
harmonics exist. The polar harmonics are constant along the axial coordinate. The axial
harmonics present an oscillatory behavior along both coordinates. The damped harmonics
show an exponential tendency in the axial coordinate.

A new HOA decoding method was introduced by taking into consideration the difficulty of
building a spherical loudspeaker array, as well as the desire for a larger listening region to
accommodate the listener(s). Its main difference when compared with a conventional decoder
is the introduction of a new error metric which penalizes large variations in the
reconstruction error as the listener moves away from the center. This is mathematically
expressed as the minimization of the radial derivative of the reconstruction error.

The performance of the proposal was compared with that of a conventional HOA decoder. Not
only was the accuracy in the reconstruction of the field considered for evaluation, but also the
interaural cues that each decoding method conveys to the listener.

% 6% 3D Cylindrical Ambisonics

When considering a cylindrical geometry, the present research introduces a new format called
3D Cylindrical Ambisonics (3DCA). The encoding is based on the cylindrical harmonic
functions; these are illustrated in Fig. 4. The proposal can use different resolutions to encode
sound field information in the horizontal plane and elevation angles.

The most salient advantage of the encoding methods being proposed in this dissertation is
that sound field information can be broadcast to multiple users who use different
reproduction systems. On the listener's end, a decoder is used to generate suitable signals for
virtually any specific loudspeaker system. A user with an advanced loudspeaker array can get
a very realistic experience, while others can still decode and experience the same contents
within the limitations of their specific reproduction systems.

Spherical or cylindrical arrays of loudspeakers make it straightforward to decode HOA or
3DCA. However, they are difficult to build and use. As part of this dissertation, loudspeaker
arrays of arbitrary geometries are considered and a new decoding approach is advanced.

% 7% Conclusions

This dissertation outlines the basis for sound field recording, analysis and reproduction using
non-spherical arrays and in particular a cylindrical microphone array. It is hoped that the
proposal presented here, in particular 3D Cylindrical Ambisonics can become an important
step towards the realization of ultra-realistic spatial audio systems.
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