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cHAPTER 1

Contributing

If you find errors, omissions, inconsistencies or other things that need improvement, please create an issue or a
pull request at https://github.com/sfstoolbox/theory/. Contributions are always welcome!

1.1 Installation of Requirements

In order to build the theory section locally you should get the newest development version from Github and install
the needed dependencies with:

git clone https://github.com/sfstoolbox/theory.git
cd theory
python3 —-m pip install —-—-user -r requirements.txt

1.2 Building the Documentation

If you make changes to the documentation, you can re-create the HTML and PDF pages using Sphinx.

To create the HTML pages, use:

make html-preview

The generated files will be available in the directory _build/sphinx/html-preview/. To create the PDF
pages, use:

make latexpdf

The generated files will be available in the directory _build/sphinx/latex/.

1.3 Creating a New Release

New releases are made using the following steps:
1. Update NEWS.rst

2. Commit those changes as ‘“Release x.y.z”
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3. Create an (annotated) tag with git tag -a x.y.z

4. Push the commit and the tag to Github and add release notes containing the bullet points from NEWS . rst

5. Check that the new release was built correctly on RTD, and select the new release as default version

1.4 Contributors

The following individuals have contributed significantly to the Sound Field Synthesis Toolbox. If you think more

people should be listed here, feel free to create a pull request.

Name GitHub
Hagen Wierstorf | hagenw
Fiete Winter fietew
Matthias Geier mgeier
Frank Schultz fs446
Nara Hahn narahahn
Till Rettberg trettberg
Christoph Hold | chris-hld
Vera Erbes VeraE
Sascha Spors Spors

Furthermore, all github contributions can be found on the specific project pages:

e https://github.com/sfstoolbox/theory/graphs/contributors

* https://github.com/sfstoolbox/sfs-matlab/graphs/contributors

* https://github.com/sfstoolbox/sfs-python/graphs/contributors

Chapter 1. Contributing
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CHAPTER 2

Mathematical Definitions

2.1 Coordinate system

Fig. 2.1 shows the coordinate system that is used in the following chapters. A vector x can be described by its
position (z,y, z) in space or by its length, azimuth angle ¢ € [0, 27|, and elevation § € [—Z, Z]. The azimuth is
measured counterclockwise and elevation is positive for positive z-values.

Fig. 2.1: Coordinate system used in this document. The vector = can also be described by its length, its azimuth
angle ¢, and its elevation 6.
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2.2 Fourier transformation

Let s be an absolute integrable function, ¢, w real numbers, then the temporal Fourier transform is defined after
[Bra0O0] as

S(w)=F{s(t)} = /OO s(t)e wt dt. 2.1

— 00

In the same way the inverse temporal Fourier transform is defined as

s(t) = F U {S(w)} = % /_ T S(w)et du. 22)

4 Chapter 2. Mathematical Definitions
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CHAPTER 3

Problem statement

virtual
source

Fig. 3.1: Illustration of the geometry used to discuss the physical fundamentals of sound field synthesis and the
single-layer potential.

The problem of sound field synthesis can be formulated after as follows. Assume a volume V' C R"™ which is
free of any sources and sinks, surrounded by a distribution of monopole sources on its surface V. The pressure
P(x,w) ata point x € V is then given by the single-layer potential (compare p. 39 in [CK98])

P(x,w) = - D(xg,w)G(x — x9,w) dA(x0), 3.1

where G(x — xg,w) denotes the sound propagation of the source at location xo € 9V, and D(xp,w) its weight,
usually referred to as driving function. The sources on the surface are called secondary sources in sound field
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synthesis, analogue to the case of acoustical scattering problems. The single-layer potential can be derived from
the Kirchhoff-Helmholtz integral [Wil99]. The challenge in sound field synthesis is to solve the integral with
respect to D(xq,w) for a desired sound field P = S in V. It has unique solutions which [ZS13] explicitly showed
for the spherical case and [Faz10] (Chap.4.3) for the planar case.

In the following the single-layer potential for different dimensions is discussed. An approach to formulate the
desired sound field S is described and finally it is shown how to derive the driving function D.

6 Chapter 3. Problem statement
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cHAPTER 4

Special Geometries: NFC-HOA and SDM

The integral equation (3.1) states a Fredholm equation of first kind with a Green’s function as kernel. This type
of equation can be solved in a straightforward manner for geometries that have a complete set of orthogonal basis
functions. Then the involved functions are expanded into the basis functions 1, after [MF81], p. (940) as

G(x — xo,w ZG Yy, (X0) ¥ (X) 4.1)
X(), Z Dn 11[}77 XO 4.2)
= Z Sn(w)wn(x)v (4.3)

where Gn,Dn, S'n denote the series expansion coefficients, n € Z, and (¢, ¥,) = 0 for n # n'. If the
underlying space is not compact the equations will involve an integration instead of a summation

Gx = x0,) = [ Gl (501 ) @.4)
D(xo,w / D )b (1, x0) dp 4.5)
S(Xv w) - /S(Mv w)'l/)(/‘a X) du, (4.6)
where dyu is the measure in the underlying space. Introducing these equations into (3.1) one gets
- S,
Do) = 2@ @.7)
Gn(w)

This means that the Fredholm equation (3.1) states a convolution. For geometries where the required orthogonal
basis functions exist, (4.7) follows directly via the convolution theorem [AWO05], eq. (1013). Due to the divi-
sion of the desired sound field by the spectrum of the Green’s function this kind of approach has been named
SDM (Spectral Division Method) [AS10]. For circular and spherical geometries the term NFC-HOA (Near-Field
Compensated Higher Order Ambisonics) is more common due to the corresponding basis functions. “Near-field
compensated” highlights the usage of point sources as secondary sources in contrast to Ambisonics and HOA
(Higher Order Ambisonics) that assume plane waves as secondary sources.

The challenge is to find a set of basis functions for a given geometry. In the following paragraphs three simple
geometries and their widely known sets of basis functions will be discussed.
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4.1 Spherical Geometries

The spherical harmonic functions constitute a basis for a spherical secondary source distribution in R? and can be
defined after [GD04], eq. (12.153)" as

e (_1)m\/(2n4:<;)(+n|;||;1)!Pm<Sm9) "

(4.8)

n=20,1,2 .. m=-—n,..,n

where PJlml are the associated Legendre functions. Note that this function may also be defined in a slightly
different way, omitting the (—1)™ factor, see for example [Wil99], eq. (6.20).

The complex conjugate of Y,)" is given by negating the degree m as
Y (0,0)" =Y, " (0,9). (4.9)

For a spherical secondary source distribution with a radius of R the sound field can be calculated by a convolution
along the surface. The driving function is then given by a simple division after [Ahr12], eq. (3.21)* as

qphencal 007¢05 )

204155 (0, by ) e 4.10
RQZ Z n+ ¢ : ) n (907¢0)7 ( )

n=0m=—n

whers: §,T denote the spherical expansion coefficients of the source model, 6, ¢s, and , its directional dependency,
and G the spherical expansion coefficients of a secondary monopole source located at the north pole of the sphere
X0 = (35,0, Ry). For a point source this is given after [SS14], eq. (25) as

50 2n+1 w
Go(5,0,w) = —12\/ = h (zRo) , (4.11)

where hg) () describes the spherical Hankel function of n-th order and second kind.

4.2 Circular Geometries

The following functions build a basis in R? for a circular secondary source distribution, compare [Wil99]
D, () = ™. 4.12)
The complex conjugate of ®,, is given by negating the degree m as

D, ()" = Py (). (4.13)

For a circular secondary source distribution with a radius of R the driving function can be calculated by a convo-
lution along the surface of the circle as explicitly shown by [AS09a] and is then given as

o0

1 gm(¢SaTS7w)
Dcircuar ) = v7(1)777, ) .
wl00) = 5 2 o) T o

m=—0oQ

where S, denotes the circular expansion coefficients for the source model, ¢, and 7y its directional dependency,
and G, the circular expansion coefficients for a secondary monopole source. For a line source located at xy =
(0, Ro) this is given as

c

where H? ) () describes the Hankel function of m-th order and second kind.

I Note that sin @ is used here instead of cos @ due to the use of another coordinate system, compare Figure 2.1 from [GD04] and Fig. 2.1.
2 Note the i term is wrong in [Ahr12], eq. (3.21) and eq. (5.7) and omitted here, compare the errata and [SS14], eq. (24).

8 Chapter 4. Special Geometries: NFC-HOA and SDM
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4.3 Planar Geometries

The basis functions for a planar secondary source distribution located on the zz-plane in R? are given as
A(kg, by, 2) = e 1 (Rethez), (4.16)

where k., k. are entries in the wave vector k with k% = (%)2 The complex conjugate is given by negating k,
and k, as

Aky ko, 2)" = AM—ky, —k, 2, 2). 4.17)

For an infinitely long secondary source distribution located on the xz-plane the driving function can be calculated
by a two-dimensional convolution along the plane after [Ahr12], eq. (3.65) as

x’ 7kz,w
Dplanar(x07y07 471_2 // G e yos . w))A(kme»kaO) dk, dk., (4.18)

where S denotes the planar expansion coefficients for the source model, y; its positional dependency, and G the
planar expansion coefficients of a secondary point source after [SS14], eq. (49) with

i 1
VP RR

Gks, 0, ks, w) = (4.19)

for (2)2 > (k2 + k2).

For the planar and the following linear geometries the Fredholm equation is solved for a non compact space V,
which leads to an infinite and non-denumerable number of basis functions as opposed to the denumerable case for
compact spaces [SS14].

4.4 Linear Geometries

The basis functions for a linear secondary source distribution located on the x-axis are given as
X(kg,2) = e ka?, (4.20)
The complex conjugate is given by negating k, as
X(kz, )" = X(—kz, @) (4.21)

For an infinitely long secondary source distribution located on the x-axis the driving function for R? can be
calculated by a convolution along this axis after [Ahr12], eq. (3.73) as

:z:in/Sa

=, o) dkg, 4.22)
27T G k:w,O w) ( 0)

Dlmea: xO?

where S denotes the linear expansion coefficients for the source model, ¥, 2 its positional dependency, and G the
linear expansion coefficients of a secondary line source with

i 1

G(kmo W) 2m7

(4.23)

for 0 < [ke| < |%].

4.3. Planar Geometries 9
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CHAPTER B

High Frequency Approximation: WFS

The single-layer potential (3.1) satisfies the homogeneous Helmholtz equation both in the interior and exterior
regions V and V*=R" \ (V U V). If D(x0,w) is continuous, the pressure P(x,w) is continuous when ap-
proaching the surface 9V from the inside and outside. Due to the presence of the secondary sources at the surface
OV, the gradient of P(x,w) is discontinuous when approaching the surface. The strength of the secondary sources
is then given by the differences of the gradients approaching V' from both sides after [FN13] as

D(XOaw) = 8nP(X07w) + a—nP(X07w)7 (5.1

where 0,:= (V, n) is the directional gradient in direction n — see Fig. 3.1. Due to the symmetry of the problem
the solution for an infinite planar boundary 9V is given as

D(xg,w) = —20,5(xg,w), (5.2)

where the pressure in the outside region is the mirrored interior pressure given by the source model S(x,w) for
x € V. The integral equation resulting from introducing (5.2) into (3.1) for a planar boundary 9V is known as
Rayleigh’s first integral equation. This solution is identical to the explicit solution for planar geometries (4.18) in
R3 and for linear geometries (4.22) in R2.

A solution of (5.1) for arbitrary boundaries can be found by applying the Kirchhoff or physical optics approxima-
tion [CK83], p. 53-54. In acoustics this is also known as determining the visible elements for the high frequency
boundary element method [HMWSO03]. Here, it is assumed that a bent surface can be approximated by a set of
small planar surfaces for which (5.2) holds locally. In general, this will be the case if the wave length is much
smaller than the size of a planar surface patch and the position of the listener is far away from the secondary
sources. Additionally, only one part of the surface is active: the area that is illuminated from the incident field of
the source model.

The outlined approximation can be formulated by introducing a window function w(xg) for the selection of the
active secondary sources into (5.2) as

Px,w)= ¢ G(x|x0,w) —2w(X0)InS(xg,w) dA(xg).

v (5.3)

D(xq,w)

In the SFS Toolbox we assume convex secondary source distributions, which allows to formulate the window
function by a scalar product with the normal vector of the secondary source distribution. In general, also non-
convex secondary source distributions can be used with WFS (Wave Field Synthesis) — compare the appendix in
[LF47]%.

! Compare the assumptions made before (15) in [SZ13], which lead to the derivation of the same window function in a more explicit way.

2 The solution mentioned by [LF47] assumes that the listener is far away from the radiator and that the radiator is a physical source not a
notional one as the secondary sources. In this case the selection criterion has to be chosen more carefully, incorporating the exact position of
the listener and the virtual source. See also the related discussion.

11
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One of the advantages of the applied approximation is that due to its local character the solution of the driving
function (5.2) does not depend on the geometry of the secondary sources. This dependency applies to the direct
solutions presented in Special Geometries: NFC-HOA and SDM.

12 Chapter 5. High Frequency Approximation: WFS
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CHAPTER O

Sound Field Dimensionality

The single-layer potential (3.1) is valid for all V' C R”™. Consequentially, for practical applications a two-
dimensional (2D) as well as a three-dimensional (3D) synthesis is possible. Two-dimensional is not referring
to a synthesis in a plane only, but describes a setup that is independent of one dimension. For example, an infinite
cylinder is independent of the dimension along its axis. The same is true for secondary source distributions in
2D synthesis. They exhibit line source characteristics and are aligned in parallel to the independent dimension.
Typical arrangements of such secondary sources are a circular or a linear setup.

The characteristics of the secondary sources limit the set of possible sources which can be synthesized. For
example, when using a 2D secondary source setup it is not possible to synthesize the amplitude decay of a point
source.

For a 3D synthesis the involved secondary sources depend on all dimensions and exhibit point source characteris-
tics. In this scenario classical secondary sources setups would be a sphere or a plane.

6.1 2.5D Synthesis

3D 2.5D

Fig. 6.1: Sound pressure in decibel for secondary source distributions with different dimensionality all driven by
the same signals. The sound pressure is color coded, lighter color corresponds to lower pressure. In the 3D case
a planar distribution of point sources is applied, in the 2.5D case a linear distribution of point sources, and in the
2D case a linear distribution of line sources.

In practice, the most common setups of secondary sources are 2D setups, employing cabinet loudspeakers. A
cabinet loudspeaker does not show the characteristics of a line source, but of a point source. This dimension-
ality mismatch prevents perfect synthesis within the desired plane. The combination of a 2D secondary source

13
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setup with secondary sources that exhibit 3D characteristics has led to naming such configurations 2.5D synthesis
[Sta97]. Such scenarios are associated with a wrong amplitude decay due to the inherent mismatch of secondary
sources as is highlighted in Fig. 6.1. In general, the amplitude is only correct at a given reference point Xef.

For a circular secondary source distribution with point source characteristic the 2.5D driving function can be
derived by introducing expansion coefficients for the spherical case into the driving function (4.14). The equation
is than solved for # = 0° and rs = 0. This results in a 2.5D driving function given after [Ahr12], eq. (3.49) as

1 > 5‘7;;|(27¢Sar53w)
Dcircuar .5 5 = —q)m . 6.1
tar,2.5D (0, W) 97 Ry m;oo & (5,0,) (¢0) 6.1

For a linear secondary source distribution with point source characteristics the 2.5D driving function is derived
by introducing the linear expansion coefficients for a monopole source (7.9) into the driving function (4.22) and
solving the equation for y = yr and z = 0. This results in a 2.5D driving function given after [Ahr12], eq. (3.77)
as

) rets 7w
DlmearZSD Zo,w 27T/ G gr Yref 0 )) (kw,l‘o) dkl (62)
rayrefa w

A driving function for the 2.5D situation in the context of WES and arbitrary 2D geometries of the secondary
source distribution can be achieved by applying the far-field approximation H, 62) () =~ 4/ %ice—ig for ( > 1tothe

2D Green’s function [Wil99], eq. (4.23). Using this the following relationship between the 2D and 3D Green’s
functions can be established.

i (2)(w ) c
—— H —|x - 4 2m—|x — _—
4 0 c|x Xol 7Tiw|x %ol 4t |x —xq| (6.3)
N—_— ———

Gap(x—x0,w) G (x—x0,w)

where HSQ) () denotes the Hankel function of second kind and zeroth order. Inserting this approximation into the
single-layer potential for the 2D case results in

P(x,w) = fs \ /27‘(%|X — xg| D(x0,w)G3p(x — x0,w) dA(x0). (6.4)

If the amplitude correction is further restricted to one reference point X;¢, the 2.5D driving function for WFS can
be formulated as

D1 5p(x0,w m\/ D(xq,w), (6.5)

go

where g is independent of x.

14 Chapter 6. Sound Field Dimensionality
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CHAPTER /

Model-Based Rendering

Knowing the pressure field of the desired source S(x,w) is required in order to derive the driving signal for the
secondary source distribution. It can either be measured, i.e. recorded, or modeled. While the former is known
as data-based rendering, the latter is known as model-based rendering. For data-based rendering, the problem
of how to capture a complete sound field still has to be solved. Avni et al. [AAG+13] discuss some influences
of the recording limitations on the perception of the reproduced sound field. This document will consider only
model-based rendering.

Frequently applied models in model-based rendering are plane waves, point sources, or sources with a prescribed
complex directivity. In the following the models used within the SFS Toolbox are presented.

7.1 Plane Wave

nk sfs.util.direction_vector (np.radians (45))

xs =0, 0, O

omega = 2 * np.pi * 800

grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)
p = sfs.fd.source.plane (omega, xs, nk, grid)

sfs.plot2d.amplitude (p, grid)

The source model for a plane wave is given after [Wil99], eq. (2.24)" as
S(x,w) = Alw)e 1€ mrx) (7.1)

where A(w) denotes the frequency spectrum of the source and ny, a unit vector pointing into the direction of the
plane wave.

Transformed in the temporal domain this becomes

c

s(x,t) = a(t) * § (t - <nkx>) , (7.2)

where a(t) is the Fourier transformation of the frequency spectrum A(w).

The expansion coefficients for spherical basis functions are given after [Ahr12], eq. (2.38) as

ST (O, pryw) = Ami Y, ™ (B, ), (7.3)

! Note that [Wil99] defines the Fourier transform with transposed signs as F(w) = Ir (t)el*’t. This leads also to changed signs in his
definitions of the Green’s functions and field expansions.

15
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Fig. 7.1: Sound pressure for a monochromatic plane wave (7.1) going into the direction (1, 1,0). Parameters:
f =800 Hz.

where (¢, 0%) is the radiating direction of the plane wave.

In a similar manner the expansion coefficients for circular basis functions are given as

S, w) = 17" @ (). (7.4)

The expansion coefficients for linear basis functions are given after [Ahr12], eq. (C.5) as

S(ke,y,w) = 278 (ky — kus) X(Kysr ), (1.5)

where (k; s, ky 5) points into the radiating direction of the plane wave.

7.2 Point Source

xs =0, 0, O

omega = 2 * np.pi * 800

grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)
p = sfs.fd.source.point (omega, xs, grid)

normalization = 4 *x np.pi

sfs.plot2d.amplitude (normalization * p, grid)

The source model for a point source is given by the three dimensional Green’s function after [Wil99], eq. (6.73)
as

—i%\x—xs|
S(x,w) = A(w)—° (7.6)

a7 |x — x|

where x; describes the position of the point source.

16 Chapter 7. Model-Based Rendering
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Fig. 7.2: Sound pressure for a monochromatic point source (7.6) placed at (0, 0,0). Parameters: f = 800 Hz.

Transformed to the temporal domain this becomes

s(x,t):a(lt)*i L 6<t X_XS>.

Cc

The expansion coefficients for spherical basis functions are given after [Ahr12], eq. (2.37) as

5';{1(95, b5, 15, W) = _ig hv(zg) (STS) Y, (65, ¢s),
c

c
where (¢, 05, 75) describes the position of the point source.

The expansion coefficients for linear basis functions are given after [Ahr12], eq. (C.10) as

v i
S(kxay7w) = 71 H(gg)( (%)2 - k% ‘y - ys|) X(*k:ﬂaxs)a

for |k, | < || and with (s, ys) describing the position of the point source.

7.3 Dipole Point Source

xs = 0, 0, 0 # position of source

ns = sfs.util.direction_vector (0) # direction of source

omega = 2 * np.pi * 800 # frequency

grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0O, spacing=0.02)
p = sfs.fd.source.point_dipole (omega, xs, ns, grid)

sfs.plot2d.amplitude (p, grid)

(7.7)

(7.8)

(7.9)

The source model for a three dimensional dipole source is given by the directional derivative of the three dimen-

7.3. Dipole Point Source
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Fig. 7.3: Sound pressure for a monochromatic dipole point source (7.10) placed at (0, 0,0) and pointing towards
(1,0,0). Parameters: f = 800 Hz.

sional Green’s function with respect to n, defining the orientation of the dipole source.

—i¢|x—x
S(x,w) = A(w) ! <sze n >

ar Ix —x, "
) . ) ( > (7.10)
LW X = Xg, Ng) _jwix_
= Alw)— [ —— 42 ) X P s] i xex]
(w)47r (|X—XS| +lc) |x — x,]? ¢

Transformed to the temporal domain this becomes
o t) =at) « (L pFr @), Xoxen) o X=X (7.11)
s(x,t)=a _— — -— — . .
’ |x — x4 c 4r|x — x,]? c

7.4 Line Source

xs =0, 0, O # position of
omega = 2 % np.pi * 800 # ncy
grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)
p = sfs.fd.source.line (omega, xs, grid)
normalization = (np.sqrt (8 * np.pi * omega / sfs.default.c)

* np.exp(lJ * np.pi / 4))
sfs.plot2d.amplitude (normalization * p, grid)

The source model for a line source is given by the two dimensional Green’s function after [Wil99], eq. (8.47) as

S(x,w) = —A(w)i e (%|x -x). (7.12)

Applying the large argument approximation of the Hankel function [Wil99], eq. (4.23) and transformed to the
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Fig. 7.4: Sound pressure for a monochromatic line source (7.12) placed at (0, 0,0). Parameters: f = 800 Hz.

temporal domain this becomes

s(x,t)za(t)*}‘—l{\/%}*\/Szﬂﬁa(t— |X_CXS|>. (7.13)

The expansion coefficients for spherical basis functions are given after [HS15], eq. (15) as

S (s, 1, w) = —mim L 2 (%r) Ym0, ). (7.14)

The expansion coefficients for circular basis functions are given as

(o, 7os ) = —i HD (2r) @ (00). (7.15)

The expansion coefficients for linear basis functions are given as
i 1

—Q_kgx(ky, Ys)- (7.16)

S’(kway57w)=_§ (E)

7.4. Line Source 19
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CHAPTER 8

Driving functions for NFC-HOA and SDM

In the following, driving functions for NFC-HOA and SDM are derived for spherical, circular, and linear sec-
ondary source distributions. Among the possible combinations of methods and secondary sources not all are
meaningful. Hence, only the relevant ones will be presented. The same holds for the introduced source mod-
els of plane waves, point sources, line sources and focused sources. Ahrens and Spors [AS10] in addition have
considered SDM driving functions for planar secondary source distributions.

For NFC-HOA, temporal-domain implementations for the 2.5D cases are available for a plane wave and a point
source as source models. The derivation of the implementation is not explicitly shown here, but is described in
[SKATT].

8.1 Plane Wave

nk = 0, =1, O
omega = 2 * np.pi * 1000
RO = 1.5
array = sfs.array.circular (200, RO)
grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)
d, selection, secondary_source = \
sfs.fd.nfchoa.plane_25d (omega, array.x, RO, nk)
twin = sfs.tapering.none(selection)
p = sfs.fd.synthesize(d, twin, array, secondary_source, grid=grid)
sfs.plot2d.amplitude (p, grid)
sfs.plot2d.secondary_sources (array.x, array.n, grid=grid)

For a spherical secondary source distribution with radius R, the spherical expansion coefficients of a plane
wave (7.3) and of the Green’s function for a point source (4.11) are inserted into (4.10) and yield [SS14], eq.
(A3)

n

—nY m 9 ,
Dspherical<907d)0aw) Z Z M ( ¢0) (81)
n=0m=—n O

For a circular secondary source distribution with radius R the circular expansion coefficients of a plane wave (7.4)
and of the Green’s function for a line source (4.15) are inserted into (4.14) and yield [AS09a], eq. (16)

o e
Deireutar (90, w) = —A(W)réo Z IH(Q)(“);:;];)@m(%)o (8.2)

c
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Fig. 8.1: Sound pressure for a monochromatic plane wave synthesized with 2.5D NFC-HOA (8.3). Parameters:
ng = (07 713 0), Xref = (O, 0, O), f = 1kHz.

For a circular secondary source distribution with radius R and point source as Green’s function the 2.5D driving
function is given by inserting the spherical expansion coefficients for a plane wave (7.3) and a point source (7.8)
into (6.1) as

2 = iTme_,, (o)
Deircutar, 2,50 (¢0, w) = —A(w) - Z — o Pm(do). (8.3)
RO m=—oo 1% hﬁz)\ (%RO)

For an infinite linear secondary source distribution located on the z-axis the 2.5D driving function is given by
inserting the linear expansion coefficients for a point source as Green’s function (7.9) and a plane wave (7.5)
into (6.2) and exploiting the fact that (£)? — k,, is constant. Assuming 0 < |k, | < || this results in [AS10], eq.
a7

(w 41X(ky s yref)

Drinear, 250 (%0, w) = X (kz, 20). (8.4)
H(g2) (kyyref)
Transferred to the temporal domain this results in [AS10], eq. (18)
Zo . Yref .
diinear, 2.50 (0, 1) = h(t) x a (t = sin r — - sin <Z5k) ; (8.5)

where ¢y, denotes the azimuth direction of the plane wave and

4i
My=F 11— % 8.6
v {Hé”(kyyref)} &0

The advantage of this result is that it can be implemented by a simple weighting and delaying of the signal, plus
one convolution with i(t). The same holds for the driving functions of WES as presented in the next section.
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8.2 Point Source

xs = 0, 2.5, 0
omega = 2 * np.pi * 1000
RO = 1.5
array = sfs.array.circular (200, RO)
grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)
d, selection, secondary_source = \
sfs.fd.nfchoa.point_25d(omega, array.x, RO, xs)
twin = sfs.tapering.none (selection)
p = sfs.fd.synthesize(d, twin, array, secondary_source, grid=grid)
normalization = 20
sfs.plot2d.amplitude (normalization * p, grid)
sfs.plot2d.secondary_sources (array.x, array.n, grid=grid)

2.0

1.5

- 1.0

- 0.5

- 0.0

-1.5

1 1 1 1 1 1 1 _2.0
-1.5 -1.0 -05 0.0 0.5 1.0 1.5

X/ m

Fig. 8.2: Sound pressure for a monochromatic point source synthesized with 2.5D NFC-HOA (8.8). Parameters:
xs = (0,2.5,0) m, xrr = (0,0,0), f = 1kHz.

For a spherical secondary source distribution with radius R the spherical coefficients of a point source (7.8) and
of the Green’s function (4.11) are inserted into (4.10) and yield [Ahr12], eq. (5.7)"

"L () Y (0, ¢
Dspherlcal(00> QSO? - Z Z h(Qz (:’LRO; ¢ ) Ynm(oo, ¢0) (87)

n=0m=-—n

For a circular secondary source distribution with radius Ry and point source as secondary sources the 2.5D driving
function is given by inserting the spherical coefficients (7.8) and (4.11) into (6.1). This results in [Ahr12], eq. (5.8)

o (2) (w
1 h‘m‘ (77'5) —m(¢s)
Dcircuar, . (¢ 7UJ) = A(UJ) (I)m(¢ ) (8.8)
H B 2m Ro m;oo h‘(§’2|( RO) ’

! Note the % term is wrong in [Ahr12], eq. (3.21) and eq. (5.7) and omitted here, compare the errata and [SS14], eq. (24).
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For an infinite linear secondary source distribution located on the z-axis and point sources as secondary sources the
2.5D driving function for a point source is given by inserting the corresponding linear expansion coefficients (7.9)
and (4.23) into (6.2). Assuming 0 < |k, | < |#] this results in [Ahr12], eq. (4.53)

oS} (2) w2 2
H c _k ref — s _ka:; S
Diinear, 250 (0, w) :A(w)/ o ( (C)(Q) 2 (Wrer — 1)) X( xs)
—oo Hy” (/(£)2 = k2 yrer) (8.9)

8.3 Line Source

For a spherical secondary source distribution with radius Ry the spherical coefficients of a line source (7.14) and
of the Green’s function (4.11) are inserted into (4.10) and yield [HS15], eq. (20)

LS T H (1) Y (0,6
Dspherical(907 ¢O7w) = ‘/4((,‘))27}%2 Z Z (c ) ( )
0

Y. (6o, o). (8.10)
n=0m=—n % hg) (%R0>

For a circular secondary source distribution with radius Ry and line sources as secondary sources the driving
function is given by inserting the circular coefficients (7.15) and (4.15) into (4.14) as

1 HY (2r) @)
21 Ry Z Hﬁf)(ﬂRo)

m=—0o0

Dcircular(QbOa w) = A(w) CDm((lj)0)~ (8.1 1)

For a circular secondary source distribution with radius Ry and point sources as secondary sources the 2.5D
driving function is given by inserting the spherical coefficients (7.14) and (4.11) into (6.1) after [HS15], eq. (23)
as

2Ry © p?) (%RO)

m=—oo ¢ m|

Deireutar, 2.50 (90, w) = A(w) D, (o). (8.12)

For an infinite linear secondary source distribution located on the x-axis and line sources as secondary sources the
driving function is given by inserting the linear coefficients (7.16) and (4.23) into (4.22) as

1 oo
Dlinear(anw) = A(W)% / X(kyays)X(krawO) dkm (813)

8.4 Focused Source

Focused sources mimic point or line sources that are located inside the audience area. For the single-layer potential
the assumption is that the audience area is free from sources and sinks. However, a focused source is neither of
them. It represents a sound field that converges towards a focal point and diverges afterwards. This can be
achieved by reversing the driving function of a point or line source in time which is known as time reversal
focusing [ YTFO3].

Nonetheless, the single-layer potential should not be solved for focused sources without any approximation. In
the near field of a source, evanescent waves appear for spatial frequencies k, > |£| [Wil99], eq. (24). They
decay exponentially with the distance from the source. An exact solution for a focused source is supposed to
include these evanescent waves around the focal point. That is only possible by applying very large amplitudes to
the secondary sources, compare Fig. 2a in [SA10]. Since the evanescent waves decay rapidly and are hence not
influencing the perception, they can easily be omitted. For corresponding driving functions for focused sources
without the evanescent part of the sound field see [SA10] for SDM and [AS09b] for NFC-HOA.

In the SFS Toolbox only focused sources in WES are considered at the moment.
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CHAPTER 9

Driving functions for WFS

In the following, the driving functions for WFS in the frequency and temporal domain for selected source models
are presented. The temporal domain functions consist of a filtering of the source signal and a weighting and
delaying of the individual secondary source signals. This property allows for a very efficient implementation of
WES driving functions in the temporal domain. It is one of the main advantages of WFS in comparison to most
of the NFC-HOA, SDM solutions discussed above.

9.1 Plane Wave

npw = 0, -1, 0

omega 2 % np.pi % 1000
xref = 0, 0, O
array = sfs.array.circular (200, 1.5)
grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)
d, selection, secondary_source = \
sfs.fd.wfs.plane_25d(omega, array.x, array.n, npw, xref=xref)
twin = sfs.tapering.tukey (selection, alpha=.3)
p = sfs.fd.synthesize(d, twin, array, secondary_source, grid=grid)

sfs.plot2d.amplitude (p, grid, xnorm=xref)
sfs.plot2d.secondary_sources (array.x, array.n, grid=grid)

By inserting the source model of a plane wave (7.1) into (5.2) and (6.5) it follows

D(xg,w) = Qw(xo)A(w)i% (ng, Ny, ) e_i%<“’”"x°>7 9.1

D sp(x0,w) = 2w(x0) A(w) /27| Xret — Tol4 /i% (ng, Ny, ) e 1 E (kx0), 9.2)

Transferred to the temporal domain via an inverse Fourier transform (2.2), it follows

d(x0,t) = 2a(t) * h(t) * w(xo) (N, N, ) 8 (t - <“’€CX°>) : (9.3)

da5p(x0,t) =2a(t) * hosp(t) * w(xg)\/ 27| Xrer — Zo]
9.4
-(nk,nxO)é(t—M), ©H

c
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Fig. 9.1: Sound pressure for a monochromatic plane wave synthesized with 2.5D WFS (9.10). Parameters: n;, =
(Oa _17 O), Xref = (O, O, 0), f = 1 kHz.

where

h(t) = F~! {if}, 9.5)

and

Cc

hasp(t) = F ! { ic_u} (9.6)

denote the so called pre-equalization filters in WFS.

The window function w(x) for a plane wave as source model can be calculated after [SRA08] as

1 ) >0
w(xO)={O g:’;n > ©.7)

9.2 Point Source

xs = 0, 2.5, 0 # position
omega = 2 * np.pi * 1000
xref = 0, 0, O # 2.5D refere ]
array = sfs.array.circular (200, 1.5)
grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0O, spacing=0.02)
d, selection, secondary_source = \

sfs.fd.wfs.point_25d(omega, array.x, array.n, xs, xref=xref)

twin = sfs.tapering.tukey(selection, alpha=.3)
p = sfs.fd.synthesize(d, twin, array, secondary_source, grid=grid)
normalization = 4 % np.pi

sfs.plot2d.amplitude (normalization * p, grid)
sfs.plot2d.secondary_sources (array.x, array.n, grid=grid)
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Fig. 9.2: Sound pressure for a monochromatic point source synthesized with 2.5D WFS (9.10). Parameters:
xs = (0,2.5,0) m, xer = (0,0,0), f = 1 kHz.

By inserting the source model for a point source (7.6) into (5.2) it follows

D(Xo, )

A (14 o ) Bl it ©8)
2m c

19]x0 — x| |xg — X2

Under the assumption of %|x0 — Xg| > 1, (9.8) can be approximated by [Sch16], eq. (2.118)

D(x0,w) = — A(w)w(xq)i— 0Ll T xomx], (9.9)

It has the advantage that its temporal domain version could again be implemented as a simple weighting- and
delaying-mechanism.

To reach at 2.5D for a point source, we will start in 3D and apply stationary phase approximations instead of
directly using (6.5) — see discussion after [Sch16], (2.146). Under the assumption of ¢ (|xo — x|+ [x —x¢[) > 1
it then follows [Sch16], eq. (2.137), [Sta97], eq. (3.10, 3.11)

1 W |Xref_XO|
=——A(w)w(xg)y/i—
Vam @)y c\/xrefxO|+xOxs|

. <XO — X, nX0> e—i%|x0—x5|

|X0_XS|%

D sp(x0,w)
(9.10)

whereby Xt is a reference point at which the synthesis is correct. A second stationary phase approximation can
be applied to reach at [Sch16], eq. (2.131, 2.141), [Sta97], eq. (3.16, 3.17)

1 ref
D, sp(x0,w) = w(Xo) 4 /
V2 dret + ds ©.11)

<XO Xs, nxl)

71“’\)(0 x5|

|XO_XS‘2
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which is the traditional formulation of a point source in WFS as given by eq. (2.27) in [Ver97] . Now d, is the
distance of a line parallel to the secondary source distribution and ds the shortest possible distance from the point
source to the linear secondary source distribution.

The default WFS driving functions for a point source in the SFS Toolbox are (9.9) and (9.10). Transferring both
to the temporal domain via an inverse Fourier transform (2.2) it follows

1 <XO_X5anx > |X0_XS|
d t) = —alt) x h(t B e [ i — 9.12
(x0,1) 27Ta( ) * h(t) * w(xo) |xo — X2 c ) ( )
dy5p(x0,t) = L a(t) * hysp(t) * w(xo) [Xer = o)
2.5D(X0, o 2.5D 0 o — %] - [t — X0
(9.13)
) (%o —Xs,n?(]) s (t . X0 _XS|) ’
‘XO — xs|§ C
dysp(xg,1) —La(t) * hasp(t) * w(xo) et
25D(X0, 1) = Nors 2.5D 0 o + d.
9.14)
) (x0 —xs,n§0> s (t _ %0 _XS|) .
|x0 — XS‘E C
The window function w(xg) for a point source as source model can be calculated after [SRA08] as
1 (%0 —Xs,nx,) >0
w(xg) = (9.15)
0 else

9.3 Line Source

xs =0, 2.5, 0
omega = 2 * np.pi * 1000
array = sfs.array.circular (200, 1.5)
grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)
d, selection, secondary_source = \
sfs.fd.wfs.line_2d(omega, array.x, array.n, Xxs)

twin = sfs.tapering.tukey(selection, alpha=.3)
p = sfs.fd.synthesize(d, twin, array, secondary_source, grid=grid)
normalization = (np.sqrt(8 % np.pi * omega / sfs.default.c)

* np.exp(lj * np.pi / 4))
sfs.plot2d.amplitude (normalization * p, grid)
sfs.plot2d.secondary_sources (array.x, array.n, grid=grid)

For a line source its orientation n, has an influence on the synthesized sound field as well. Let |v| be the distance
between X and the line source with

V=Xp— X5 — <XO — X, ns> ng, (9.16)

where |ng| = 1. For a 2D or 2.5D secondary source setup and a line source orientation perpendicular to the plane
where the secondary sources are located this automatically simplifies to v = xg — X;.

By inserting the source model for a line source (7.12) into (5.2) and (6.5) and calculating the derivate of the Hankel
function after http://dlmf.nist.gov/10.6.E6 it follows

1 X0
D(xo,w) = _2A(w)w(x0)i°c”<v’|3|> q® (%Ivl) : (9.17)
1 X0
Dasp(x0,w) = =590 Alw)u(xo) i‘:<v’|3| >H1(2)(%|v|). (9.18)

<x0 —Xs,Nxq >

I Whereby r corresponds to |xo — x| and cos ¢ to ETE=
S
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Fig. 9.3: Sound pressure for a monochromatic line source synthesized with 2D WFS (9.17). Parameters: x; =
(0,2.5,0) m, xer = (0,0,0), f =1 kHz.

Applying H? (¢) ~ —/ 2 (e ¢ for z > 1 after [Wil99], eq. (4.23) and transferred to the temporal domain via
an inverse Fourier transform (2.2) it follows

d(xp,t) = \/;a(t) * h(t) * w(XO)<V|7Vr|I;’> ) <t - Z|) , 9.19)

1 x
dasp(xo, 1) = gm/%a(t) « F1 {\/Z} * w(x0)<"’v’“|‘g°> 5 (t - |Z|> , (9.20)

The window function w(xg) for a line source as source model can be calculated after [SRA08] as

1 <) >0
w(xo)—{o ilvsen ) > 9.21)

9.4 Focused Source

xs =0, 0.5, 0
ns = 0, -1, 0
omega = 2 % np.pi * 1000

xref = 0, 0, O
array= sfs.array.circular (200, 1.5)
grid = sfs.util.xyz_grid([-1.75, 1.75], [-1.75, 1.75], 0, spacing=0.02)

d, selection, secondary_source = \

sfs.fd.wfs.focused_25d(omega, array.x, array.n, xs, ns, xref=xref)
twin = sfs.tapering.tukey (selection, alpha=.3)
p = sfs.fd.synthesize(d, twin, array, secondary_source, grid=grid)

sfs.plot2d.amplitude (p, grid)
sfs.plot2d.secondary_sources (array.x, array.n, grid=grid)

9.4. Focused Source 29


https://sfs.readthedocs.io/
https://doi.org/10.5281/zenodo.2589179

https://sfs.readthedocs.io/ doi:10.5281/zen0do0.2589179 (3.2)

— — 2.0
1.5 A — —
1.5
1.0 A
- 1.0
0.5 1 - 0.5
S
—~ 0.0 1 - 0.0
>
—0.5 - -—0.5
- —1.0
—1.0 1
-1.5
—1.5 1
T T T _2.0

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
X/ m

Fig. 9.4: Sound pressure for a monochromatic focused source synthesized with 2.5D WES (9.23). Parameters:
xs = (0,0.5,0) m, ng = (0, —1,0), X = (0,0,0), f = 1 kHz.

As mentioned before, focused sources exhibit a field that converges in a focal point inside the audience area. After
passing the focal point, the field becomes a diverging one as can be seen in Fig. 9.4. In order to choose the active
secondary sources, especially for circular or spherical geometries, the focused source also needs a direction nj.

The driving function for a focused source is given by the td-reversed versions of the driving function for a point
source (9.12) and (9.13) as

1 LW <X0_X5’nxo>ei%|x0—xs\.

D
(x0,) = 27 ¢ |xo—x2

(9.22)

The 2.5D driving functions are given by the td-reversed version of (9.13) for a reference point after [Ver97], eq.

(A.14) as
D2,5D(X0,w) ZIA(LU)U)(XO)\/F |Xref — X0|
\/% ¢ ||X0_xs|_‘Xref—xO||

(9.23)
(X0 — X5, N, ) 12 |x0—x|
. 73 e c
Ixo — X2
and the time reversed version of (9.14) for a reference line, compare [Sta97], eq. (3.16)
D1 5p(x0,w) = w(xo \/ ref
ret = (9.24)

] (x0 _X57nxo ol 1x0—x;|

Ixo — X%‘ 2
where dy.s is the distance of a line parallel to the secondary source distribution and d; the shortest possible distance
from the focused source to the linear secondary source distribution.

Transferred to the temporal domain via an inverse Fourier transform (2.2) it follows

d(xq,t) = %a(t) * h(t) * w(xo)w 0 (t + |XO;XS|> ) (9.25)

Ixo — X /?

30 Chapter 9. Driving functions for WFS


https://sfs.readthedocs.io/
https://doi.org/10.5281/zenodo.2589179

https://sfs.readthedocs.io/ doi:10.5281/zen0do0.2589179 (3.2)

Xref — X
da.sp(X0,t) =—==a(t) * hasp(t) * w(xo) [Xrer — Xo
2 ||XO - Xs| - ‘Xref — X0|| (9 26)
o= Xt 5 (t + XO—X|> 7
|X0 - )(s|§ (&
d25p (%0, 1) ! a(t) * hosp(t) * w(xo) e
2.5D(X0,t) = 2.5D 0
v et = 9.27)
o =% m) <t N |Xo—><|) .
|XO - Xs‘i C

In this document a focused source always refers to the td-reversed version of a point source, but a focused line
source can be defined in the same way starting from (9.17)

1 .W<XO_X‘7nX> 1) (W
D(xo,w) = —§A(w)w(x0)1zﬁ Hy )<E|XO - Xs|) : (9.28)

Transferred to the temporal domain via an inverse Fourier transform (2.2) it follows
1 T Ay Hx - &s
A0, 1) = 1 a(t) = h(t) * w(x0) X=Xl <t n X') | 9.29)
2 |XO — Xsli C

The window function w(x) for a focused source can be calculated as

1 (ng,xs—x0) >0 9.30)
0 else '
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cHAaPTER 10

Driving functions for LSFS

The reproduction accuracy of WFS is limited due to practical aspects. For the audible frequency range the de-
sired sound field can not be synthesized aliasing-free over an extended listening area, which is surrounded by a
discrete ensemble of individually driven loudspeakers. However, it is suitable for certain applications to increase
reproduction accuracy inside a smaller (local) listening region while stronger artifacts outside are permitted. This
approach is termed LSFS (Local Sound Field Synthesis) in general.

The implemented Local Wave Field Synthesis method utilizes focused sources as a distribution of virtual loud-
speakers which are placed more densely around the local listening area. These virtual loudspeakers can be driven
by conventional SFS techniques, like e.g. WFS or NFC-HOA. The results are similar to band-limited NFC-
HOA, with the difference that the form and position of the enhanced area can freely be chosen within the listening
area.

The set of focused sources is treated as a virtual loudspeaker distribution and their positions xz are subsumed
under Xg. Therefore, each focused source is driven individually by D(xg,w), which in principle can be any
driving function for real loudspeakers mentioned in previous sections. At the moment however, only WFS and
NFC-HOA driving functions are supported. The resulting driving function for a loudspeaker located at x( reads

D(XO,W) = Z Dl(xfsaw)Dfs(X07XfS7w)7 (101)

x5 € Xs

which is superposition of the driving function D (xg, X, w) reproducing a single focused source at x¢ weighted
by D(xgs,w). Former is derived by replacing x; with x¢ in the WFS driving functions and for focused sources.
This yields

1 w (X0 — Xfs; Nxy) (%0 —x
D0, X100 0) = o A(w)w(aeo)i 2 ZO X Pxa) i b s (10.2)
2 C |x0 — st‘ 2
and
D250 (360, 33,12) = 22 A(ww(ae) 122 L= Pou) iz o (103)
s C |X0 — xs|2

for the 2.5D case. For the temporal domain, inverse Fourier transform yields the driving signals

d(XO7 t) = Z dl(xfsv t) * dfs(XOv Xfs, t)v (104)
Xp € Xg

while dg(x0, Xgs, t) is derived analogously to from or . At the moment d) (X, t) does only support driving func-
tions from WFS.
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cHAPTER 11

Version History

Version 3.2 (2019-03-18): * Update equation link names * Switch to sfs 0.5.0 API

Older releases to not have tracked their changes.
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