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Abstract

Sound field reproduction is a state-of-the-art technique, aiming to physically reproduce the sound field of
a virtual sound source. To achieve this, a densely spaced loudspeaker array, termed as secondary source
distribution is driven by a driving function derived either in spatial or spectral domain. The former is termed
as Wave Field Synthesis (WFS), while the latter is called the Spectral Division Method (SDM). The synthesis
of the sound field generated by a moving virtual sound source has been subject of extensive research in the
recent decade. However, only spatial domain solutions, based on the theory of WES are known so far. Our
paper presents a new modeling approach, based entirely on the wavenumber-frequency domain description
of the moving virtual sound source. For a moving sound source both temporal and spatial Fourier-transforms
can be found analytically. By utilizing the SDM the spatial-frequency domain epxression for the loudspeaker
driving function can be given explicitly. We show that — in contrary to other approaches - the proposed
method results in analytically correct driving functions, which ensure perfect synthesis on a reference line.

1 Introduction

The perfect physical reconstruction of a desired sound field has been target of extensive research in the
last two decades. The aim of these systems is to physically reproduce a targeted sound field in an extended
listening area The synthesis is performed by using an arrangement of loudspeakers, called secondary sources.
The objective of sound field reproduction is to find the driving signals of the secondary sources in order to
obtain the desired field as the superposition of their individual sound fields. The target sound field is most
often a plane wave or the field evoked by a point source, whereas the loudspeaker arrangement is a linear,
planar, circular or spherical distribution. Several techniques exist to find the loudspeaker driving functions
in both analytical and numerical manner. In the current treatise only analytical approaches are taken into
consideration, applying linear secondary source distribution.

In the case of linear or planar secondary sources the most prominent technique is wave field synthesis (WFES),
based on the Rayleigh-integral formulation of the wave field emitted by the virtual sound source [5, 12, 14].
For circular and spherical distributions most techniques rely on a mode-matching solution, performed in the
spherical harmonic domain, originating from the traditional Ambisonics technique [1, 4, 3]. Besides the
WES an Ambisonic-like mode-matching solution—termed the spectral division method (SDM)—has been
recently introduced [10, 3], which solves the problem in the spectral (wavenumber) domain.

Besides the sound field reproduction of stationary sources the synthesis of moving sound sources has gained
an increasing interest. A typical example application is the synthesis of dynamic sound-scenes in virtual
reality or cinema sound systems. For moving sound sources the proper reconstruction of the Doppler effect
is of primary importance.
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Figure 1: Arrangement for synthesis of arbitrary sound field by applying a linear secondary source distribu-
tion

Early implementations of the WES with moving sources simulate the source motion as a sequence of station-
ary positions. The technique ends up in a Doppler-like frequency variation, however, the generated sound
field suffers from several artifacts. Besides the deviation from the physically correct Doppler-frequency shift,
a spectral broadening arises, which makes the correct synthesis of an arbitrary wave front infeasible [7]. A
recent approach attempts to incorporate the physical description of the dynamics of the moving sound source
into 3D WES [9, 3]. The method provides mathematically correct time-domain driving functions for planar
secondary sources. However, for linear secondary source distribution a mathematically inconsistent solution
is presented by applying frequency-domain approximations in the time-domain.

The present paper revisits the synthesis of sound fields emitted by uniformly moving sound sources. After a
short overview on the theory of WFS and SDM, as a basis for the synthesis equations analytical formulation
is given both in spatio-spectral and wavenumber-spectral domain for a uniformly moving source, moving at
an arbitrary direction. By applying the traditional WFS approximations, and in the spectral domain, using
SDM explicit analytical driving functions are given in order to synthesize a moving virtual source, oscillating
harmonically.

2 Principles of sound field reconstruction

Before investigating the description of moving sound sources the basic theory of sound field reconstruction
is outlined. The general arrangement used throughout this paper is shown in Fig. xy. An infinite linear
distribution of identical, shift-invariant secondary point sources, located along the [z 0 0] axis is considered.

The spectrum of the synthesized sound field P(x,w) at x = [z y 2| can be written as the weighted sum of
the field of the secondary source elements

P(‘T’yvzaw) = / D(anW)G(:E - xovyvzaw)dxﬂa (1)

where G(x,w) denotes the transfer function of a secondary source element from the origin to the listener
position, while D(xg,w) denotes the driving function for the secondary source element located at . Note,
that the equation does not have any restriction for the elements of secondary source distribution. For 3D
problems secondary source elements are most often modeled as acoustic monopoles, where
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is the 3D full space Green’s function. Our aim is to find the driving function, so that the integral will equal
to the targeted sound field, thus an inverse problem has to be solved.

2.1 Wave field synthesis

The traditional solution for the problem is termed as Wave Field Synthesis. The basis of WES is the Rayleigh-
integral formulation of an arbitrary sound field. The Rayleigh-I integral states that any sound field, generated
by an arbitrary source distribution in the half space y < 0 can be described in y > 0 merely using boundary
conditions, by weighting a continuous monopole distribution with the normal velocity, generated on the
boundary plane y = 0 [14]:

The Rayleigh integral thus explicitly contains the driving function, for a planar secondary source distribution,
which is the normal derivative of the targeted sound field at the secondary sources. The solution would
provide a perfect synthesis in the y > 0 half space. Note, that the Rayleigh-integral provides correct result
only for the case of monopole secondary sources.

G3D(X — Xy, w)dazgdzO. (3)
y=0

Traditionally, in order to obtain the driving functions for a linear secondary array, the stationary-phase
method [11] is applied to integral (3). The method is based on the approximation of rapidly oscillating
functions using a second order Taylor series, followed by analytical integration along the z axis [5, 14].
Similar approximations was presented by Spors et al. by applying a secondary source correction term [12],
however for the case of moving secondary sources only the traditional approach can be used, as it will be
seen later.

As the result of the approximation, phase-correct synthesis is restricted to the synthesis plane, i.e. the hori-
zontal plane containing the virtual sound source and the secondary source distribution. Furthermore, ampli-
tude correct synthesis is restricted to the reference line, parallel to the secondary source.

2.2 Spectral division method

The less physical alternative for WES relies on the fact that integral (1) can be recognized as a convolution
along the secondary source distribution along the z-dimension. By applying a Fourier-transform along the z-
axis, the wave number domain representation P of the synthesized field is obtained in the form of a spectral
product. Throughout the present research the spatial Fourier-transform was defined by

f’(kx,y,z,w) :/ P(X,w)ejk””xdx, )
1 * 5 —jkgx
P(x,w) = — P(ky,y,z,w)e "=*dk,. ®)
m —0o0

Specifically, the desired field on the reference line can be formulated as
p(kwyyrefaoaw) = D(kx7w>é(kx7yrefao>w)- (6)
and the driving functions are computed by a spectral division:

p(kza Yref 07 w)

D kyyw) = —= .
( ) G(kxayrefaoaw)
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The SDM employs no approximation, ensures perfect synthesis on the reference line, and can be therefore
regarded as a reference solution. However, direct applications require the inverse-transform of the driving



function D, which often can’t be calculated analytically (e.g. for a virtual point source in a stationary
position).

Again, note that in this case there’s no restriction on the field of the secondary source elements, the approach
is applicable with arbitrary secondary source radiation properties. In the present research as for WFS here

also acoustic monopoles were assumed as secondary source elements, thus the spatial Fourier transform of
expression (2) is needed.

Using the Euler’s formula and [8, (3.876-1,2)] the spectrum is given by [10]. We may use that \/k? — k2r; =
—jVk2 — k?r, where r, = \/y? + 22 is the transversal distance:

L HP (<R =), ke < [K

Ko (VEZ=Fr), k] < [kl.

G3D(kwa Y, z, W) =
By considering that arg (\/k:% - k2rt> = 0 for the evanescent or 3 for the propagating part, we can use
[2, (9.6.4)], thus the spectrum of sound source can be written either by the Hankel function or the modified

Bessel function: . 1
Gsp(kz,y, 2, w) = —Z]zHéz) (—jkiry) = %KO (kere) (®)

with k; = \/k2 — k? denoting the transversal wavenumber.

3 Description of moving sources

3.1 Rayleigh-integral for moving sources

The approaches presented in the previous section may be applied to arbitrary target sound fields. Application
of the WFS requires the normal derivative of the desired field on the boundary plane, while for SDM the
frequency-wavenumber formulation of the pressure field on the reference line is needed for synthesis. In
the present chapter the descripition of the target sound field, the field of a moving acoustic point source
is formulated first in frequency-spatial, then in the frequency-wavenumber domain, and also the equivalent
Rayleigh-integral description is given.

In the derivation only sources moving parallel to the x-axis are considered. A translation invariant sound
source traveling along line [z, ys, 0]T with a uniform subsonic velocity v is assumed. The source is located
at [x5 ys 0] at the time origin, as shown in Fig. 2.

The description of the time history of the sound field, generated by the moving source can be written as
a convolutional integral, as it was also given in [3]. Consider a harmonically oscillating source located at
Xs(T) = [rs + vT,ys, 25)T radiating with a source time history ¢(7) = 7. The sound field can be
expressed as the response of a linear time-variant system with a time-varying impulse response g, (x —
Xs (T)a T):
o
pm(x> t) = / gm(m —Ts —UT,Y — Ys, & — Zs, L — T)Q(T)dT' )
—00
Substituting ¢(7), performing a forward Fourier transform with respect to time and expressing the source
impulse response g, with its wavenumber-frequency domain representation @m(kz, Y, z,w) yields

1 =~
Pm(wa):/// /WGm(kIay_yS)z_257w/)
() (

7’) (UJ/) (kl)
e ke (@=s=v7) gL ' (t=T) g0 qre—Iwtqt  (10)
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Figure 2: Arrangement for description of a moving sound source

Reversing the order of integration, and simplifying the Fourier transform of exponentials:

Pu(x,w) = / / ﬁém(kxa Y—Ys, 2 — 387w,)e_jkm(x_x5) /e_j(w_w/)tdt
(W) (kz) (t)
/ b= (=0T qrdk,du’ (1)
()

1 - :
P (x,w) = / / me(kz,y — Y 2 — 2g,w e T 5 () — NS (vky — (W — wp))dEpdw (12)
™
(@) (k)
By exploiting the sifting property of Dirac-delta and the rescaling theorem we arrive to the final result:

1~ /- "
Pan(3,0) = ~Gin (b = sy 7 = 2, 0) e 000, (13)
v

where k = <=0

In the aspect of WES the Rayleigh-integral for moving sources is of great interest. The plane for which
the integral is written can be seen in figure 2. Substituting (13) into (3), the following Rayleigh integral is
obtained for the pressure field of the harmonic moving source:

2 [f* 0 ~ /-
P (x,w) = - // a—me (k,y — Ys, 20 — zs,w)
(14)

An interesting property of the Rayleigh-integral (14) for a moving source is that the integration with respect
to xg can be carried out analytically. It can be considered as the Fourier transform of the secondary sources’
Green’s function G'sp. The resulting simplified integral reads:

Pm(X,(JJ) — _72 / 8Gm(kaygy_0 ys,ZO,W)

e—j’%(l‘o—ﬂcs)GgD(w —20,Y, % — Zo,W)d$0dZO-

y=0

égD(l;‘,y,z — zo,w)dzoe_ji“(m_xs). (15)
yo=0

(20)

The equation states that the field generated by a moving source equals to the field of a vertical set of
monopoles moving with the same velocity v and driven with two times the normal velocity, that the original
source would generate at [0, 0, z]T.

From here let’s assume that not only the secondary source elements, but also the moving source is an acoustic
point source, meaning g, (-) = ¢(-) (omitting the 3D subscript). For such a point-source the temporal



spectrum is given in (2) and the spatio-temporal spectrum is give in (8), thus with substituting k, = k the
spectrum of the moving source is given by

P(x,w) = —i—UHéQ)(—jEtrt)e_jk(x_xs), (16)

where k; = V2 — k2, k = “ is the wavenumber and again, k= #=*0 is a shifted wavenumber.
The pertinence of equations (14) and (15) can be verified by applying a further spatial Fourier-transform in
the z-direction using formulation given by [15, 3], so that convolution given in (15) can be carried out. As a

result we obtain exactly the field, generated by the original moving source.

The physical interpretation of the radiated field by a moving source (13) is the following: The time history
overgoes only a temporal shift by a factor of *—*+ and the phase change of wo*** along the z axis, and its
main characteristics depend only on the radial distance from the source. For the case of a moving monopole,
the spectrum of the radiated field is determined by the Hankel-function. The spectrum contains energy
mainly between the roots of the quadratic function &, where the argument of the Hankel function is real.
Below and above the roots the amplitude decays exponentially. Most of the energy is concentrated around
the two poles at wy g fgg . These are the dominant frequencies at the receiver position during the approaching

and diverging of the moving source.

3.2 Sources moving at arbitrary direction
So far only sources, traveling parallel to the x-axis were considered. By utilizing the description for such
sources we derived the formulation for an arbitrary directional source. Let’s assume that the virtual source

arrives at the x-axis at an angle of inclination .

YA

(a) (b)

Figure 3: The field of a source moving in arbitrary direction (a) can be derived from a source, moving parallel
with x-axis in a rotated coordinate system (b)

By examining Fig. 3. we shall notice that the field, that the incident sound source generates on the x-axis,
seen on figure part (a) is equal to the field of a source, moving parallel to the x-axis, taken on an axis, a
rotated with an angle —¢, denoted by z’. This also holds for the y-axis. This means that the sound field of a
source, with an arbitrary inclination angle can be derived from that of a parallel moving source with a simple
coordinate rotation. The transformation matrix reads

| | cosp sing T — T
y | | —sinp cosp Y — Ys

According to the aforementioned the spectrum of the field of a moving point source arriving at the z-axis
with an angle of ¢, located at t = 0 at [zs ys 0] is given by

Pu(x,w) = =B (<jhe/y? +22) (17)



- : 2 o .
where k; = \/k? — (£)°, and 2/, 3/ is given by the matrix above.

Note that the same transform may be applied to the spatio-temporal description of a moving source, as given
by [3] (5.60) in order to describe the field of a source, moving at arbitrary direction in the original coordinate
system. This means that the pressure time history from a moving source moving with an inclination angle ¢
to the z-axis with an excitation time history ¢(¢) will read:

_ lgt—1)
p(@,y,0,t) = ————, (18)
with
A =/(2/ —vt)2 +y2(1 — M?) (19)
and M B+ A
' —ovt) +
T ) 20

where M = % denotes the Mach-number. This formulation will serve as a reference solution in the latter.

3.3 Moving sources in the wavenumber domain

In order to synthesize the ield of a moving source by SDM the spatial Fourier-transform of (17) is needed:
P(kg,y,z,w) = F (Pm(x,w)). The spectra are considered in the most relevant z = 0 plane only.

By using the modified Bessel representation of the moving source’s spectrum the Fourier-transform to be
evaluated is, by using the convolution theorem e.g [15]:

%fm (Ko(iét|y’|)e—i’5f’) - glvfx (Ko(l%t|y’|)) « Fy (e—ifm’) . Q1)

The second term, by substituting the original coordinates and applying the Fourier-transform for an expo-
nential: R R
e—jkz’ — 5(]%: _ Cos(p]%)e—jk(smsﬂ(y—ys)—COSSW?S) (22)

For the first term we use [8, (6.671,14)], exploiting that the function is even

~ ™
F, (Ko(kzt|x|)> S E— (23)
\/ k2 + k2
Asy' = —sinpz + (sinpzs + cosp(y — ys)), we may use the similarity theorem and the shifting theorem
Pk
(F(f(az)) = "G
. ol (singrsteosp(y—ys))
Fo (KotRly) = 5o . 4)
(—ﬁ)2 + kt
The convolution will sift out k, = k, — coscpl%. By substituting
kb (sinpr, oosp(y—ys))
1 e ’ e Ik(sing(y—ys)—zs) (25)

2vusing ek N2 ~2
\/(Cosgnso ) +]€t

After rearranging the equation and using basic trigonometric identities the result for the description in the &k,
domain is given

_jfcy—ys
e sing ik sinpxg+cosp(y—ys)

= 20si 5 € sing . (26)
vsImmep X ];;—km ~2
\/ (Coﬁns& > + k:t

pm(k$’ y? 07 w)
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Figure 4: Snapshot of the real value of the sound field generated by a moving point source calculated in the
wavenumber-frequency domain (a) and the field compared with the reference solution taken at y = —10 m

(b).

Note, that this relation is not defined for ¢ = 0, thus for source moving parallel to the secondary source
distribution. For these sources the spectrum is given by direct transform of equation (13), where only the
exponential term is z-dependent

Poarlbiryy,0.w) = == HE? (=il =yl ) 58k, — h). @7)

meaning that equation (26) converges to a Dirac-delta distribution.

In order to demonstrate the applicability of the theoretical results, the sound field of a moving source is
presented in Fig. 4. The figure shows the result of direct numerical evaluation of equation (26) at the time
origin. The point source travels with an angle of 45 °, at a velocity of 200 m/s, and radiates at 60 Hz. At
the time origin the source is located at the spatial origin. The generated field examined at y = —10 m is
compared with the spatio-temporal solution, as it was given by (18). The perfect matching with the reference
solution indicates the validity of the results for both the temporal and the spatial Fourier-transform.

4 Synthesis of moving sources

4.1 Synthesis using wave field synthesis

In the previous section a general formulation for the sound field of a moving source was given both in spectral
and wavenumber domain. In the followings the application of this description for sound field reproduction
will be discussed.

As it was shown in section 2.1 for wave field synthesis in case of a planar secondary source distribution
located at the y = 0 plane, the driving function equals to the y-directional derivative of the generated sound
field at y = 0, given by equation (17), thus we need to evaluate expression

j o @ ( .r N2 —ik((z—ws)cosp+(y—ys)sing)
i dy [HO (—Jkt\/((y — ys)cosp — (z — x4)sing)” + 22> e’ CoSPTIYYs)SInG . (28)



The derivation can be carried out analytically, using the chain rule, and that %Hém(z) = -H {1)(z) ac-

cording to [6] p.605, (11.93) and [2] p.358, (9.1.6). The driving function using the derivative at y = 0 then

reads: X A
L o~ kicospy’
(ksing HY) (—jkery) — Z20Y.

t

H (—jkr))) (29)

D(l‘, 07 2 W)planar =

where ' = cosp(z — xs) — sinpys, ¥ = —sinp(z — x5) — cospys and r; = \/y? + z2. The reproduced
field then will read in a fixed observer position

P(Q}, Y, Z,(.U) = // D($07 07 ZO>w)planarG($ —20,Y,% — 20, W)deOdZO (30)

The driving functions would ensure perfect reconstruction in the y > 0 half-space by applying an ideal
continuous, infinite plane as a secondary source distribution.

In order to obtain the WFS driving functions for linear secondary source distribution the integration along
z-direction in integral (30) is carried out. This can be done by first applying large-argument exponential
approximation for the Hankel-functions as given by [2] p.364, (9.2.4):

2 e7i? 2j e~
RS Py A

T vz T \z
Thereafter the integrate of the oscillatory function is obtained by applying the method of stationary phase,
suggesting that the point source at the stationary point and its immediate surroundings give the major contri-

bution to the integral [5]. As for the case of a stationary virtual source the stationary phase point is found at
z = 0. The obtained 2 %—dimensional driving function reads:

1 T k?t J ~ . 7]5 /7-]; ’
D(z,w)wrs = —, [ ————=— |/ =cosp + (| =ksinp | e oly'|—ike , (32)
( ) v k‘]y’| —jk‘t’l" J kt

and the synthesized field reads in the plane of synthesis

HY(2) ~ 31

P(z,y,0,w) = / D(zo,w)wrsG(z — x0,y, 0, w)dzo. (33)

This driving function is still dependent on r = \/(x — x()? + y2, which is the distance between the observer
position and the actual secondary source position. In order to achieve perfect synthesis along a reference line
instead of a reference point the same procedure is carried out as it is given in [13] for stationary virtual
sources. A further stationary point has to be found, where the exponential in integral (33) is stationary, thus
its derivative is zero. This stationary point reads

L2
ro = |y, . - : (34)
0=y ef‘\/k:2 — (kcosp — jkising)?

This wavenumber-dependent distance, substituted in place of r is now independent from z, therefore ensures
an approximately perfect synthesis on a fixed y = yyef line. All three approximations are valid in the far-field,
meaning that synthesis will be correct only relatively far from the secondary source distribution.

Note, that for sources, moving parallel to the secondary sources (p = 0) rg = —j|yref\kﬁ and the driving
t

1 |yref’ _fg\ ike(—
D(x,0)wrspar = 1| — L o—tlye|—jh(a—a.) (35)
@ w)wrspar = Al o e

function simplifies to



4.2 Synthesis using spectral division method

The spectral-wavenumber description of the sound field of a moving sound source the application for sound
field synthesis is very straightforward. As it was given by (7) the spectrum of driving function is the ratio
of the spectrum of generated field, given by (26) and (27) and the spectrum of a stationary monopole at the
origin, described by equation (8), both written on the reference line y,.r. Based on the foregoing the spectrum
of the driving function for a source, moving at direction (¢ will read:

- Po(k 0
D(kg,w)spm = (g, Yoo, 0, ) (36)
G(kxv Yref s 0, w)
where the spectra are given by equation (26) and (8).
For a source, moving parallel to the secondary source distribution the driving function reads
~ 1 H(()2) <_J V k2 — k2|yref - ys|) ik N
D(ky,w)spM par = — e W55 (ky — k). (37)

H (=iv/kE = Rlyne)

To obtain the driving function in the spatial-spectral domain spatial inverse Fourier-transformation of the
spectra is needed. For sources with arbitrary direction no analytical inverse-transform were found. For a
parallel moving source the transform reads:

00 e Jkaz

1 /A il A
D(xaw)SDM,par = ;H[SQ) <_J k2 — kz‘yref - ys‘) € Jhes / (ka: - k)dk:c

(2) . 0
- HO (_J V k% - kQ‘yrefD
(38)

We can exploit the sifting property of the Dirac-delta function, which will sift out &k, = k as the result of
integration. As k| koeh = k; the resulting driving function is given by

2 .7
1 H(g ) (_Jkt|yref - ys|>
D(maw)SDM,par = -

- eik(a—as) (39)
v H[gg) <_jkt’yref’>

It can be easily proven, that by applying the large argument approximation for the Hankel function in equation
(39) the driving function takes the same form as it was obtained by WFS, given by equation (35), meaning
that in the far-field the two techniques lead to exactly the same result.

5 Numerical examples and comparison

In this chapter several examples given for the application of the presented sound field reproduction tech-
niques. All the simulation results were carried out in the time domain, by using the numerical inverse Fourier
transform of the driving functions’ spectra, obtained by the presented methods. By using the spatio-temporal
driving functions d(x,t) = F~! (D(z,w)) the reproduced sound field were calculated as

d(zo,t — 7
p(-ﬁU,y,O,t) = Z(r)a (40)
xo

where r = \/(x — x9)? + y2. For all the presented comparison the reference was the spatio-temporal de-
scription of the sound field of a moving source, obtained by the direct evaluation of equation (18).
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Figure 5: Snapshot of pressure field of the original moving source (a), snapshot of the synthesized sound
field by SDM (b) and the comparison of result of WES and the reference solution taken at the reference line

(c).

5.1 Sources moving parallel to the secondary sources

Figure 5 shows the synthesis of a sound source, moving parallel to the secondary source distribution. In this
case both the WES and SDM gives an analytical solution in the spatial-frequency domain, thus only temporal
numerical inverse-transform is needed. In the current simulation the sound field, generated by a point source,
moving with a velocity 200 m/s, oscillating at 20 Hz is investigated. The snapshots are taken at the time
origin, when the source is located at [0, —5, 0] m. The reference line is set to 30 m. Simulations are carried
out by evaluating (40), where d(z,t) are the numerical inverse transform of equations (35) and (39). It can
be seen, that not only the SDM, which serves as a reference solution by definition, but also the WFS, which
employs far-field approximations gives a perfect synthesis on the reference line. Minor amplitude errors may
be observed on the figure for great x values. This is partly due to the diffraction, caused by the secondary
source truncation and also due to the fact that in this part of the sound field the truncated secondary source
elements would have a great contribution.

In the aspect of virtual reality applications not only the spatial distribution, but also the time history of the
generated sound field is of great importance. Figure 6 shows the time history of the reproduced sound field,
measured at [0, y,ef, 0]. Here the virtual source moves again at the velocity 200 m/s, oscillating at 50 Hz,
xs = [0,—1, O]T and y.of = 3. Figure 6 (a) shows, that SDM also provides a perfect reconstruction of the
original source’s time history in front of the secondary source array. This is also confirmed by 6 (b), which
spectogram-like diagram shows the instantaneous frequency of the measured signal as the function of time.
The results were obtained by assuming a complex linear dependency between the neighbouring samples



Synthesized pressure Instantaneous frequency

0.03 " 140 .
SDM f SDM
0.02r| + Reference 120 frrsesaw = +  Reference [
001+ 100+
= N
&0 T 80
QU ~
-0.01+ 60+
-0.02¢ h 40+ fd
-0.03 20
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1

t[s] t[s]

Figure 6: Time history (a) and instantaneous frequency history (b) of the reference, and the synthesized
sound field

in the measured time history. From this, the instantaneous phase change, and thus the frequency can be
calculated. Besides several numerical errors the figure indicates the perfect reconstruction of the perceived
Doppler-effect. In the figure also the theoretical dominant frequencies are indicated with dashed black lines
for approaching and diverging. These are calculated as f, 4 = fo ﬁ; fgg, which are in this case 31.6 Hz and

119.88 Hz.

5.2 Sources moving in arbitrary direction

In case for a point source, moving in arbitrary ¢ # 0 direction WFS still gives a result in the spatial-
frequency domain, but due to its complexity the driving function for SDM can be calculated only numerically.
Numerical calculation of the spatial Fourier transform may lead to several undesired artifacts.

The first problem is caused by aliasing which is caused by the discretization of the driving function spectrum,
which belongs to the sound field, generated by periodically repeating sources, moving in the same direction.
The distance between these sources is defined by dk, = L, the prescribed wave-number resolution, L is
the spatial length, where the driving function is to be calculated. If the resolution is not fine enough, the
overlapping of the field of these sources may have a significant effect, occuring as spatial aliasing. To avoid
this, in the present example the spectrum of the driving function is calculated oversampled and the final
resolution is achieved by low-pass filtering and decimating.

The second problem is that the reciprocal of the spectrum of the stationary monopole grows exponentially

with k;, which can cause a blow up at the evanescent region due to numerical errors. This is a well-known

artifact in the field of Near Field Acoustic Holography . To avoid this numerical regularization is needed. In
w

the present example a low-pass filter is applied with a smoothed transition at k, = %.

The efficiency of the derived driving functions are presented here through the example for a point source,
moving uniformly with velocity 200 m/s, oscillating at 20 Hz, arriving to the z-axis with an angle of in-
clination 30°. The source is located in the time origin at x5 = [0, —5,0]", and the refrence line is set to
yret = 10 m. Figure 7 (a) shows the targeted sound field by evaluating equation (18). In part (b) of figure 7 a
snapshot, taken at ¢ = 0 of the generated sound field by using linear WFS can be seen. The visible difference
between the amplitude distributions predictes that the directivity of the finite secondary source array also has
an effect on the radiated sound field, however thes artifacts have not been investigated yet in details.

Figure 7 (c) shows the result of synthesis, using WFS with a planar secondary source distribution by im-
plementing equation (29), while in figures 7 (d) and (e) the result of synthesis with linear secondary source
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Figure 7: The reproduction of a sound source, movint at ¢ = 30° to the x-axis at ¢ = 0: The target sound
field (a), snapshot of synthesized sound field using WES (b), cross-section of the synthesized sound field
along the reference line using WES with planar secondary source distribution (c), linear secondary source
distribution (d) and SDM (e)

using WES and SDM can be seen by apply driving functions (32) and (36).

As expected, the result of synthesis using a planar secondary source distribution perfectly match the reference
sound field not only on the reference line, but at any point of the synthesis plane. For case of WFS and SDM
slight amplitude errors occur in both cases. For WFS the dreatest differences may be observed around
2 = 0. These errors may occur due to the approximations, applied in the derivation for the driving functions.
As SDM should ensure a perfect synthesis on y = y,.¢ the observed errors originate from the numerical
spatial and temporal Fourier-transforms. Besides these amplitude errors both techniques, applying linear
secondary array result in a phase-correct synthesis on the reference line, which fact confirmes the validity of
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Figure 8: Synthesis of a point source, moving perpendicular to the secondary source distribution after cross-
ing the secondary sources

the theoretical results, given in the previous chapters.

For sources, moving at arbitrary direction the time history of the synthesized field were not investigated,
because in this case at a given time instant the virtual source will cross the secondary source distribution.
The driving functions presented here are not capable yet to handle this situation, as after the crossing of the
virtual source acoustical focusing would be needed. As a result for a given time instant only those part of
the sound field will be synthesized correctly, where the scalar product of the normal vector a the point of the
wave front to be synthesized and the secondary source distribution is positive. The synthesized sound field
of a point source moving perpendicular to the secondary source distribution can be seen in figure 8 after the
virtual source has crossed the secondary source line.

6 Conclusion

In the present contribution a thorough treatise on the description and synthesis of moving sound sources was
given. The research was motivated by the fact, that so far only mathematically incorrect solutions have been
given in the related literature.

First, based on the spectral description of a sound source, moving parallel to the z-axis we gave a spectral
description for a source moving at arbitrary direction. By finding an analytical expression for the spatial
Fourier-transform we extended this description to the spectral-wavenumber domain. By utilizing the spectral
description a compact analytical formula was found for the synthesis of moving sources using traditional
wave field synthesis applying both planar and linear secondary source distribution. Based on the presented
wavenumber representation of the targeted sound field an explicit driving function was given to utilize the
spectral division method. In case of a sound source, moving parallel to the secondary source distribution the
spatial driving function for the spectral division method was given, by analytically inverse-transforming the
driving functions in the wavenumber domain.

Numerical simulation results confirmed that the given driving functions for both techniques are correct.
There are however still several possibilities for further development. First, as it could be seen the obtained
driving functions result in correct synthesized sound field only in case of non-focusing synthesis. In order to
handle sources, crossing the secondary source distribution acoustical focusing should be involved. Secondly,
in the current study only sources, oscillating at a single frequency were presented. Synthesis of sources with
arbitrary excitation signal is possible with the WFS and SDM driving functions shown here, however it is
yet computationally expensive. The efficient implementation of driving functions for virtual sources with
arbitrary time excitation history is also an opened question.
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