\
24th INTERNATIONAL CONGRESS ON SOUND AND VIBRATION  |CSV 24
23-27 July 2017, London 28-27JULY 2017

LONDON CALLING

METHODS FOR GENERATING MULTIZONE FIELDS WITH
LOW RISK OF INTERFERENCE

Mark Poletti

Callaghan Innovation, PO Box 31-310, Lower Hutt, New Zealand
email: mark.poletti @callaghaninnovation.govt.nz

Multizone sound fields allow multiple listenersaged at different positions within a single sound
reproduction system, to hear independent audiotev®me of the limitations is that interference
can occur between zones, particularly when thectiine of sound propagation in one zone is in
line with another zone. One solution to this prabis to restrict the direction of sound propaga-
tion to avoid the issue. If the loss of directionahtrol is acceptable, then the sound field can be
divided into strips within which independent sodredds can be created with low risk of inter-
ference. This paper considers two approaches tergtimg such sound fields in the 2D case. In
the first, invariant 2D Bessel beams are derivduclvproduce unidirectional fields that do not
disperse. The second approach uses a mode-weigipjimgach to produce more localised beams
without side lobes. The relative effectivenesshef two approaches is investigated through nu-
merical simulations.
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1. Introduction

Personal sound systems aim to provide independeln atreams for multiple listeners [1], [2].
To achieve this using a single sound reproductj@tesn requires that multiple reproduction zones
be established with independent sound fields ih §e[5]. One approach is to maximise the acous-
tic contrast between zones [6]—-[9]. The approachlmextended using intensity control to include
control of direction [10]. An alternative approasho maximise the energy difference between two
zones [11]. More generally, a trade-off can be enagtween the requirement of maximum contrast
and the desire for directional control [12].

Multi-zone reproduction is relatively easy to asleievhen the direction of sound propagation
within a zone is not in line with another zone, When sound in one zone propagates towards another
zone, it must diffract around the other zone tdadirtterference. This is achievable at low frequesc
[13] but at high frequencies it is more difficultq]. Multizone fields can also be generated udneg t
formalism of Wave Field Synthesis [15].

An alternative approach to avoid interference igrtmduce a sound field with a single direction of
propagation, as occurs in personal sound systeimg agplanar array [6], [7], [15]. While these 1D
multizone fields provide no directional controlgthallow the size of the zone in the direction of
propagation to be extended, particular when usoglar or spherical arrays which can produce less
dispersive beams than planar arrays. For exampliei case of two zones, a reproduction system
can produce two half-space fields, each occupyaifydi the reproduction area [16].

This paper discusses the generation of 1D multifietes using circular arrays. Two approaches
are described. In the first, invariant Bessel bearesderived. In the second, modal bandpass win-
dowing the coefficients of a plane wave field proelbbeams of sound propagating in the same direc-
tion. The work is restricted to the 2D case forg@ioity. The performance of the two approaches is
guantified via numerical simulations.
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2. Theory

2.1 2D Invariant beams
A general solution to the 2D wave equation in potasrdinates has the Herglotz form

D[R )= | Ala)d*ag. @
where x = Rcosp, y = Rsing and A(g) is the 2D angular spectrum. Writing(¢) in the form
Alg)= i a,.e™ (2)
and substituting the Jacobi-Anger expansig:o;blhee wave term,
gifeos = i i"J, (kR)e™, (3)
yields the well-known plane wave expgzr;;ion
p(Re)= S a,i™J, (kR)e™ . @)
In Cartesian coordinates the field (1)mr:1:s the form
p(%y) :%TITA(Q)é"(X“S‘WW)dQ . (5)
Using the Bessel expansion (3) for the cosine faatd
g = 3 3, (y)e™ ©)
for the sine factor yields the Cartesian eXp;r:l;i)Ol‘l
p(xy)= z z @™, () 3, (k). (7)

An invariant beam may be generated by a sum ofepleawves arriving from a limited range of
directionsg D[—%,%] from thex-axis [17]. If ¢ is sufficiently small thercosg = 1and (5) can be
approximated as

1 7 I
p(x,y)=e"— | A(@)e“¥ " dg . 8
pley)=e" 2 [ Alg)e™dy ®)
Substituting the expansions for the two terms @ititegral from (2) and (6) yields the equivalent
invariant approximations

p(xY) =€ Y @, (-1)" 3, () =€ Y a,d, (k) =€ Y a3, (k). 9)
These approximate the exact expansion in (7). Canmgpé/) and (9), it is apparent that
i i, J, . (kx) = €%, (10)

n=-o0

This identity holds provided that the coefficiemts are consistent with a narrow range of angles.
It can be further validated as follows. Since th#SLof (10) is the convolution af andime(kx)
it can be written

[i"3,, (ke) [, = €ar,,. (11)
The discrete Fourier transform of each side is
e A(g)=*Ag), (12)

which is the invariant approximation.
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Consider, now, the coefficients

Ay =3y (M) - (13)
From (2), these produce an angular spectrum dbtine [18], (11.4.24)
2" T.(2/%) lal<a
A@)=1 B \1-(a/m) (14
0. |¢l>a

whereT, () is theqth order Chebyshev function. For smalthis will produce an approximately

invariant beam. Substituting (13) in the first foafthe invariant approximation in (9), and usihg t
Bessel summation approximation (Appendix A)

5 (-0 3,() 3, () = (1) 3, kv sing) ws)
yields the invariant approximation
p(xy)=(-1)"€"J, (kysing) , (16)

which is a 2D cylindrical Bessel beam [19],[20].rnde, cylindrical sound field coefficients de-
fined in terms of a Bessel function (13) produ@becylindrical Bessel beam. The Bessel beam
produces nulls at=Yynui where

kynull Sin% = Zq,v’ (17)
where z, , is thevth zero of thegth Bessel function.

Fig. 1a shows the real part of the exact sound fieherated from (4) for a frequencyfof 1 kHz
and an angleg =10 degrees. The invariant approximation from (1&hswn in Fig. 1b. The main
differences between the two fields are that theabeur of the actual field in the null regions eéif§
and, since the angular spectrum (14) has pealgs=at ¢ , the variation inx is better approximated

as exp(ikx cogg) thanexp(ikx) as shown in (16).

(b)

—

—
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2 0 2
x (m)

Figure 1: Field (a) and theoretical Bessel beam (J)=2, ¢ = 10 degrees,f= 1 kHz,

2.2 Modal bandpass beams

It has been shown that a half space field of agl@ave can be generated if the amplitudes of the
negative order modes are suppressed [16]. It wsas sllown that the half-space boundary can be
shifted a distanceye along they-axis by shifting the mode weighting by a positoféset of approx-
imately m, =ky,. More generally, an approximately invariant beam be generated at cenyewvith
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two-sided width2y, by bandpass weighting the mode amplitudes of @eplaave with a window of
width 2m, +1 where

m, =[ky,] (18)
and [.] denotes rounding to the nearest integathEtmore the beam can be shiftedygyusing
a mode offset

my, = —[kyo]- (19)

The suppression of the field outside its intendédtiwcan be improved by using a smooth win-
dowing of the mode coefficients [16]. Here, a tvidesl window with raised cosine roll-off at each
end will be used. The roll-off is governed by spgng the percentage of the window that has values
of one. Raised cosine roll-offs are then appliedaath end. The window is shown in Figure 2a for a
beam width of 1m, shifted = 1m, with a frequency of 1 kHz and 25% flatnd3®e corresponding
sound field is shown in Figure 2b. The beam widtreduced by the roll-off of the mode weighting,
and is largely confined within the desired rang® @b 2 m. The beam magnitude tends to fan out
slightly from thex =0 line and so is not as invariant as the beams itbestin section 2.1.
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Figure 2: Modal bandpass beam spectrum (a) and fidl(b), fo= 1 kHz

3. Simulations

The two approaches to generating invariant bearseritbed above can be applied to producing
1D multizone fields. The beam widths must alsorbgudency-invariant. Using Bessel beams, a two-
zone field can be generated using beams offset by y, so that the first null of one beam is posi-

tioned at the peak of the other. The correspondinde index offset isn, :t[kyo]. To maintain a
frequency-invariant beam the angfeis varied with frequency, from (17), as

[ %
a={" (ZKVOJ’MZZ‘)’I. (20)

712, Ky, <2y,
With a finite head radiu®,, a listener at the peak of one beam will not ble &b experience
complete suppression of the other beam. The relatmplitude of the unwanted Bessel beam com-
pared to that of the desired beam is given by
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Jo (21,0 +z, R,/2y o)
Jo (Z:L,OR"n/zyO) .

For example, witlR, = 90 mm ando= 1 m, y =-25dB which is a reasonable level of attenuation.

Using the bandpass windowed mode approach, any ewofilbbeams can be produced with arbi-
trary widths. Here, a three-zone example will beegi with beams positionedyt -1, 0 and 1 m,
with beam widths of 1my§ = 0.5 m).

Simulations were written in Matlab using a circuaray ofL = 351 2D sources at a radius of 2m,
producing a spatial aliasing frequency of 4.7 kMzample frequency of 8 kHz was used to avoid
aliasing throughout the reproduction area [13] Sherce weightings were derived as [13]

i" em™ . 22
P Aw oyl =
An FFT size of 200 points was used and the weiglete determined at 100 positive frequencies
and the sound field produced at the time whendbalting broadband pulse was positioned at
x =1m andx = 0, to show how the pulse shape and localisatiadhe beam varied with position.

y= (21)

3.1 Results

Two Bessel beam pulses were generated=at1l andy = 1 m. The fields are shown when the
pulses are at = 1, in Fig. 3, and when they arexat 0, in Fig. 4. The Bessel beams maintain their
shape as the pulse propagates across the array.

(a) (b)
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Figure 3: Bessel beamsaty=-1 (@ andy =1 (lr x=1m
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Figure 4: Bessel beams aty =-1(a)andy = 1 (l)r x = 0m
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The fields produced using three modal bandpass $eaenshown in Figures 5 and 6. The pulses
do not maintain their shape to the same extertteamvariant Bessel beams, but are well separated
at the center of the reproduction region.
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Figure 5: Modal bandpass beams aty =-1 (a),y =(B) andy =1 (c), at x = 1m
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Figure 6: Modal bandpass beams aty = -1 (a), y =(B) andy = 1 (c), at x = Om

4. Conclusions

This paper has investigated the generation of sbeachs which can create localised sound fields
within a single array, for a single direction ofiaal. Such 1D multizone fields may be of use where
directionality is not critical, but the sound mbst produced over a wider zone for several listeners
A family of 2D Bessel beams has been derived wreahain relatively invariant, and which are well-
suited to the 1D multizone problem. However, thepsassion of each beam at the center of the other
is relatively poor because the field is zero otdyng a line. One solution to this would be to posit
a zeroth order and a higher-order Bessel pulse@thhe higher order pulse would produce a broader
zero around y=0. The zeroth order beam would kengad so that its first zero coincided with the
peak of the higher-order beam. This approach has mvestigated but the results are not reported
here. An interesting theoretical aspect of thiskwetthat 2D cylindrical Bessel beams are formed by
a 2D integral over a narrow range of angles ofdence, which is equivalent to the generation of 3D
spherical Bessel beams discussed in [17].

The modal bandpass beams allow an arbitrary nuwitleeams to be generated with any width
and so are more flexible than the Bessel beamseMenyvbeing non-invariant, they tend to disperse
both before and after they cross the center ohthey. Therefore the suppression of the unwanted
beams will be less effective at these positions.

6 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

5. Appendix A

Consider the following Bessel summation

a(x@)= Y f(ma)d, (%), (A1)

m=—o0

where f(.) is an arbitrary continuous bandlimited functione 8how that, for small angleg

g(x@)= f(xsing). (A2)

An arbitrary bandlimited function can be written

B
f () :%T_LF(w)ei“’de. (A3)
Substituting in (A 1) yields
1% : 1% s
=— | F i oMy -~ [F ixsin(cog ) .
g(xa) 277__[3 (a))zm:e J,(x)dw 27T_J.B (w)e dw (A 4)
For smallwg, this is approximately
B
g(x,%)zij' F(w) e ®“dw= f (xsing). (A 5)
21T =,

The approximation is good for small angles andfioctions that have small bandwidths so that
w is also restricted in range. Hence, for sngall

i f(mg)J.(x)=f(xsing). (A 6)

The normalised error in the r;L_p];)roximation may biendd as
(9(x@)- f (xsing))’
maxx{(f (x sin¢6))2} .
This error is shown in Figures A.1 fdr(x)=J,(x) for g = 0 to 3 and forg =10 degrees. The
error is below —40 dB for all values xf
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Figure A 1: Expansion error
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