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Generalized Encoding and Decoding Functions for a
Cylindrical Ambisonic Sound System

Seung-Rae Lee and Koeng-Mo SuiMember, IEEE

Abstract—In this letter, we present generalized encoding and of an ideal plane wave and the signal synthesized by the am-
decoding functions for an ambisonic system. Our approach pro- pisonic system are
vides matrix representations for optimum encoding and decoding

for both odd and even number of N loudspeakers. Particularly, 1 M

we present ambisonic components (signals or channels) for even wp(Y) = = [1+2 Z cosm () — ¢p) (1.2)
N and a parameterized decoding equation for the optimum local- N 1

ization.

Index Terms—Ambisonic surround system, explicit encoding v;/]here% ~ 27:171/{\7 |sdth§ i{;gle of .the;:h Ioudspeak(farM IS
functions for even number of loudspeakers, generalized encoding t, € SYStem'or ,er’ an t d term IS the constant of propor-
and decoding functions for an ambisonic system, optimum local- tionality. The sinc function is defined as
ization for surround systems. in(rt)

. Sin
sindt) = —: (1.3)
™

|. INTRODUCTION . . . L
The sinc function occurs in a number of applications such as re-

MBISONIC SYSTEMS will be evaluated for their ability construction of a continuous signal from its uniformly sampled
to reproduce a single sound source by means of a lougues. The circular sinc function is defined as
speaker layout. Using a set of loudspeakers it is a key to de-

: NO
termine their optimal feeding, which minimizes the difference csingy (¥) = w (1.4)
between the reconstructed wave field and an ideal plane wave sm (5 )

in thg listening area [2], [3]. An a_ccurate r_eproductlon of SOUFEOFN odd this can be written as
field is dependent on the encoding functions. Recently, Poletti

presented a design of the optimum encoding functions for an (N-D/2
ambisonic system, where the angular sinc functions consistingsincy () = Z eln?
of the circular sinc functions for the optimum localization was n=—(N-1)/2
proposed as follows (see also [3]). (N-1)/2 (N-1)/2
A family of angular sinc functions will be described that pro- =142 Z cos(nt)) + 2 Z sin(n).
duce the optimum localization for surround systems of all orders n=1 n=1
M andN, whereM andN denote ambisonic order and number (1.5)

of loudspeakers, respectively.
This letter is concerned with only sounds in a 36@rizontal
plane. Assume that the plane wave is arriving at an angénd

In order to preserve the periodicity of 36@he evenV function
with respect to the criterion for optimality is expressed as

the listening position is at a radial distancat an angleb, both (N=2)/2
counterclockwise with respect to theaxis. Then, the original g(p) =142 Z cos(nip) + cos (N_‘/’>
plane wave is expressed as n=1 2
(N=2)/2 N
S, = Pyeitrcos@=v) (1.1) +2 Z sin(ny) + sin (%) forevenN. (1.6)
n=1

wherek is the wavenumber, anl, is the pressure of the plane
wave. The aim of the ambisonic system is to be able to reprod
this plane wave in the center of the listening area.

In [3], it was presented that the encoding functions that pro- . csincy(¢), forodd N
duce optimum matching of the first-order spherical harmonics asinoy () = {g(w), for evenN.

Hence, a set of angular sinc functions that have® 3@diodicity
LfS?integersN can be defined as

(1.7)

It was mentioned in [3] that the asinc functions for aldare

. . . . _equal to those derived in [5] and [1]. There are also well-de-
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is overdetermined [4]. Therefore, we present explicitly optimuifihe encoding matrix for the second-order ambisonic system can
encoding functions and corresponding decoding functions foe expressed as
both odd and eveV. Especially, we will present a parameter-

ized decoding equation for the optimum localization. ]Izl )V;/
2 1
Pyl =My |va| My=MT- (M. -MT)™" (2.12)
Il. MAIN RESULTS : X
P Y

Sound sources are assumed to be in a distance from the li
tener, namely in the far field, so that the wave fronts producgcthe encoding matrix\.. has full row rank. Note thad/; =
can be considered as a plane near the listening point. The (g/V) M7 if the loudspeaker layout is a regular polygon. Poletti
produced plane wave is characterized by its incidence angl®posed the following encoding functions.
1 according to ther axis and its pressure sign&l, at the  For example, 1) for four loudspeakers with second-order and
center-point ¢ = 0, y = 0). Similarly, plane waves asso-five channels and 2) for six loudspeakers with third-order and
ciated with theNV loudspeakers are defined by anglgsand seven channels, the associated encoding functionsasire
pressure signal®,. Unitary vectorsu,, = (cos,sin¢) and presented, respectively, as follows:
u,, = (cos ¢,,sin ¢, ) are also used (see [1] and [2]).

Pressure signals measured at paint r - ug (with uy = 1+ 2 cos(¢)) + cos(2t)) + 2 sin(¢)) +sin(2)  (2.13)

(cosd, sin )) are then defined in frequency domain by and

14 2cos(v)) + 2 cos(24) + cos(3)

— P etkuyu _ ikr cos(0—1))
v =Pye FPye (2.8) +2sin(¢)) 4 2sin(2¢) + sin(3¢).  (2.14)

S’n, — Pneik-u77 T _ Pne'ikr cos(0—¢s,) (29)
From (2.12), we infer that the right-inverse of the mathik
wherek = 2r f/c is the wavenumber associated with the fredoes not exist, since the matd{, does not have full row rank.
guencyf. Considering horizontal encoding of a single sourcéherefore, a generalized inverse/df is not unique [4].
(Py, 1), ambisonic components of ord&f and for oddN are Now, we will present explicitly encoding functions and cor-
defined by responding decoding functions for both odd and eeriFrom
the angular sinc function (1.7), we will derive an encoding func-
tion as follows (e.g.)V = 6):
w :(IOPw7
X1 =a1Pycosp
Yl = Ozlp,/, Sin I/J

asincy(v) = 1+ 2cos(vp) + 2 cos(2¢) + cos(3¢)
+2sin(v) + 2sin(2¢) + sin(31).

Xo = a9 Py cos2¢ The corresponding encoding function is expressed as (2.15),
Yy = ay Py sin 24 shown at at the top of the next page. Then, the associated de-
coding function is
: 1 . .
Xr = an Py cos My P, :E[l V2cos g, V2sing, V2cos2¢p, ﬂsm?qﬁn}
Y = an Py sin M. (2.10) Py
Py/2 cos
For convenience, letg = 1, a; = V/2,i = 1..M, and using . Pw\/isin P

matrix representation for encoding and decoding functions, we P¢,\/§ (cos 29 + % coS 31/1)
express the encoding matrix for the second-order ambisonic PyV/2 (sin 2¢) + § sin 3¢))

system w w
X1 Xl
= Ma(n) - Y £ My(n)- | Y1 (2.16)
w Py 1 o
Xo+ 5X3 Xo
X Py i ;
1 Yo+ 5Y3 Ys
Vi| =M, | s
X, . whereM,(n) denotes thexth row of M.
Y, P Therefore, the decoding equation yields:
N
1 1 1 p, =1 [P¢,~|—\/§cos¢nX1 +V2sin g, V3
\/§cos¢1 \/Ecosdu ﬂcosgzﬁN 6
M. = | V2sing1  V2singy -+ 2singy | . +v/2 cos 2¢nX2 +V/2sin 2<j>nf/2] . (2.17)
V2 cos 2¢1 V2 cos 2¢9 - V2 cos 2¢ N
V2sin2p;  V/2sin2¢s  --- V/2sin 2y Analogously, we obtain the encoding and decoding functions of

(2.11) higher orders. Note that,, (1)) can be expressed by the product
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wy (V) = é [1 4+ 2cos(2¢) — 2¢y) + cos (3¢ — 2¢y,)]
= é [1 + 2cos ) - cos ¢, 2 (cos 29 + % cos 31/1) COos 2¢y,
+ 2sin 1) - sin ¢, + 2 (sin 29 + % sin 31/)) sin 2(;5”}
1
1 V2 cos bn
== [1 V2costy 2siny 2 (00521/; + % cos?n/;) V2 (Sin21/; + % sin31/;) } | V2sin g, (2.15)
6 \/E 9
cos 2¢,
V2sin 2¢n
L1425 M cos(m(p— du))|, for odd N
L [1 + 25 M cos (m (1 — pn)) + cos(M + 1) — qun)] . forevenN
M .
P — % |:/80P1U + Zm:l Bm (COS ¢nXm + sin ¢nYm)i| s for odd N (220)

/ % |:/80Pw + Zﬁ’{;ll ﬂm (COS ¢nXm + sin ¢nYm)

+ Bum (Cos qsnf( M +sin ¢>nYM)] , forevenN

of the coefficients of;(¢) and thenth column of the encoding

matrix. By virtue of the asinc functions, the general form of the

optimal encoding function are proposed as follows.

Forn=0,1,2,...,N —1,itholds (2.18), found at the top of
the page. Hence, ambisonic components of ofdefor even
N are defined by

w :O(()qu,,

Xar—1 =an—1Py cos(M — 1)y
Yar—1 =anr—1 Py sin(M — 1))

. 1
Xyv =auPy (cos My + 5 cos(M + 1)1/))
N 1
Yu = OAJ\,IPU', (Sin M) + 5 sin(M + 1)1/)) (219)
for M > 1 where X, andYy are not defined.

A. Generalized Decoding Equation
The generalized decoding equation, for &l holds (2.20),

I1l. CONCLUSION

Using matrix representations, we have proposed generalized
encoding and decoding functions for an ambisonic system. The
ambisonic order (especially, fa¥ even) is always reduced.
However, the last term of the ambisonic components includes
the component of the usual order (one order higher). For the
optimum localization, the parameterization of the decoding
equations are also proposed. Moreover, we have presented
the ambisonic components for eveN. Our approach is
unigue, whereas the approach presented in [3] is not unique. In
general, these functions depend on an odd or even number of
loudspeakers.

REFERENCES

[1] J. S. Bamford. (2000) An analysis of ambisonic sound systems of first
and second order. [Online]. Available: http://www.ambisonic.net

J. Daniel, J.-B. Rault, and J.-D. Polack. (2000) Ambisonics encoding of
other audio formats for multiple listening conditions. [Online]. Avail-
able: http://www.ambisonic.net

M. Poletti, “The design of encoding functions for stereophonic and poly-
phonic sound systemsJ. Audio Eng. Soc¢vol. 44, no. 11, 1996.

[2

13

found at the top of the page. In order to ensure the optimuml4] R. A. Usmani,Applied Linear Algebra New York: Marcel Dekker,

localization for surround systems of all ordevs and N from
the (2.10), (2.19), (2.15), (2.18), and (2.20), we infer that
Bo=1landa; -3, =2,7€1... M.

1987.

[5] J. Vanderkooy and S. P. Lipshitz, “Anomalies of wavefront reconstruc-
tion in stereo and surround sound reproductionPiac. 83rd Conven-
tion of the Audio Engineering S9d.987.

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 26, 2008 at 08:40 from IEEE Xplore. Restrictions apply.



