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Spatial Audio Coding:



Perception of the horizontal auditory spatial image:
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Conventional transmission of source signals:

Proposed joint-source coding:
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Stereo mixer:
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Fig. 3. Binaural Cue Coding (BCC) scheme. A multi-channel audio
signal is downmixed to a single channel. The single channel and side
information is transmitted to the decoder.

the original audio channels and also transmitted to the de-
coder. The decoder generates its output channels such that
the audio channel differences approximate the correspond-
ing audio channel differences of the original audio signal.

Summing localization [19] implies that perceptually rel-
evant audio channel differences for a loudspeaker signal
channel pair are the inter-channel time difference (ICTD)
and inter-channel level difference (ICLD). ICTD and ICLD
can be related to the perceived direction of auditory events
[19–21]. Other auditory spatial image attributes, such as
apparent source width [22] and listener envelopment [23],
can be related to interaural coherence (IC) [22, 24]. For
loudspeaker pairs in the front or back of a listener, the
interaural coherence is often directly related to the inter-
channel coherence (ICC) [25] which is thus considered as
third audio channel difference measure by BCC. ICTD,
ICLD, and ICC are estimated in subbands as a function
of time. Both, the time and frequency resolution that is
used, are motivated by perception [14,18]. A thorough dis-
cussion on how ICTD, ICLD, and ICC relate to auditory
spatial image attributes is given in [18].

B. Parametric joint-coding of audio sources

A BCC decoder is able to generate a multi-channel audio
signal with any auditory spatial image by taking a mono
signal and synthesizing at regular time intervals a single
specific ICTD, ICLD, and ICC cue per subband and chan-
nel pair. The good performance of BCC schemes for a wide
range of audio material [18] implies that the perceived au-
ditory spatial image is largely determined by the ICTD,
ICLD, and ICC. Therefore, as opposed to requiring “clean”
source signals si(n) as mixer input in Figure 1, we just re-
quire signals ŝi(n) with the property that they result in
similar ICTD, ICLD, and ICC at the mixer output as for
the case of supplying the real source signals to the mixer.
There are three goals for the generation of ŝi(n):

• If ŝi(n) are supplied to a mixer, the mixer output
channels will have approximately the same spatial
cues (ICLD, ICTD, ICC) as if si(n) were supplied
to the mixer.

• ŝi(n) are to be generated with as little as possible
information about the original source signals si(n)
(because the goal is to have low bitrate side infor-
mation).
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Fig. 4. A mixer for generating stereo signals given a number of source
signals.

• ŝi(n) are generated from the transmitted sum signal
s(n) such that a minimum amount of signal distor-
tion is introduced.

For deriving the proposed scheme we are considering a
stereo mixer (M = 2). A further simplification over the
general case is that only amplitude and delay panning are
applied for mixing. If the discrete source signals were avail-
able at the decoder, a stereo signal would be mixed as
shown in Figure 4, i.e.

x1(n) =
M
∑

i=1

aisi(n − ci)

x2(n) =
M
∑

i

bisi(n − di) . (2)

In this case, the scene description vector S(n) contains just
source directions which determine [4,19] the mixing param-
eters,

M(n) = (a1, a2, · · · , aM ,

b1, b2, · · · , bM ,

c1, c2, · · · , cM ,

d1, d2, · · · , dM )T , (3)

where T is the transpose of a vector. Note that for the mix-
ing parameters we ignored the time index for convenience
of notation.

More convenient parameters for controlling the mixer are
time and level difference, τi and ∆Li, which are related to
ai, bi, ci, and di by

ai =
10Gi/20

√
1 + 10∆Li/10

bi = 10(Gi+∆Li)/20ai

ci = max{−τi, 0}
di = max{τi, 0} , (4)

where Gi is a source gain factor in dB.
In the following, we are computing ICTD, ICLD, and

ICC of the stereo mixer output as a function of the input
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source signals si(n). The obtained expressions will give
indication which source signal properties determine ICTD,
ICLD, and ICC (together with the mixing parameters).
ŝi(n) are then generated such that the identified source
signal properties approximate the corresponding properties
of the original source signals.

B.1 ICTD, ICLD, and ICC of the mixer output

The cues are estimated in subbands and as a function
of time. In the following it is assumed that the source
signals si(n) are zero mean and mutually independent. A
pair of subband signals of the mixer output (2) is denoted
x̃1(n) and x̃2(n). Note that for simplicity of notation we are
using the same time index n for time-domain and subband-
domain signals. Also, no subband index is used and the
described analysis/processing is applied to each subband
independently. The subband power of the two mixer output
signals is

E{x̃2
1(n)} =

M
∑

i=1

a2
i E{s̃2

i (n))}

E{x̃2
2(n)} =

M
∑

i=1

b2
i E{s̃2

i (n))} , (5)

where s̃i(n) is one subband signal of source si(n) and E{.}
denotes short-time expectation, e.g.

E{s̃2
i (n)} =

1

K

n+K/2−1
∑

n−K/2

s̃2
i (n) , (6)

where K determines the length of the moving average.
Note that the subband power values E{s̃2

i (n)} represent
for each source the spectral envelope as a function of time.
The ICLD, ∆L(n), is

∆L(n) = 10 log10

∑M
i=1 b2

i E{s̃2
i (n))}

∑M
i=1 a2

i E{s̃2
i (n))}

. (7)

For estimating ICTD and ICC the normalized cross-
correlation function [26],

Φ(n, d) =
E{x̃1(n)x̃2(n + d)}

√

E{x̃2
1(n)}E{x̃2

2(n + d)}
, (8)

is estimated. The ICC, c(n), is computed according to

c(n) = max
d

|Φ(n, d)| . (9)

For the computation of the ICTD, τ(n), the location of
the highest peak on the delay axis is computed,

τ(n) = argmax
d

Φ(n, d) . (10)

Now the question is, how can the normalized cross-
correlation function be computed as a function of the mix-
ing parameters. Together with (2), (8) can be written as

Φ(n, d) =

P

M

i=1
E{aibis̃i(n − ci)s̃i(n − di + d)}

q

E{
P

M

i=1
a2

i
s2
i
(n − ci)}E{

P

M

i=1
b2
i
s2
i
(n − di)}

, (11)

a

∆
L

[d
B

]
c
(n

)
τ
(n

)
µ
[s

]

Fig. 5. ∆L(n) (top), τ(n) (middle), and c(n) (bottom) for a critical
band as a function of a = E{s̃2

1
(n)}/(E{s̃2

1
(n)} + E{s̃2

2
(n)}). The

mixer parameters (4) are: ∆L1 = 14 dB, ∆L2 = −14 dB, τ1 =
−400 µs, τ2 = 400 µs (solid); ∆L1 = 18 dB, ∆L2 = 0 dB, τ1 =
−600 µs, τ2 = 0 µs (dashed); ∆L1 = −10 dB, ∆L2 = 10 dB, τ1 =
200 µs, τ2 = −200 µs (dotted). The source gain has always been
chosen to be Gi = 0 dB.

which is equivalent to

Φ(n, d) =

P

M

i=1
aibiE{s̃2

i
(n)}Φi(n, d − τi)

q

(
P

M

i=1
a2

i
E{s̃2

i
(n)})(

P

M

i=1
b2
i
E{s̃2

i
(n)})

, (12)

where the normalized auto-correlation function Φi(n, e) is

Φi(n, e) =
E{si(n)si(n + e)}

E{s2
i (n)}

, (13)

and τi = di−ci. Note that for computing (12) given (11) it
has been assumed that the signals are wide sense stationary
within the considered range of delays, i.e.

E{s̃2
i (n)} = E{s̃2

i (n − ci)}

E{s̃2
i (n)} = E{s̃2

i (n − di)}

E{s̃i(n)s̃i(n + ci − di + d)} = E{s̃i(n − ci)s̃i(n − di + d)} .

A numerical example for two sources, illustrating the
dependence between ICTD, ICLD, and ICC and the source
power, is shown in Figure 5. The top, middle, and bottom
panel of Figure 5 show ∆L(n), τ(n), and c(n), respectively,
as a function of the ratio of the power of the two sources,
a = E{s̃2

1(n)}/(E{s̃2
1(n)} + E{s̃2

2(n)}), for different mixing
parameters (4) ∆L1, ∆L2, τ1, and τ2. Note that when
only one source has power in the subband (a = 0 or a = 1),
then the computed ∆L(n) and τ(n) are equal to the mixing
parameters (∆L1, ∆L2, τ1, τ2).
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band as a function of a = E{s̃2
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mixer parameters (4) are: ∆L1 = 14 dB, ∆L2 = −14 dB, τ1 =
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−600 µs, τ2 = 0 µs (dashed); ∆L1 = −10 dB, ∆L2 = 10 dB, τ1 =
200 µs, τ2 = −200 µs (dotted). The source gain has always been
chosen to be Gi = 0 dB.
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A numerical example for two sources, illustrating the
dependence between ICTD, ICLD, and ICC and the source
power, is shown in Figure 5. The top, middle, and bottom
panel of Figure 5 show ∆L(n), τ(n), and c(n), respectively,
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correlation function be computed as a function of the mix-
ing parameters. Together with (2), (8) can be written as
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Fig. 5. ∆L(n) (top), τ(n) (middle), and c(n) (bottom) for a critical
band as a function of a = E{s̃2

1
(n)}/(E{s̃2

1
(n)} + E{s̃2

2
(n)}). The

mixer parameters (4) are: ∆L1 = 14 dB, ∆L2 = −14 dB, τ1 =
−400 µs, τ2 = 400 µs (solid); ∆L1 = 18 dB, ∆L2 = 0 dB, τ1 =
−600 µs, τ2 = 0 µs (dashed); ∆L1 = −10 dB, ∆L2 = 10 dB, τ1 =
200 µs, τ2 = −200 µs (dotted). The source gain has always been
chosen to be Gi = 0 dB.
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where the normalized auto-correlation function Φi(n, e) is

Φi(n, e) =
E{si(n)si(n + e)}
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, (13)

and τi = di−ci. Note that for computing (12) given (11) it
has been assumed that the signals are wide sense stationary
within the considered range of delays, i.e.
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E{s̃i(n)s̃i(n + ci − di + d)} = E{s̃i(n − ci)s̃i(n − di + d)} .

A numerical example for two sources, illustrating the
dependence between ICTD, ICLD, and ICC and the source
power, is shown in Figure 5. The top, middle, and bottom
panel of Figure 5 show ∆L(n), τ(n), and c(n), respectively,
as a function of the ratio of the power of the two sources,
a = E{s̃2

1(n)}/(E{s̃2
1(n)} + E{s̃2

2(n)}), for different mixing
parameters (4) ∆L1, ∆L2, τ1, and τ2. Note that when
only one source has power in the subband (a = 0 or a = 1),
then the computed ∆L(n) and τ(n) are equal to the mixing
parameters (∆L1, ∆L2, τ1, τ2).
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source signals si(n). The obtained expressions will give
indication which source signal properties determine ICTD,
ICLD, and ICC (together with the mixing parameters).
ŝi(n) are then generated such that the identified source
signal properties approximate the corresponding properties
of the original source signals.

B.1 ICTD, ICLD, and ICC of the mixer output

The cues are estimated in subbands and as a function
of time. In the following it is assumed that the source
signals si(n) are zero mean and mutually independent. A
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x̃1(n) and x̃2(n). Note that for simplicity of notation we are
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domain signals. Also, no subband index is used and the
described analysis/processing is applied to each subband
independently. The subband power of the two mixer output
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band as a function of a = E{s̃2

1
(n)}/(E{s̃2

1
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−400 µs, τ2 = 400 µs (solid); ∆L1 = 18 dB, ∆L2 = 0 dB, τ1 =
−600 µs, τ2 = 0 µs (dashed); ∆L1 = −10 dB, ∆L2 = 10 dB, τ1 =
200 µs, τ2 = −200 µs (dotted). The source gain has always been
chosen to be Gi = 0 dB.
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Conclusions:

Joint-Coding of Independent Signals by means of a very 
simple parametrization of the sources.

An MEPG Surround decoder can be used for jointly decoding/
mixing the sources.
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