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AUDIO SIGNAL PROCESSING APPARATUS AND SIGNAL PROCESSING METHOD FOR A

SOUND SYSTEM, PARTICULARLY IN A VEHICLE

(57) An audio signal processing apparatus (10) com-
prises a signal input section (11) through which in oper-
ation at least one audio signal (50) is received, and a
splitting section (12) configured to generate a first signal
(61) and a second signal (62) from the received at least
one audio signal (50), wherein the first signal (61) com-
prises signal components of a first frequency range of
the at least one audio signal and the second signal (62)
comprises signal components of a second frequency
range of the at least one audio signal, the first frequency
range comprising lower frequencies than the second fre-
quency range and the first and second frequency ranges
having a cross-over frequency (fxA). Afirst output section
(41) is arranged to generate a first output signal (71) for
at least one first loudspeaker (21A) from the first signal

(61), and a second output section (42) is arranged to
generate a second output signal (72) for at least one sec-
ond loudspeaker (22A) from the second signal (62). A
processing section (30) receives a volume control signal
(70) which is indicative of a user volume input and is
configured to determine a first cross-over frequency val-
ue (fx1) according to the volume control signal (70) and
to determine a second cross-over frequency value (fx2)
which comprises a calculation of a power value of signal
components over at least one frequency band of the at
least one audio signal (50), wherein the processing sec-
tion (30) is configured to determine the cross-over fre-
quency (fxA) from one of the first and second cross-over
frequency values (fx1, fx2).
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Description

[0001] The invention relates to an audio signal
processing apparatus for generating multiple output sig-
nals, particularly for a multi-way loudspeaker system.
The invention further relates to a sound system and to a
vehicle having such audio signal processing apparatus,
and to a signal processing method for a sound system,
particularly but not exclusively applicable in a vehicle.
[0002] Generally,inatypical configuration, amulti-way
loudspeaker system with so-called active frequency
cross-over comprises at least one low frequency (LF)
loudspeaker, one or more high frequency (HF) speak-
er(s), multiple amplifier channels and an active analog
or digital cross-over filter which has a high pass filter and
a low pass filter to split the input audio signal into at least
two bands, one for each speaker or speaker group. Typ-
ically, the cross-over frequency between the loudspeak-
ers is defined during set-up or sound tuning of the system
and stays fixed.

[0003] Particularly in a vehicle multi-way loudspeaker
system, it is advantageous to reproduce mid and high
frequencies as much as possible from the higher mount-
ed loudspeakers (i.e. loudspeakers mounted at a higher
position with respect to the floor plane of the vehicle) to
achieve a high sound stage and a cross-over point below
the speech band. This is currently only used in cases
where high-cost large mid-band loudspeakers are used
in at least a 3 way configuration.

[0004] Current known technology uses fixed cross-
over frequencies or sets the cross-over frequency by vol-
ume control setting, as disclosed in WO 2010/122441 A1.
[0005] WO 2010/122441 A1 discloses a drive system
which comprises a splitter which generates a low fre-
quency signal and high frequency signal from an input
signal. A first drive circuit is coupled to the splitter and
generates a drive signal for an audio driver from the low
frequency signal. A second drive circuit is coupled to the
splitter and generates a drive signal for a second audio
driver from the high frequency signal. The second drive
circuit provides a bass frequency extension for the sec-
ond audio driver by applying low frequency boost to the
low frequency signal. A processor determines a driver
excursion indication for the second audio driver and a
controller performs a combined adjustment of a cross-
over frequency for the high and low frequency signals
and a characteristic of the low frequency boost based on
the driver excursion indication.

[0006] JP 08-033093 A discloses a multi-way speaker
device where rich musicality can be enjoyed even at the
time of the reproduction in a low level. In this device, each
filter is composed so that a cut-off frequency may be
changed. The device is provided with a cross-over fre-
quency control means outputting a variable control signal
of the cut-off frequency for each filter according to an
input sound signal level. When aninput sound signal level
is lowerthan a prescribed level, the cross-over frequency
by each filter is made to change to a low-pass side.
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[0007] Particularly in two-way active cross-over sys-
tems in vehicles, such as cars, the value of the cross-
over frequency fx is a compromise between power han-
dling of the HF speaker(s) and perceived sound stage
height. The high-mounted HF speaker(s) (so-called
tweeter) should play as much of the mid-band as possible
to define a high sound stage, but the power handling sets
a lower frequency limit, because the HF speaker(s) typ-
ically cannot handle high power.

[0008] If mid frequencies are reproduced from the LF
speaker(s), the perceived sound stage is pulled down
towards the bottom of the door of the vehicle, as LF
speakers are typically installed in a lower area of the door.
There, greater installation space is available for the LF
speakers which is often necessary for good sound repro-
duction. In practice this means for a given mid-tweeter
that the lower bandwidth limit depends on input power
before the high pass filter, or the rated power handling
limit depends on the high pass filter.

[0009] In a typical two-way sound system of a car, the
cross-over frequency is about 2-3 kHz, inside the upper
half of the human speech band. Thus, the lower end
comes from the LF speaker and the intelligibility is im-
paired by the cross-over point, see also Figures 2 and 3.
[0010] Fig. 2 shows a standard configuration of a
sound system with active cross-over between a high fre-
quency speaker coupled to an amplifier and a low fre-
quency speaker coupled to another amplifier and a cor-
responding signal diagram showing an exemplary cross-
over frequency. The cross-over frequency is set in a so-
called splitter to which an audio source signal as an input
signal is applied. Signal components of higher frequency
above the cross-over frequency fx (in this example ap-
prox. 100 Hz, see signal diagram in the lower part of Fig.
2) are supplied to the amplifier for the high frequency
speaker, and signal components of lower frequency be-
low the cross-over frequency fx are supplied to the am-
plifier for the low frequency speaker. As commonly
known, the splitter comprises a respective low pass filter
and high pass filter which are correspondingly set with
the cross-over frequency fx, as shown in the diagram of
Fig. 2.

[0011] Fig. 3 shows adiagram with a spectrum of audio
signal components of exemplary associated audio sourc-
es in different frequency bands. Typical tweeter loud-
speakers operate in a frequency range above roughly
3000 Hz and, as such, mainly reproduce signal compo-
nents of higher frequencies of male speech or female
speech, but other sources like trombone, violin, bass or
flute are not or less reproduced. These sources are main-
ly reproduced by woofer speakers which operate in a
frequency range below the cross-over frequency of 3000
Hz. Thus, a sound stage orimage reproduced according
to Fig. 3 is typically not preferable, at least in a typical
loudspeaker configuration of a vehicle.

[0012] Itisan objectofthe inventionto provide anaudio
signal processing apparatus and a signal processing
method for a sound system which are capable of increas-
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ing the sound stage of a sound system, particularly used
in a vehicle.

[0013] The invention relates to an audio signal
processing apparatus according to claim 1 and to a signal
processing method for a sound system according to claim
14.

[0014] According to an aspect, there is disclosed an
audio signal processing apparatus, comprising a signal
input section through which in operation at least one au-
dio signal is received, a splitting section coupled to the
signal input section and configured to generate a first
signal and a second signal from the received at least one
audio signal, wherein the first signal comprises signal
components of a first frequency range of the at least one
audio signal and the second signal comprises signal
components of a second frequency range of the at least
one audio signal, the first frequency range comprising
lower frequencies than the second frequency range and
the first and second frequency ranges having a cross-
over frequency, a first output section coupled to the split-
ting section and arranged to generate afirst output signal
for at least one first loudspeaker from the first signal, a
second output section coupled to the splitting section and
arranged to generate a second output signal for at least
one second loudspeaker from the second signal. A
processing section is coupled to the signal input section
and receives a volume control signal which is indicative
of a user volume input and which controls a volume of
the first and second output signals depending on the user
volume input. The processing section is configured to
determine a first cross-over frequency value according
to the volume control signal and to determine a second
cross-over frequency value, wherein the determination
of the second cross-over frequency value comprises a
calculation of at least one power value of signal compo-
nents over at least one frequency band of the at least
one audio signal. The processing section is further con-
figured to determine the cross-over frequency from one
of the first and second cross-over frequency values.
[0015] According to another aspect, there is disclosed
asignal processing method for a sound system, the meth-
od comprising the steps of receiving at least one audio
signal, generating a first signal and a second signal from
the received at least one audio signal, wherein the first
signal comprises signal components of a first frequency
range of the at least one audio signal and the second
signal comprises signal components of a second fre-
quency range of the at least one audio signal, the first
frequency range comprising lower frequencies than the
second frequency range and the first and second fre-
quency ranges having a cross-over frequency, generat-
ing a first output signal for at least one first loudspeaker
from the first signal and a second output signal for atleast
one second loudspeaker from the second signal, receiv-
ing a volume control signal which is indicative of a user
volume input and controls a volume of the first and sec-
ond output signals depending on the user volume input,
determining a first cross-over frequency value according
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to the volume control signal and determining a second
cross-over frequency value, wherein the determination
of the second cross-over frequency value comprises a
calculation of at least one power value of signal compo-
nents over at least one frequency band of the at least
one audio signal, and determining the cross-over fre-
quency from one of the first and second cross-over fre-
quency values.

[0016] According to the audio signal processing appa-
ratus and the signal processing method for a sound sys-
tem according to the invention, it is possible to increase
the sound stage of a sound system and power handling
capabilities of the sound system while preserving a high
sound stage. Advantageously, an amount of signal com-
ponents of the received audio signal that is sent to HF
speaker(s) can be derived from a combination of (a) a
user volume input setting and (b) a power estimation
through frequency analysis, which may be employed for
protecting the HF speaker(s) against overload while pre-
serving a high sound stage. For the power estimation,
the processing section particularly calculates atleastone
power value of signal components over at least one fre-
quency band in the second frequency range of the at
least one audio signal.

[0017] According to an embodiment, the processing
section is configured to determine the cross-over fre-
quency from the greater one of the firstand second cross-
over frequency values.

[0018] Advantageously, for a multi-way speaker sys-
tem the audio signal processing apparatus may be con-
figured such that it sends an increased or maximum
amount of signal components to HF speaker(s) to keep
the sound stage (also called sound image) high or as
high as possible (e.g. adjusting the cross-over frequency
as low as possible), but limited by maximum power (heat)
and excursion (total harmonic distortion, or shortly THD)
handling capabilities of the HF speaker(s).

[0019] According to an embodiment, the processing
section is configured to determine the cross-over fre-
quency as the first cross-over frequency value if the first
cross-over frequency value is greater than the second
cross-over frequency value, and as the second cross-
over frequency value if the second cross-over frequency
value is greater than the first cross-over frequency value.
[0020] Accordingto an embodiment, the determination
of the second cross-over frequency value comprises cal-
culation of power values of signal components of the at
least one audio signal along at least one frequency band
from afirstfrequency level of the second frequency range
to alower frequency of the second frequency range, sum-
ming up the calculated power values from the first fre-
quency level of the second frequency range down to the
lower frequency of the second frequency range, and de-
termining whether a sum of the summed up calculated
power values reaches a power limit defined for the at
least one second loudspeaker, and determining a fre-
quency value that corresponds to a calculated power val-
ue at which the defined power limit is reached as the
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second cross-over frequency value.

[0021] Accordingtoanembodiment, the determination
of the second cross-over frequency value comprises per-
forming an n-th octave band analysis for calculating at
least one power value in a respective one of multiple n-
th octave bands of the second frequency range of the at
least one audio signal from a first n-th octave band of the
second frequency range to a lower n-th octave band of
the second frequency range, summing up the respective
calculated power values of the n-th octave bands from
the first n-th octave band of the second frequency range
down to the lower n-th octave band of the second fre-
quency range, and determining whether a sum of the
summed up calculated power values reaches a power
limit defined for the at least one second loudspeaker, and
determining a lowest one of the n-th octave bands at
which the sum of the summed up calculated power values
reaches the defined power limit, and determining a fre-
quency of the lowest one of the n-th octave bands as the
second cross-over frequency value.

[0022] According to an embodiment, the processing
section is configured to determine a first and a second
cross-over frequency from one of the first and second
cross-over frequency values, wherein the first cross-over
frequency is supplied to a low pass filter of the splitting
section for generating the first signal and the second
cross-over frequency is supplied to a high pass filter of
the splitting section for generating the second signal.
[0023] According to an embodiment, the audio signal
processing apparatus further includes a storing section
for storing a table of multiple cross-over frequency values
at multiple volume control signal values, wherein the
processing section is configured to determine the first
cross-over frequency value according to one of the stored
cross-over frequency values.

[0024] According to another aspect, the invention also
relates to a sound system comprising an audio signal
processing apparatus according to the invention which
is coupled to the at least one first and second loudspeak-
ers.

[0025] According to an embodiment, the at least one
first loudspeaker comprises at least one low frequency
(LF) loudspeaker and the at least one second loudspeak-
ercomprises atleast one high frequency (HF) loudspeak-
er.

[0026] According to an embodiment, the at least one
first loudspeaker comprises at least one of the following:
a center loudspeaker, a subwoofer, an ambience loud-
speaker; and the at least one second loudspeaker com-
prises at least one tweeter loudspeaker. Typically, a
tweeter loudspeaker, or shortly tweeter, is a particular
type of loudspeaker that is designed to produce high au-
dio frequencies, typically from around 2,000 Hz to 20,000
Hz (generally considered to be the upper limit of human
hearing).

[0027] According to an embodiment, the at least one
first loudspeaker comprises at least one low frequency
(LF) loudspeaker configured for a frequency range of 50
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to 4000 Hz, and the at least one second loudspeaker
comprises at least one high frequency (HF) loudspeaker
(or mid-HF speaker) configured for a frequency range of
300 to 20,000 Hz.

[0028] According to another aspect, the invention also
relates to a vehicle comprising an audio signal process-
ing apparatus or sound system according to the invention
which is coupled to the at least one first and second loud-
speakers.

[0029] According to an embodiment, the at least one
first loudspeaker comprises at least one low frequency
loudspeaker and the at least one second loudspeaker
comprises at least one high frequency loudspeaker, and
the at least one low frequency loudspeaker is installed
in the vehicle at a first position, and the at least one high
frequency loudspeaker is installed in the vehicle at a sec-
ond position which is at greater height than the first po-
sition relative to a floor plane of the vehicle. Such con-
figuration is advantageous for achieving a high sound
stage or image.

[0030] According to an embodiment, the at least one
second loudspeaker comprises at least one of a front
loudspeaker and a door loudspeaker of the vehicle.
[0031] According to aspects of the invention, as de-
scribed above, preferably atlow to medium volume levels
the sound stage may be kept high because the audio
signal processing apparatus may be configured such that
most of the mid band signal components of the audio
signal are sent to higher mounted mid-tweeter speak-
er(s). Such configuration is particularly advantageous in
a vehicle where installation space for higher mounted
mid-tweeter speaker(s) is limited. Due to power estima-
tion through frequency analysis, small mid-tweeter
speaker(s) with limited power may be protected from
overload and heat at higher volume levels.

[0032] Athighervolume levels the cross-over frequen-
cy is preferably shifted up to higher values in order to not
overload any employed mid-tweeter speaker(s). The
sound stage height is degraded at high power levels of
the audio signal, but the power handling capability of the
overall system may be increased significantly. For exam-
ple, a highly compressed pop song has much more en-
ergy (or power) than quiet classical music at the same
volume step, wherein this may be taken into account ac-
cording to aspects of the invention.

[0033] All embodiments as described herein with re-
spect to the apparatus, sound system or vehicle, may
equally be applied in connection with the method as de-
scribed herein.

[0034] Embodiments of the invention are described in
greater detail below with reference to the Figures, in
which:
Fig. 1 shows a perspective schematic view of an ex-
emplary vehicle having an exemplary sound
system in accordance with an embodiment of
the invention installed therein,
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Fig. 2  shows a standard configuration of a sound sys-
tem with active cross-over between a high fre-
quency speaker and a low frequency speaker
and a corresponding signal diagram showing
an exemplary cross-over frequency,

Fig. 3  shows a diagram with a spectrum of audio sig-
nal components in different frequency bands
with exemplary associated audio sources,

Fig. 4  showstwodiagrams with arespective spectrum
of audio signal components and different cross-
over frequencies,

Fig. 5 shows a block diagram of an exemplary audio
signal processing apparatus in accordance with
an embodiment of the invention,

Fig. 6 shows an exemplary signal diagram of the
cross-over frequency values fx1, fx2 according
to Fig. 5and a cross-over frequency fxA as input
for the splitting section 12 according to Fig. 5
according to an embodiment with an exemplary
volume control signal 70.

[0035] Fig. 1 shows a perspective schematic diagram
of a vehicle 1 provided with a sound system 2 in accord-
ance with an exemplary embodiment of the invention.
[0036] The sound system 2 comprises a multi-way
loudspeaker system with a plurality of loudspeakers
21-24. It should be noted thatthe invention can be applied
with any number of loudspeakers, and that a typical ve-
hicle sound system, for which the invention may be em-
ployed, includes more than the number of loudspeakers
shown in Fig. 1. In particular, the exemplary sound sys-
tem 2 comprises a lower left door speaker 21A, a lower
right door speaker 21 B, an upper left door speaker 22A,
an upper right door speaker 22B, and a left front speaker
23 and right front speaker 24. The sound system may
further comprise, e.g., rear speakers and a subwoofer
(notshown). All of these speakers are coupled to an audio
signal processing apparatus 10 by respective signal lines
(shown in dashed lines in Fig. 1). It is also possible that
the speakers 21-24 and the audio signal processing ap-
paratus 10 are coupled via a bus architecture or any other
means of signal communication, e.g. by wire and/or wire-
lessly.

[0037] Accordingtoanembodiment,the lower left door
speaker 21A (and lower right door speaker 21 B) is a low
frequency (LF) speaker, and the upper left door speaker
22A (and upper right door speaker 22B) is a high fre-
quency (HF) speaker. For example, the lower left door
LF speaker 21A can have larger dimensions and thus
has higher maximum power than the upper left door HF
speaker 22A, which may be quite small and may have
limited installation space, e.g. in the back region of the
rear-view mirror of the door. The HF speaker 22A may
be configured for reproduction at lower or mid volume
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levels. The speakers 23, 24 may be HF speakers with
similar or different frequency band as the speaker 22A.
According to an embodiment, the LF speaker 21Ais con-
figured for a frequency range of 50 to 4000 Hz, and the
HF speaker (or mid-HF speaker) 22A is configured for a
frequency range of 300 to 20,000 Hz.

[0038] According to an embodiment, the speaker 21A
is installed in the vehicle 1 at a first position, e.g. in a
lower area of the vehicle front door where more installa-
tion space is available. The speaker 22A is installed in
the vehicle 1 at a second position, e.g. in an upper area
of the vehicle front door, which is at a greater height than
the position of the speaker 21A relative to the floor plane
3 of the vehicle. Particularly, the floor plane of the vehicle
is the bottom plane where the seats of the vehicle are
mounted. With such arrangement of speakers, a high
sound stage may be achieved. Particularly, in a vehicle
with such multi-way loudspeaker system, it is advanta-
geous to reproduce mid and high frequencies as much
as possible from higher mounted loudspeakers.

[0039] It should be noted that a sound system and an
audio signal processing apparatus according to the in-
vention, such as the sound system 2 and audio signal
processing apparatus 10, are applicable in a vehicle, but
may also be applied in a different environment.

[0040] Generally, a sound system according to the in-
vention may comprise an audio signal receiving appara-
tus, such as a tuner, for receiving wireless audio source
signals, such as radio broadcast waves or any other kind
of source signal. Additionally or alternatively, itis possible
thatthe sound system is coupled to an audio source read-
ing apparatus, such as a CD player or a DVD player or
a hard disk drive or any other kind of signal / data storage
device, e.g. via a data connection such as USB. The au-
dio signal receiving apparatus and/or the audio source
reading apparatus may be coupled to the audio signal
processing apparatus for providing the audio source sig-
nal(s) to the audio signal processing apparatus. No mat-
ter what the audio source is, the audio signal processing
apparatus according to the invention is adapted to re-
ceive the audio source signal(s) as audio signal(s) and
to generate respective output signals for the respective
speakers.

[0041] Fig. 5 shows an audio signal processing appa-
ratus 10 in accordance with an exemplary embodiment
of the invention. Particularly, Fig. 5 shows an implemen-
tation with a 2-way speaker system and an embodiment
of a digital sound processor (DSP) block diagram. The
audio signal processing apparatus 10 comprises a signal
input section 11, a splitting section 12, a first output sec-
tion 41, a second output section 42, and a processing
section 30. The audio signal processing apparatus 10,
or one or several of its components or sections, such as
the signal input section, the splitting section, the first out-
put section, the second output section, and/or the
processing section, may be implemented in any appro-
priate manner. They may be implemented in hardware,
such as in one or more digital sound processors and/or
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in digital signal processing components. They may also
be implemented at least in part using analog compo-
nents. They may also be implemented (partly) in software
in a digital sound processor, or in any appropriate com-
bination of hardware and software.

[0042] According to the embodiment of Fig. 5, with the
signal input section 11 at least one audio signal 50 is
received in operation, for example from an audio source
as described above. The audio signal 50 may be a stereo
signal or any single or multi channel audio signal. The
splitting section 12 is coupled to the signal input section
11 and configured to generate from the received audio
signal 50 a first signal 61 via a respective low pass filter
121, and a second signal 62 via a respective high pass
filter 122. The first signal 61 comprises signal compo-
nents of a first frequency range of the audio signal 50
and the second signal 62 comprises signal components
of a second frequency range of the audio signal 50. The
first frequency range comprises lower frequencies than
the second frequency range. For example, the first fre-
quency range is a low frequency range, and the second
frequency range is a high frequency range. The first and
second frequency ranges have at least one cross-over
frequency.

[0043] Such cross-over frequency is shown in Fig. 4A
and 4B, respectively depicting a cross-over frequency
fxA in Fig. 4A and fxB in Fig. 4B between a respective
low frequency range and high frequency range (the x-
axis designating increasing frequency values f, and the
y-axis designating increasing volume levels V of repro-
duced audio signals).

[0044] Thefirstoutputsection41 is coupled to the split-
ting section 12, particularly to the low pass filer 121, and
is arranged to generate from the first signal 61 provided
by the low pass filter 121 at least one first output signal
71 for at least one first loudspeaker, such as one or more
LF speakers like the lower left door speaker 21A shown
in Fig. 1 and/or the lower right door speaker. The second
output section 42 is also coupled to the splitting section
12 and is arranged to generate from the second signal
62 provided by the high pass filter 122 atleast one second
output signal 72 for at least one second loudspeaker,
such as one or more HF speakers like the upper left door
speaker 22A shown in Fig. 1 and/or the upper right door
speaker.

[0045] The processing section 30 is coupled to the sig-
nal input section 11 and receives a volume control signal
70 which is indicative of a user volume input and controls
a volume of the first and second output signals 71, 72
depending on the user volume input. For example, the
volume control signal 70 may be provided from an input
section of a human machine interface where the user
can input a volume setting for adjusting the volume of
reproduced audio signals. The input section may output
avolume control signal whichis indicative of such volume
setting. For example, the volume control signal may be
provided to respective amplifiers in the output sections
41, 42,
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[0046] The processing section 30 comprises a prese-
lection section 31 and a storing section 32 with which the
processing section determines afirst cross-over frequen-
cy value fx1 according to the volume control signal 70
input to the preselection section 31. For example, in the
storing section 32 a table of multiple cross-over frequen-
cy values (such as X, Y, Z shown in Fig. 5) at multiple
volume control signal values (such as 0, 1, 2 shown in
Fig. 5) is stored. Depending on the respective volume
control signal value input to the preselection section 31,
the preselection section 31 retrieves the corresponding
values from the table in storing section 32 and determines
the first cross-over frequency value fx1 according to one
of the stored cross-over frequency values X, Y, Z which
corresponds to the received volume control signal value
at the input of preselection section 31.

[0047] For example, the high pass filter 122 may be
set with a cross-over frequency value of X, Y, Z, whereas
the low pass filter 121 may be set with the same cross-
over frequency value X, Y, Z, or with roughly the same
(i.e. a slightly different) cross-over frequency value (ex-
pressed in Fig. 5 by ~X, ~Y, ~Z). For example, X may be
1020 Hz, whereas ~X may be 970 Hz. Particularly in the
latter case, the preselection section 31 sets a respective
cross-over frequency value fx1 for the high pass filter 122
and the low pass filter 121, which need not be the same.
[0048] According to anembodiment, the optimal cross-
over frequency is set by a set of parameters in one or
several tables. This may be calculated during a system
tuning by using design knowledge of speaker system and
knowledge of the source and gain structure of the audio
signal sources in the system (such as maximum input
levels to cross-over frequency). Using the user volume
input to preselect a cross-over frequency has the advan-
tage that the changes in the cross-over frequency are
normally not audible to the user, because the cross-over
frequency is mostly changed at a time when there is a
volume change by the user volume input.

[0049] The processing section 30 further comprises a
calculation section 33 having calculation blocks 331, 332
and 333, as explained in more detail below. In calculation
section 33, which works in parallel to the preselection
section 31, the processing section 30 determines a sec-
ond cross-over frequency value fx2. The determination
of the second cross-over frequency value fx2 performed
in calculation section 33 comprises a calculation of a pow-
ervalue of signal components over at least one frequency
band of the audio signal 50, which is input into calculation
section 33. From this calculation, the processing section
30 determines a cross-over frequency value fx2 for both
high passfilter 122 and low passfilter 121, or arespective
cross-over frequency value fx2 for the high pass filter 122
and the low pass filter 121, which need not be the same,
analogously as explained above for setting the cross-
over frequency value fx1.

[0050] Inthe selection section 34, the processing sec-
tion 30 determines a cross-over frequency fxA for setting
the high pass filter 122 and low pass filter 121, respec-
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tively, from one of the first and second cross-over fre-
quency values fx1, fx2. The cross-over frequency fxA is
supplied as a control value to the low pass filter 121 and
high pass filter 122 for setting their respective cross-over
frequency to be the cross-over frequency fxA.

[0051] For example, referring to Fig. 4A, a cross-over
frequency fxA of 300 Hz may be set. According to Fig.
4B, in another scenario with a different volume control
signal 70 having a higher volume level V, for example, a
cross-over frequency fxB of 2500 Hz may be set instead
of fxA, thus protecting the HF speaker(s) against over-
load.

[0052] In a case where different cross-over frequen-
cies are set for the high pass filter 122 and low pass filter
121, respectively, the processing section 30 in the selec-
tion section 34 determines a first and a second cross-
over frequency fxA1, fxA2 from the received first and sec-
ond cross-over frequency values fx1, fx2. The first cross-
over frequency fxA1 is supplied as a control value to the
low pass filter 121 for setting its cross-over frequency to
be the first cross-over frequency fxA1, and the second
cross-over frequency fxA2 is supplied as a control value
to the high pass filter 122 for setting its respective cross-
over frequency to be the second cross-over frequency
fxA2.

[0053] The processing section 30 determines the
cross-over frequency fxA (or fxA1, fxA2) from the greater
one of the first and second cross-over frequency values
fx1, fx2. Particularly, the processing section 30 deter-
mines the cross-over frequency fxA (or fxA1, fxA2) as
the first cross-over frequency value fx1 if the first cross-
over frequency value fx1 is greater than the second
cross-over frequency value fx2, and as the second cross-
over frequency value fx2 if the second cross-over fre-
quency value fx2 is greater than the first cross-over fre-
quency value fx1.

[0054] According to an embodiment, in blocks 331 to
333, the determination of the second cross-over frequen-
cy value fx2 is done as follows:

In block 331, power values of signal components of
the audio signal 50 are calculated along at least one
frequency band from a first frequency level of the
second frequency range to a lower frequency of the
second frequency range. Particularly, itis performed
an n-th octave band analysis for calculating at least
one power value in a respective one of multiple n-th
octave bands of the second frequency range of the
audio signal 50 from a first n-th octave band of the
second frequency range to a lower n-th octave band
of the second frequency range.

[0055] In block 332, the calculated power values are
summed up from the first frequency level of the second
frequency range down to the lower frequency of the sec-
ond frequency range, and it is determined whether a sum
of the summed up calculated power values reaches a
power limitdefined for the atleast one second loudspeak-
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er (such as speaker 22). Particularly, the respective cal-
culated power values of the n-th octave bands from the
first n-th octave band of the second frequency range
down to the lower n-th octave band of the second fre-
quency range are summed up, and it is determined
whether a sum of the summed up calculated power val-
ues reaches a power limit defined for the at least one
second loudspeaker (i.e. speaker 22).

[0056] Inblock 333, as the second cross-over frequen-
cy value fx2 a frequency value is determined that corre-
sponds to a calculated power value at which the defined
power limit is reached. Particularly, there is determined
a lowest one of the n-th octave bands at which the sum
of the summed up calculated power values reaches the
defined power limit, and a frequency of the lowest one
of the n-th octave bands is determined as the second
cross-over frequency value fx2.

[0057] In other words, according to an embodiment of
the invention, any steps performed by the cross-over fre-
quency calculation section 33 comprise the following
steps:

In a first step, an n-th octave band analysis is per-
formed which calculates the power (energy) in every
n-th octave band of the source audio signal 50. In a
second step, from a top end (typically 20 kHz) of the
second frequency range down, calculated power val-
ues (corresponds to quadrature of the signal voltag-
es of the respective signal components) of the n-th
octave bands are summed up (integrated) until the
maximum total power limit of the HF loudspeaker is
reached. The n-th octave bands might be weighted
in this sum. In a third step, the lowest n-th octave
band that is still included within the power limit cal-
culation in the second step determines the cross-
over frequency fx2.

[0058] According to an embodiment, the calculation
performed in calculation section 33 (which functions as
a prediction algorithm) continuously or intermittently cal-
culates a minimum possible cross-over frequency value
fx2. Ifthe current preselected cross-over frequency value
fx1 is too low due to unusually high power content in the
source audio signal 50, the cross-over frequency fxA is
shifted higher following the cross-over frequency value
fx2to protectthe speakers. Thus, the prediction algorithm
performed in calculation section 33 has always priority
over preselection performed in the preselection section
31.

[0059] Referring to Fig. 4A and 4B, according to as-
pects of the invention, the cross-over frequency deter-
mined by the processing section 30 may be varied, e.g.
between fxA of 300 Hz and fxB of 2500 Hz.

[0060] As shown in Fig. 4A, at low listening level, i.e.
at low volume level of the volume control signal 70, most
signal components are reproduced by the speaker(s)
which reproduces signal components in the second fre-
quency range, i.e. the higher frequency range. Thus,
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more signal components may be reproduced by mid-
tweeter speakers or HF speakers, such as speaker 22.
Since the frequency range reproduced by such mid-
tweeter speakers is quite large, e.g. reaches down to
cross-over frequency fxA of 300 Hz, a high sound stage
may be achieved. This can save the use of a separate
mid-range speaker and, thus, reduces costs.

[0061] As shown in Fig. 4B, at higher listening level,
i.e. at higher volume level of the volume control signal
70, the cross-over frequency determined by the process-
ing section 30 shifts towards a higher cross-over frequen-
cy fxB (here, e.g., 2500 Hz), thus the first frequency range
is extended and more signal components are reproduced
by the speaker(s) which reproduces signal components
in the first frequency range, i.e. the lower frequency
range, such as speaker 21A. In other words, at high lis-
tening level, the cross-overfrequency isincreased to pro-
tect the mid-tweeters and more signal components are
reproduced by LF speakers(s) which are capable of han-
dling higher power. In both diagrams of Fig. 4A and 4B,
the areas A1 and A2, respectively, are indicative of the
total power sent to the mid-tweeter speakers or HF
speakers, and are roughly equal.

[0062] Fig. 6 shows an exemplary signal diagram of
the cross-over frequency values fx1, fx2 according to Fig.
5 and a cross-over frequency fxA as input for the splitting
section 12 according to Fig. 5 according to an embodi-
ment of the invention with an exemplary volume control
signal 70. With increasing the volume control signal 70
towards higher volume levels, the cross-over frequency
value fx1 (volume based) increases accordingly (see
characteristics between the two vertical lines). Inaregion
R where the cross-over frequency value fx2 (based on
power calculation) is greater than the cross-over frequen-
cy value fx1, the cross-over frequency fxA as an input to
the splitting section 12 is higher than the cross-over fre-
quency value fx1 and is based on fx2. In other regions,
the cross-over frequency fxA follows the cross-over fre-
quency value fx1 according to the user volume setting
and volume control signal 70. In region R, due to high
calculated power of the audio signal 50, any HF speak-
er(s) configured for lower or mid volume levels are pro-
tected by increasing the cross-over frequency fxA follow-
ing the cross-over frequency value fx2.

[0063] Thus, according to aspects of the invention, for
a multi-way speaker system, the audio signal processing
apparatus can be configured to always send a maximum
amountof output signal components to the HF speaker(s)
to keep the sound image as high as possible (cross-over
frequency as low as possible), but limited by the maxi-
mum power (heat) and excursion (THD) handling capa-
bilities of the HF speaker(s). At low to medium volume
levels, the sound stage is high because most of the mid-
band signal is reproduced from the high mounted HF
speaker(s). At high volume levels, the cross-over fre-
quency is shifted up to not overload the HF speaker(s).
The amount of signal components that is sent to the HF
speaker(s) is derived from a combination of a user vol-
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ume setting and power estimation through frequency
analysis. The sound stage height at high output volume
levels is degraded at high power levels, but the power
handling capability of the overall system is increased sig-
nificantly.

Claims

1. Anaudio signal processing apparatus (10), compris-
ing

- a signal input section (11) through which in
operation at least one audio signal (50) is re-
ceived,

- a splitting section (12) coupled to the signal
input section (11) and configured to generate a
first signal (61) and a second signal (62) from
the received at least one audio signal (50),
wherein the first signal (61) comprises signal
components of a first frequency range of the at
least one audio signal and the second signal (62)
comprises signal components of a second fre-
quency range of the at least one audio signal,
the first frequency range comprising lower fre-
quencies than the second frequency range and
the first and second frequency ranges having a
cross-over frequency (fxA),

- afirstoutput section (41) coupled to the splitting
section (12) and arranged to generate a first out-
put signal (71) for at least one first loudspeaker
(21A) from the first signal (61),

- a second output section (42) coupled to the
splitting section (12) and arranged to generate
a second output signal (72) for at least one sec-
ond loudspeaker (22A) from the second signal
(62);

- a processing section (30) coupled to the signal
inputsection (11) and receiving a volume control
signal (70) which is indicative of a user volume
input and controls a volume of the first and sec-
ond output signals (71, 72) depending on the
user volume input,

- wherein the processing section (30) is config-
ured to determine a first cross-over frequency
value (fx1) according to the volume control sig-
nal (70) and to determine a second cross-over
frequency value (fx2), wherein the determina-
tion of the second cross-over frequency value
(fx2) comprises a calculation of at least one pow-
er value of signal components over at least one
frequency band of the at least one audio signal
(50),

- wherein the processing section (30) is config-
ured to determine the cross-over frequency
(fxA) from one of the firstand second cross-over
frequency values (fx1, fx2).
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The audio signal processing apparatus (10) accord-
ing to claim 1, wherein the processing section (30)
is configured to determine the cross-over frequency
(fxA) from the greater one of the first and second
cross-over frequency values (fx1, fx2).

The audio signal processing apparatus (10) accord-
ing to claim 1 or 2, wherein the processing section
(30) is configured to determine the cross-over fre-
quency (fxA) as the first cross-over frequency value
(fx1) if the first cross-over frequency value (fx1) is
greater than the second cross-over frequency value
(fx2), and as the second cross-over frequency value
(fx2) if the second cross-over frequency value (fx2)
is greater than the first cross-over frequency value
(fx1).

The audio signal processing apparatus (10) accord-
ing to one of claims 1 to 3, wherein the determination
of the second cross-over frequency value (fx2) com-
prises

- calculation of power values of signal compo-
nents of the at least one audio signal (50) along
atleast one frequency band from a first frequen-
cy level of the second frequency range to a lower
frequency of the second frequency range,

- summing up the calculated power values from
the first frequency level of the second frequency
range down to the lower frequency of the second
frequency range, and determining whether a
sum of the summed up calculated power values
reaches a power limit defined for the at least one
second loudspeaker (22), and

- determining a frequency value that corre-
sponds to a calculated power value at which the
defined power limit is reached as the second
cross-over frequency value (fx2).

The audio signal processing apparatus (10) accord-
ing to one of claims 1 to 4, wherein the determination
of the second cross-over frequency value (fx2) com-
prises

- performing an n-th octave band analysis for
calculating atleast one power value in a respec-
tive one of multiple n-th octave bands of the sec-
ond frequency range of the at least one audio
signal (50) from a first n-th octave band of the
second frequency range to a lower n-th octave
band of the second frequency range,

- summing up the respective calculated power
values of the n-th octave bands from the first n-
th octave band of the second frequency range
down to the lower n-th octave band of the second
frequency range, and determining whether a
sum of the summed up calculated power values
reaches a power limit defined for the at least one
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10.

1.

12.

second loudspeaker (22), and

- determining a lowest one of the n-th octave
bands at which the sum of the summed up cal-
culated power values reaches the defined power
limit, and determining a frequency of the lowest
one of the n-th octave bands as the second
cross-over frequency value (fx2).

The audio signal processing apparatus (10) accord-
ing to one of claims 1 to 5, wherein the processing
section (30) is configured to determine a first and a
second cross-over frequency (fxA1, fxA2) from one
of the first and second cross-over frequency values
(fx1, x2), wherein the first cross-over frequency
(fxA1) is supplied as a control value to a low pass
filter (121) of the splitting section (12) for generating
the first signal (61) and the second cross-over fre-
quency (fxA2) is supplied as a control value to a high
pass filter (122) of the splitting section (12) for gen-
erating the second signal (62).

The audio signal processing apparatus (10) accord-
ing to one of claims 1 to 6, further including a storing
section (32) for storing a table of multiple cross-over
frequency values (X, Y, Z) at multiple volume control
signal values, wherein the processing section (30)
is configured to determine the first cross-over fre-
quency value (fx1) according to one of the stored
cross-over frequency values (X, Y, 2Z).

A sound system (2) comprising an audio signal
processing apparatus (10) according to one of claims
1 to 7 coupled to the at least one first and second
loudspeakers (21A, 22A).

The sound system (2) according to claim 8, wherein
the at least one first loudspeaker (21A) comprises
at least one low frequency loudspeaker and the at
least one second loudspeaker (22A) comprises at
least one high frequency loudspeaker.

The sound system (2) according to claim 8 or 9,
wherein the atleast one first loudspeaker (21A) com-
prises at least one of the following: a center loud-
speaker, a subwoofer, an ambience loudspeaker;
and the at least one second loudspeaker (22A) com-
prises at least one tweeter loudspeaker.

A vehicle (1) comprising an audio signal processing
apparatus (10) according to one of claims 1 to 7 cou-
pled to the atleast one first and second loudspeakers
(21A, 22A).

The vehicle (1) according to claim 11, wherein the
at least one first loudspeaker (21A) comprises at
least one low frequency loudspeaker which is in-
stalled in the vehicle (1) at a first position, and the at
least one second loudspeaker (22A) comprises at
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least one high frequency loudspeaker which is in-
stalled in the vehicle (1) at a second position which
is at greater height than the first position relative to
a floor plane (3) of the vehicle.

The vehicle (1) according to claim 11 or 12, wherein
the at least one second loudspeaker (22A) compris-
es at least one of a front loudspeaker and a door
loudspeaker of the vehicle.

A signal processing method for a sound system (2),
the method comprising the steps of:

- receiving at least one audio signal (50),

- generating a first signal (61) and a second sig-
nal (62) from the received at least one audio
signal (50), wherein the first signal (61) compris-
es signal components of a first frequency range
of the at least one audio signal and the second
signal (62) comprises signal components of a
second frequency range of the atleast one audio
signal, the first frequency range comprising low-
er frequencies than the second frequency range
and the first and second frequency ranges hav-
ing a cross-over frequency (fxA),

- generating a first output signal (71) for at least
one first loudspeaker (21A) from the first signal
(61) and a second output signal (72) for at least
one second loudspeaker (22B) from the second
signal (62);

- receiving a volume control signal (70) which is
indicative of a user volume input and controls a
volume of the first and second output signals
(71, 72) depending on the user volume input,

- determining a first cross-over frequency value
(fx1) according to the volume control signal (70)
and determining a second cross-over frequency
value (fx2), wherein the determination of the
second cross-over frequency value (fx2) com-
prises a calculation of at least one power value
of signal components over at least one frequen-
cy band of the atleast one audio signal (50), and
- determining the cross-over frequency (fxA)
from one of the first and second cross-over fre-
quency values (fx1, fx2).
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