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Title of invention
IMPROYEMENTS IN OR RELATING TO SIGNAL PROCESSING

Technical Field
This inventicn relates to audio signal processing methods and apparatus, and has particular
application to delivering more apparent bass through the psychoacoustic perception of bass

frequencies.

Background Art
Audio transducers such as loudspeakers frequently have difficulty reproducing bass (i.e.
low audio frequency) audio frequencies.

It is known to utilise harmonics to generate apparent bass audio frequencies. This results
from a psychoacoustic phenomenon where hanmonics of low frequency sounds lead the
listener to “hear” the fundamental low frequency even though the fundamental is not
present.

Known apparatus and methods vary signals over their dynamic range {i.e. volume or signal
level) using apparatus such as compressors or limiters.

Disclosure of Invention

Problems to be solved by the invention

it is an object of the invention to provide an improved audio signal processing method, or an
improved audio signal processing device which will at least provide a useful alternative to
existing methods and apparatus.

Further objects of the invention may become apparent from the following description.

Means for solving problems

In one aspect the invention consists in signal processing apparatus for producing an audio
signal suitable for conveying a psychoacoustic perception of a low frequency audio signal to
a listener, the apparatus including a peak-held generater means to generate harmonics of
the low frequency signal by shaping the waveform of the low frequency signal with respect
to time.

Preferably the peak-hold generator includes a signal decay means to shape the waveform
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(13) JP 2005-318598 A 2005.11.10

of the low frequency signal with respect to level.

Preferably the harmonic generation means generate odd and even harmonics.

Preferably the apparatus includes a rectifier to generate even harmonics.

Preferably the peak-hold generator comprises a peak-hold-decay generator.

Preferably the low frequency waveform is shaped asymmetrically with respect to time and

with respect to level.

In a further aspect the invention consists in a method of processing a low frequency audio
signal to produce an output audio signal suitable for conveying a psychoacoustic perception
of a low frequency audio signal to a listener, the methed including shaping the waveform of
the low frequency signal with respect to time by tracking the low frequency signal to a
substantially peak magnitude until a zero crossing then tracking the signal again in the
opposite polarity.

Preferably the method includes the step of shaping the waveform of the low frequency
signal with respect to time and with respect to level by tracking the low frequency signalto a

substantially peak magnitude then allowing the peak to decay at a predetermined rate.

The invention may also broadly be said to consist in any new feature or combination of

features disclosed herein.

Further novel aspects of the invention will become apparent from the following description.
Embodiments for carrying out the invention

Embodiments of possible implementations of the invention will be described bslow by way
of example with reference to the accompanying figures in which:

Figure 1 is a schematic block diagram of a first embodiment of a signal processing circuit;

Figure 2 is a schematic block diagram of a second embodiment of a signal processing

circuit;
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(14) JP 2005-318598 A 2005.11.

Figure 3 is a schematic block diagram of a third embodiment of a sighal processing circuit;

Figure 4 is a schematic block diagram of a fourth embodiment of a signal processing circuit;

Figure 5 is a graph showing an example of a harmaonics waveform generated by a peak hold
decay generator used in the embodiment of figure 4, with time on the horizontal axis
indicated by sample at a 44.1kHz sampling rate and signal level on the vertical axis;

Figure 6 is a graph of frequency (Hz) against signal strength (dB) of a first example of
harmonics content;

Figure 7 is a graph of frequency (Hz) against signal strength {dB) of a second example of
harmonics content;

Figure B is a graph of frequency (Hz) against signal strength (dB) of a third example of
harmonics content;

Referring to figure 1, a block diagram of a first embodiment of a possible implementation of

a signal processing system is shown.

The circuit shown in figure 1 may be implemented in software, or may be implemented using
physical hardware. Furthermore, it may be implemented digitally or in analog form. There
are a multiple methodologies and techniques which can be used to achiave the desired
results in either form.

The purpose of the system is to deliver more apparent bass to a listener from any audio
source material by means of any audio delivery mechanism.

It is desirable to High Pass filter (1,2) the source input audio signal per channel {L, R,etc.,
although the invention is applicable to single channel or multiple channel audio systems) to
remove the bass components, generating a filtered input signal per channel for use later
(Filtered Input). The source input audio signal channels are preferably then summed (3) to
generate a mono source signal which contains the sum total of the bass information in the
original audio. This resultant signal is then High Pass (4) and Low Pass (5) filtered to

10
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(15) JP 2005-318598 A 2005.11.10

remove the ultradow infrasound frequencies, and the non-bass frequencies, generating the
bass source signal.

Harmonics Generation, generally referenced (6), is used to introduce harmonics into the
resultant audio. The results of this process generate the bass output signal, which is then
merged with the filtered input signals. The details of this process are described below.

The resulting output audio is generated by summing the bass output signal into each of the
fitered input signals (7,8), and presenting the result to the audio output (speakers,
headphaones, eic.). Optionally a Peaking Equalizer (9) (akin to the standard “Bass Boost”
commanly found on stereo systems) may be added or utilised afterwards to further provide
output bass level adjustment to the audio output, thus further increasing the bass response,

but also including all the harmonic content already introduced.

It is preferable to implement the Harmonics Generator section (6) as follows: The bass
source signal is presented to a Peak-Hold Generator (10). The Peak-Hold Generator
generates an output signal which tracks the input signal, continuously increasing
{decreasing) as the input signal rises (or falls), but holds the signal at the maximum value on
both the positive and negative extents of the input signal. When the input signal transitions
from positive to negative, or negative to positive signal level, the output of the Peak Hold
Generator is set 1o 0 (Zero). This generates odd harmonics of the fundamental frequency
by symmetrically shaping the audio signal over time. This process can be readily
performed since the human ear is “phase deaf”, i.e. the phase of the audio signal cannot be
determined by a listener. By shaping an audio signal in this manner, the harmonics
generator can introduce a specific series of harmonics to produce the psychoacoustic bass
response desired without concern for the phase of the output harmonics.

Itis preferable to have a hysteresis function applied to the bass input, which eliminates any
output from the Peak-Hold Generator if the input signal level is below a certain threshold.
This is achieved by expanding the signal transition range from exclusively being 0 (Zero), to
a +{- signal bounds.

The Peak-Hold Generator output (peak-hold output signal) is then preferably Half-Wave
Rectified (11) (only positive portions of the original signal retained), which generates even
harmonics. This is followed by a DC Blocking Filter {(12), which removes the DC Bias on the
resultant signal. This is the resultant rectified output signal.
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(16) JP 2005-318598 A 2005.11.10

The peak-hold output signal, bass source signal, and rectified output signal are then
combined (by any desired combination of additicn and/or subtraction)} at alegabraic adding
stage 13, with a final output level gain, to generate a resultant bass signal with a strong
harmonic content. This harmonic bass signal is then High Pass and Low Fass filtered to
remove and reduce the harmonic content which is undesired, or can not be reproduced by
the audio output methodology to be used.

The algorithm may readily be realized in both Digital and Analogue forms. In Digital form,
the algorithm may be realized through the utilisation of Audio BiQuad filters for example to
provide the required filters, and elementary mathematicat functions to implement the
Peak-+Hold and Rectified signal generation of the Harmonics Generator.

In Analogue form, the Peak Hold generator may be realised by a controllable Peak
Detection circuit, or by a capacitor charging circuit, or by any other means to generate an
output signal, held at the peak of the source input bass signal, until a zero crossing (signal
transition with threshold) is reached. The Half‘Wave rectification and DC blocking can be

realised in a variety of methods from a simple rectifier diode, to an operational amplifier.

The Wave-Shaping performed by the Peak Hold Generator may be described as follows:
a}. Track the input signal on the rising or falling input.
b). For +ve and —ve values, hold the signal at that level.
c). At the zero crossing, reset the held value back to Zero.

The hysteresis function is preferably applied to the input level, limiting the output to occur
only when the input signal is above the specified signal level (specified as -30 dB). This may
be implemented by extending the ‘reset to zero’ range of the input to a +/-30 dB level
around the Zero input. This eliminates fransient crossings, and additionally properly detects
and generates the lowest bass frequency present without generating any higher frequency
bass components unnecessarily.

The peak-hold process with hysteresis may be described succinctly through the following:
S(t) - Source signal at time (1)

O(t) — Qutput signal at time (t)

Level — Hysteresis level (minimum +/- level/volume required)
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1f (S{t) >= Level) AND (S{t} <= +Level)
Oot)=0.0

else if (S(t) > Oft-1}) AND (S(t) >0.0)
Oft) = S(t)

else if (S(t) < O(t-1)) AND (S(1) <0.0)
Oft) = S(1)

else
o) = O(t-1)

end if

The +3 dB scaling gain in the processing path was added to properly balance the various
harmonics and levels of the signals being merged. A 3 dB drop in the initial source signal
could similarly be used, with the final output gain being correspondingly raised to
compensate. The gain was implemented in this way by reason of the software interface,
which during development permitted the gains of each signal to be individually controlled.
Adding in this gain resulted in a nominal ‘O dB’ gain factor being applied te each input for the
harmonics and bass summation operation.

The frequency cut-off values listed in figure 1 were specifically chosen to generate a 0dB
overall gain (with respect to the input) in the software implementation for 100 Hz capable
speakers. The preferred software implementation utilises Digital Audio BiQuad Filters (2™
order) appropriately cascaded to generate the desired filter order. Headphones or speakers
which can handle lower frequencies may require different filter cut-off settings to be used. A
simple single adjustment can be done by changing the output frequency cut-coff limit, to add
more of the fundamental frequency back into the output, thus resulting in an even richer
bass, however this will correspondingly add power to the output signal.

The 0dB gain path was verified by running a -15dB, 20Hz to 1KHz sinusoidal sweep through
the software implementation and adjusting the filter cut-offs to produce a relatively flat -15
dB output signal with the harmonics added appropriately. We have found that the output
does have a modest 1.5 dB gain for frequencies between 70 to 100Hz, and also hasa 1.5
dB drop around the 180Hz input filter cut-off frequency.

The spectral content of the generation adds harmonics heavily at low frequencies (below
130 Hz), resulting in frequencies as low as 30 Hz becoming ‘audible’ on speakers with a
nominal response of 100 Hz, through the principle of the missing fundamental. Higher input
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frequencies result in only one or two harmonics being added as the final Harmonics cut-off
filter attenuates these higher order harmonics very strongly.

The generated harmonics include the fundamental and all odd and even harmonics in a
smoothly decaying spectrum. While the fifth and higher odd harmonics are also generated,
resulting in non-musical tones, the choice of cut-off frequencies severely limits these being
utilised for most input signals. Signals below 50Hz will have these harmonics added;
however these harmonics appear to greatly aid in these infrasound frequencies being
successfully perceived, and in some cases even generate a lower perceived frequency than

was originally present.

For the initial bass input adder, two different methods were explored:
a). Direct Summation {L + R) as shown on the diagram.
b). Filtered Summation (L - Filtered R) + (R — Filtered L).

The second mathod proved to provide a much greater vocals rejection capability on most
input media, which reduced the effect of harmonics being introduced on very low frequency
male voices. This however did introduce a side-effect of a sharp frequency notch at the

cut-off, unless a very high order filter was utilised with some overlap within the filters.

In figure 2 a second embodiment of the invention is shown. Features of figures 2, 3and 4
which are the same as, or similar to, that of figure 1 have the same reference numerals. As
can be seen, the filters in the embodiment of figure 2 have slightly different cut-off
frequencies than some of the filers of figure 1, and the generated harmonics are subtracted
from the fundamental at the adding stage 13. Also, and the gain of the each of the
components to be added/subtracted at adding stage 13 may be controlled.

In the embodiment of figure 3, the embodiments of the preceding figures have been
simplified by adding the odd and even harmonic components together without adding or
subtracting the fundamental.

In the embodiment of figure 4 the duration of the hold period for the peak-hold generator is
modified to further introduce and generate the desired harmenics. Therefore, a peak — hold
— decay generator 20 replaces the separate peak — hold generatar, rectifier and DC

blocking filter. This further exploits the property of the human ear being “phase deaf”, and

allows the peak — hold generator to be modified to generate the odd and even harmonics in
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one process. In a preferred embodiment this is achieved through controlied decay of the
held signal. It is also preferred that a different transition point is used for resetting the held

signal.

The process may be described succinctly in as follows:
S(t) — Source signal at time (t)

O(t) — Output signal at time (1}

Decay — A specified signal decay factor

abs() — Absolute levelfvolume of the signal

if (abs(S(1))>0O(t-1))
Oft) = S(y)
else
Oft) = Decay * O{t-1)
end if

This generates a waveform which is shaped asymmetrically not only with respect to time but
also with respect to level, thus generating both even and odd harmonics as a result. The
degree of harmonic generation may be easily controlled through controlling the rate or
properties of the decay. In a preferred embodiment this is done by controlling a Decay
factor, which in this example implementation operates similarly to a capacitor discharge
curve. The Actual Decay factor must be below 1.0 {i.e. less than unity gain) in order to
appropriately decay the output signal.

The decay factor may be calculated through the following example formulae:

Decay = 2.0 — exp(Setting / SampleRate)

Where “Setting” is an arbitrary user configurable decay constant used to control the degree
of harmonics introduced. For an example implementation, assuming a SampleRate of 44.1
kHz audio, the Setting range is arbitrarily set to 100 to 1000. Utilising these constants, the
resultant audio signals and their spectrums are as shown in figures 5 to 8. In figure 6 the
Setting is 200, in figure 7 it is 500, and in figure 8 it is 1000.

The harmonic spectral content has been validated by utilising a Chirp sinusoidal sweep

signal as input through the various processes outlined above. The gain and filter settings in
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each case were appropriately adjusted to provide a consistent output level for the entire
sweep process, while still introducing the appropriate level of harmonic content desired.

Those skilled in the art will realise that many different implementations of the invention are
possible within the scope of the invention as described in this document. For example,
there are many different realisations and technigues of signal bass extraction and
recombination {multi-band filtering, input difference summation, use of LFE channel only
from multi-<channel audio sources, etc.) any of which may be applied to the present

invention.

Brief description of Drawings

Figure 1 is a schematic block diagram of a first embodiment of a signal processing circuit;

Figure 2 is a schematic block diagram of a second embodiment of a signal processing
circuit;

Figure 3 is a schematic block diagram of a third embodiment of a signal processing circuit;
Figure 4 is a schematic block diagram of a fourth embodiment of a signal processing circuit;
Figure & is a graph showing an example of a harmonics waveform generated by a peak hold
decay generator used in the embodiment of figure 4, with time on the horizontal axis

indicated by sample at a 44.1kHz sampling rate and signal lavel on the vertical axis;

Figure 6 is a graph of frequency {Hz} against signal strength (dB) of a first example of
harmonics content;

Figure 7 is a graph of frequency (Hz) against signal strength (dB) of a second example of

harmonics content;

Figure 8 is a graph of frequency (Hz) against signal strength (dB) of a third example of
harmonics content;
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Signal processing apparatus for producing an audio signal suitable for conveying a
psychoacoustic perception of a low frequency audio signal to a listener, the

apparatus including a peak-hold generator means to generate harmonics of the low
frequency signal by shaping the waveform of the low frequency signal with respect

to time.

Signal processing apparatus as claimed in claim 1 wherein the peak-hold generator
includes a signal decay means to shapse the wavetorm of the low frequency signal
with respect to level.

Signal processing apparatus as claimed in claim 2 wherein the harmonic generation
means generate odd and even harmonics.

Signal processing apparatus as claimed in claim 1 further including a rectifier to

generate even harmonics.

Signal processing apparatus as claimed in claim 2 wherein the peak-hold generator
comptises a peak-hold-decay generator.

Signal processing apparatus as claimed in claim 2 wherein the low frequency

waveform is shaped asymmetrically with respect to time and with respect to level.

A method of processing a low frequency audio signal to produce an output audio
signal suitable for conveying a psychoacoustic perception of a low frequency audio
signal to a listener, the method including shaping the waveform of the low frequency
signal with respect to time by tracking the low frequency signal to a substantially
peak magnitude until a zera crossing then tracking the signal again in the opposite

polarity.

A method as claimed in claim 9 including the step of shaping the waveform of the low
frequency signal with respect to time and with respect to ievel by tracking the low
frequency signal to a substantially peak magnitude then allowing the peak to decay
at a predetermined rate.
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Signai processing apparatus produces an audio signal suitable for conveying a

JP 2005-318598 A 2005.11.10

psychoacoustic perception of a low frequency audio signal to a listener, the apparatus

generates harmonics of the low frequency signal by shaping the waveform of the low

freqguency signal with respect to time and/or level. This may be achieved using a peak-hold

generator and a rectifier, or using a peak-hold-decay generator.

1 Abstract
3
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