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1
ENHANCEMENT OF SPEECH
INTELLIGIBILITY IN A MOBILE
COMMUNICATION DEVICE BY
CONTROLLING OPERATION OF A
VIBRATOR BASED ON THE BACKGROUND
NOISE

FIELD OF THE INVENTION

The invention relates generally to a mobile communication
device and, more particularly, to a mobile communication
device having means for enhancing the intelligibility of audio
signals output thereby in the presence of environmental noise.

BACKGROUND OF THE INVENTION

Mobile communication devices, such as cellular tele-
phones, have gained widespread use in virtually all metro-
politan areas of the world, and a significant amount of speech
communication is now performed using mobile telephones.
However, due to the mobile nature of these devices, they are
inherently vulnerable to use in a wide variety of acoustic
environments, some of which may be noisy. Environmental
noise may cause problems whether it occurs at the receiving
end of a communication, the transmitting end, or a combina-
tion (to whatever extent) of the two.

It is known that background noise causes speech intelligi-
bility to be degraded, because speech intelligibility decreases
with decreasing signal to noise ratio SNR, and efforts have
been made in recent years to improve speech intelligibility in
adverse noise conditions. For example, U.S. Pat. No. 6,741,
873 describes a mobile communication device in which a
background noise level is determined at a microphone and a
threshold is established. If the threshold is exceeded, it is
determined to be likely that voice energy is being received at
the microphone. Thus, if the input signal exceeds the thresh-
old, the mobile communication device transmits the input
signal, and the threshold varies dependent on the level of
background noise.

However, this arrangement does not necessarily improve
speech intelligibility in adverse noise conditions; it simply
attempts to reduce the significance of the background noise
relative to the speech signal according to the listener’s per-
ception, thereby increasing the likelihood of the speech being
more intelligible to the listener. However, it is highly desir-
able to actually improve speech intelligibility in a mobile
communication device so as to enhance its performance in a
variety of acoustic environments.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a mobile communication device in which speech intelligibil-
ity is enhanced in response to different environmental noise
levels. It is also an object of the present invention to provide
a corresponding method of enhancing speech intelligibility in
a mobile communication device.

In accordance with the present invention, there is provided
a mobile communication device comprising a loudspeaker
for reproducing speech from a speech signal, a vibrator,
means for measuring background noise in relation to said
reproduced speech, and a vibrator processing unit for gener-
ating a control signal dependent on said background noise for
controlling operation of said vibrator during speech repro-
duction dependent on a level of said background noise.

Beneficially, the mobile communication device comprises
means for computing a background noise spectrum signal
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representative of the level of the background noise, the vibra-
tor processing unit being adapted to generate the control
signal so as to selectively operate the vibrator during speech
reproduction based on the background noise spectrum signal.
The means for measuring background noise may comprise
one or more microphones and the background noise spectrum
signal may be generated from an environmental noise contri-
bution in one or more signals obtained from the one or more
microphones.

According to an embodiment of the invention, said back-
ground noise spectrum signal is estimated from a single
microphone signal. According to another embodiment of the
invention, said background noise spectrum signal is esti-
mated from multiple microphone signals.

The mobile communication device may further comprise a
low pass filter for filtering said speech signal and an amplifier
for multiplying said filtered speech signal by a gain value
dependent on said background noise spectrum signal to gen-
erate said control signal. In addition, it may comprise means
for integrating said background noise spectrum across a plu-
rality of frequencies to obtain an instantaneous value related
to noise power, and means for translating said instantaneous
value to said gain value by applying a predetermined transfer
function.

The present invention extends to a method of enhancing
intelligibility of speech reproduced by a mobile communica-
tion device from a speech signal, said mobile communication
device comprising a vibrator the method comprising deter-
mining background noise in relation to said reproduced
speech, generating a control signal dependent on said back-
ground noise, and applying said control signal to said vibrator
s0 as to selectively operate said vibrator during speech repro-
duction dependent on the level of said background noise.

These and other aspects of the present invention will be
apparent from, and elucidated with reference to, the embodi-
ments described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be
described by way of examples only and with reference to the
accompanying drawings, in which:

FIG. 1 is a schematic block diagram illustrating the prin-
cipal components of a mobile communication device accord-
ing to an exemplary embodiment of the present invention;

FIG. 2 is a schematic diagram illustrating the principal
components of the vibrator processing block of FIG. 1;

FIG. 3 is a schematic block diagram illustrating the prin-
cipal steps in a single-microphone environmental noise spec-
trum estimation process for use in a speech intelligibility
enhancement method according to an exemplary embodi-
ment of the present invention; and

FIG. 4 is a schematic block diagram illustrating the prin-
cipal steps in a multi-microphone environmental noise spec-
trum estimation process for use in a speech intelligibility
enhancement method according to an exemplary embodi-
ment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides a method and means for
enhancing speech intelligibility in a mobile communication
device by using a vibrator or shaker in conjunction with the
loudspeaker during speech reproduction. A vibrator is in most
mobile telephones already available for use in alerting a user
to incoming calls and messages, either alone in silent mode,
or in conjunction with a selected ring tone. In the present
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invention, the vibrator is caused to vibrate in a controlled
manner simultaneously with the normal activity of the device
loudspeaker by processing the low frequency part of the
speech signal and feeding it to the vibrator, wherein this
processing is such that for different environmental noise lev-
els the speech intelligibility is optimal.

Referring to FIG. 1 of the drawings, the input signal s(n)
represents the digital speech signal required to be reproduced.
A first digital-to-analog D/A converter 10 converts the digital
signal s(n) to the analog domain, following which, the analog
signal is amplified by a speaker amplifier 12 and fed to a
loudspeaker 14 for output. The same digital signal s(n) is
processed by a vibrator processing unit 16, and the processed
vibrator signal is converted to the analog domain by a second
D/A converter 18, before being amplified by a vibrator ampli-
fier 20 and fed to a vibrator 22. The vibrator processing unit
16 employs a vibrator processing algorithm which is driven
by the measured environmental noise in such a way that a
larger output is achieved for larger noise levels. The environ-
mental noise is measured using signals coming from a bank of
M microphones 24, where M is an integer equal to or higher
than 1, which signals are amplified by respective microphone
amplifiers 26 and converted to the digital domain by respec-
tive analog-to-digital A/D converters 28. From the M con-
verted microphone signals X, (n) to X, ,(n), the spectrum of the
environmental noise is calculated by a background noise
spectrum processing unit 30 (e.g. a digital signal processor),
and a noise spectrum signal IN(f)! is fed to the vibrator pro-
cessing unit 16 for use by the vibrator processing algorithm in
generating the vibrator signal.

It will be appreciated that instead of the D/A converter in
the arrangement of FIG. 1, an on-off signal may be generated
by means that may be provided in the vibration processing
unit 16, for example, and the present invention is not intended
to be limited in this regard. Furthermore, although only one
vibrator 22 is shown, a plurality of vibrators may be provided,
for example, in respect of different frequency ranges, and the
present invention is not intended to be limited in this regard.

Referring to FIG. 2 of the drawings, the principal compo-
nents of the vibrator processing block 16, for producing from
the loudspeaker signal s(n) a signal to control the vibrator 22,
are shown in more detail. The digital loudspeaker signal s(n)
is filtered by a low-pass filter LPF 50. A suitable filter has a
transfer function in the z-domain given by (1-a)*z/(z-a),
where a is a parameter which lies in the range 0<a<l. The
low-pass filtered signal is multiplied thanks to a variable
amplifier 52 by a gain g(n), and the resulting signal is used to
control the current that is fed through the vibrator 22. In this
exemplary embodiment, the gain g(n) is calculated from the
noise magnitude spectrum IN(f)!, as follows. First, the noise
spectrum is integrated across all frequencies via an integrator
54 to get an instantaneous value P, that is related with a
square root relation to the noise power (i.e. P, is represen-
tative of the square root of the noise power). Note that the
noise power can also be calculated by integration of IN(f)I?,
but such calculation requires multiplications and there is not
necessarily any great advantage in doing this, for the purposes
of the present invention.

P 1s then translated into a gain number g(n) by means of
a processing unit 56 which is able to compute a transfer
function 58 as shown in FIG. 2. For low values of the noise
power (i.e. P, lower than a first threshold T1), the vibrator 22
is not needed to enhance speech intelligibility, and hence g(n)
is setto unity. Above a certain noise level (i.e. P, higher than
the first threshold T1), the vibrator is needed to an increasing
extent as the noise increases, and hence g(n) is increased with
increasing P, At the highest levels of environmental noise
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(i.e. Py, higher than a second threshold T2), the gain g(n) is
limited bythe physical limitations of the vibration system.

The microphone signals are composed of environmental
noise and speech contributions, and single-microphone or
multi-microphone environmental noise spectrum estimation
may be employed in the present invention to estimate the
environmental noise magnitude spectrum IN(f)I.

Referring to FIG. 3 of the drawings, the principal steps
employed in single-microphone noise spectrum estimation
are shown schematically, wherein the magnitude spectrum
IN()I of the environmental noise from the microphone signal
x(n) can be estimated based on the spectral minimum statis-
tics, as described by Reiner Martin in “Spectral subtraction
based on minimum statistics”, Signal Processing VII, Proc.
EUSIPCO, Edinburgh, September 1994, pp. 1182-1185,
where n is the sampling index and f is the frequency index.
First, the digitized microphone signal x(n) is split up in time
in blocks of B consecutive samples by a serial-to-parallel
converter in step 32. Next, and old block of B samples and a
new block of B samples are concatenated in step 34 and the
resulting block of 2B consecutive samples is multiplied by a
Hanning window in step 36. The windowed signal is trans-
formed to the complex-valued Fourier domain by a Discrete
Fourier Transform DFT in step 38 and the magnitude of the
microphone signal is then determined by taking the magni-
tude (i.e. absolute value) of the complex values of the DFT
result for each frequency in step 40. Finally, at each fre-
quency, a minimum search is performed in step 42 over lim-
ited past time to arrive at the estimated noise magnitude
spectrum IN(f)l. This method finds quasi-stationary noises,
where quasi-stationary means that the spectral properties
change only slowly over time.

Referring to FIG. 4 of the drawings, the principal steps
employed in multi-microphone noise spectrum estimation are
shown schematically, wherein beam-forming technology is
employed to estimate the spectrum IN(f)| of the environmen-
tal noise. This technology separates the environmental noise
from speech based on spatial selectivity, as described in, for
example, Peter S. K. Hansen, “Signal subspace methods for
speech enhancement”, Ph.D. thesis, Technical University of
Denmark, 1997. Thus, in this case, the M digitized micro-
phone signals x, (n) to x, (n) are filtered by a filter matrix 44
in order to extract from the signal space spanned by x, (n) to
X,,(n) only the component that comes from the direction in
which the user is expected to be talking (e.g. directly in front
of the microphones). As a result, the speech-to-noise ratio in
the output of the filter matrix 44 is larger than on any of the M
microphones. An exemplary design for the filter matrix 44 is
given in the above-mentioned reference by Peter S. K.
Hansen. Of course, in the case of the present invention, it is
not the enhanced speech that is of interest, but rather the
environmental noise. From the filter matrix output, it is pos-
sible to calculate a blocking filter matrix 46 that blocks sig-
nals coming from the direction of the user and passes all other
signals. The result is a signal which is representative of the
environmental noise. In order to obtain the noise magnitude
spectrum IN(f)I, the signal is windowed, transformed to the
frequency domain by DFT and finally, for each frequency, the
absolute value is taken, these operations being represented in
combination by step 48. An exemplary design for the block-
ing filter matrix 46 is also given in the above-mentioned
reference by Peter S. K. Hansen.

The advantage of the multi-microphone method described
with reference to FIG. 3, compared with the single-micro-
phone method described with reference to FIG. 2, is that not
only quasi-stationary, but also non-stationary, environmental
noise contributions are measured.
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It will be appreciated that speech intelligibility in a mobile
communication device according to the present invention
could be further enhanced by visual cues using, for example,
speech to animation technology which converts human
speech to an animated film representative thereof. A real-time
speech recognition engine converts human speech to pho-
nemes, which are the basic or atomic building blocks of
human speech. An animation package takes and displays the
appropriate facial gestures and visual signs of each phoneme,
in real time, to create a sort of animated film with a negligible
delay, which is fully synchronized with the speaker’s voice.
Alternatively, or in addition, the words themselves may be
generated and displayed substantially in real-time.

It will also be appreciated that the present invention is
intended for, but not necessarily limited to, mobile tele-
phones.

It should be noted that the above-mentioned embodiments
illustrate rather than limit the invention, and that those skilled
in the art will be capable of designing many alternative
embodiments without departing from the scope of the inven-
tion as defined by the appended claims. In the claims, any
reference signs placed in parentheses shall not be construed
as limiting the claims. The word “comprising” and “com-
prises”, and the like, does not exclude the presence of ele-
ments or steps other than those listed in any claim or the
specification as a whole. The singular reference of an element
does not exclude the plural reference of such elements and
vice-versa.

The invention may be implemented by means of hardware
comprising several distinct elements, and by means of a suit-
ably programmed computer. In a device claim enumerating
several means, several of these means may be embodied by
one and the same item of hardware. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot
be used to advantage.

The invention claimed is:

1. A mobile communication device comprising:

a loudspeaker for reproduction of speech from a speech

signal;

a vibrator;

a detector for measuring background noise in relation to

said reproduced speech; and

a vibrator processing unit for controlling operation of said

vibrator during the speech reproduction based on a level
of said background noise.

2. The mobile communication device according to claim 1,
further comprising a processor for computing a background
noise spectrum signal representative of the level of the back-
ground noise, the vibrator processing unit being configured to
generate a control signal to selectively operate the vibrator
during the speech reproduction based on the background
noise spectrum signal.

3. The mobile communication device according to claim 2,
wherein the detector comprises one or more microphones and
wherein the background noise spectrum signal is generated
from an environmental noise contribution in one or more
signals obtained from the one or more microphones.
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4. The mobile communication device according to claim 3,
wherein said background noise spectrum signal is estimated
from a single microphone signal.

5. The mobile communication device according to claim 3,
wherein said background noise spectrum signal is estimated
from multiple microphone signals.

6. The mobile communication device according to claim 2,
further comprising a low pass filter for filtering said speech
signal and an amplifier for multiplying said filtered speech
signal by a gain value dependent on said background noise
spectrum signal to generate said control signal.

7. The mobile communication device according to claim 6,
further comprising integrator for integrating said background
noise spectrum across a plurality of frequencies to obtain an
instantaneous value related to noise power, and a translator
for translating said instantaneous value to said gain value by
applying a predetermined transfer function.

8. The mobile communication device of claim 1, wherein
the vibrator processing unit comprises a translator configured
to translate different noise levels of the measured background
noise to different gain values applied to a variable amplifier
for variably amplifying the speech signal for outputting a
control signal having different values that are based on the
different noise levels.

9. The mobile communication device of claim 8, wherein
the translator is configured to translate the different noise
levels of the measured background noise to the different gain
values based on an increasing linear function.

10. The mobile communication device of claim 8, wherein
the vibrator processing unit further comprises a filter for
filtering the speech signal and providing a filtered speech
signal for amplification by the variable amplifier.

11. A method of enhancing intelligibility of speech repro-
duced by a mobile communication device from a speech
signal, said mobile communication device comprising a
vibrator, the method comprising the acts of:

determining background noise in relation to said repro-

duced speech;

generating a control signal dependent on said background

noise; and

applying said control signal to said vibrator so as to selec-

tively operate said vibrator during speech reproduction
based on a level of said determined background noise so
that the control signal has different values for driving the
vibrator at different vibration levels for different noise
levels of said determined background noise.

12. The method of claim 1, wherein the generating act
increases a value of the control signal for driving the vibrator
atalarger vibration level in response to an increase in the level
of the determined background noise.

13. The method of claim 11, wherein the generating act
includes the act of translating the different noise levels of the
determined background noise to different gain values applied
to a variable amplifier for variably amplifying the speech
signal for outputting the different values of the control signal.

14. The method of claim 13, wherein the translating act
translates the different noise levels of the determined back-
ground noise to the different gain values based on an increas-
ing linear function.
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