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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present subject matter relates generally to hearing assistance systems and more particularly to binaural
enhancement of tone language for hearing assistance devices.

BACKGROUND

[0002] Hearing assistance devices include a variety of devices such as assistive listening devices, cochlear implants and hearing
aids. Hearing aids are useful in improving the hearing and speech comprehension of people who have hearing loss by selectively
amplifying certain frequencies according to the hearing loss of the subject. A hearing aid typically has three basic parts; a
microphone, an amplifier and a speaker. The microphone receives sound (acoustic signal) and converts it to an electrical signal
and sends it to the amplifier. The amplifier increases the power of the signal, in proportion to the hearing loss, and then sends it
to the ear through the speaker. Cochlear devices may employ electrodes to transmit sound to the patient.

[0003] Atone language like Mandarin, Cantonese or Thai is unlike English, because tone language relies on pitch discrimination
for speech intelligibility. For example, Mandarin uses four tones to clarify the meanings of words: a first tone at a high level, a
second rising tone, a third falling then rising tone, and a fourth falling tone. An example is shown in the table of FIG. 4. Since
many characters have the same sound, tones are used to differentiate words from each other. The tones are discriminated by the
pitch changes which are often limited to a small range in the low frequency spectrum.

[0004] For hearing-impaired listeners, even with the aid of a hearing assistance device, the pitch detection rate could drop due
to insufficient spectrum resolution and hearing loss in low frequencies. This leads to poor speech intelligibility of a tone language
for a wearer of a hearing assistance device.

[0005] Thus, there is a need in the art for an improved method and apparatus for enhancing tone language for hearing
assistance devices.

[0006] WO 2007/028250A discloses binaural signal enhancement using acoustic cues to segregate speech components from
noise components in input signals and enhance speech components in output signals. A cue processing unit includes pitch
estimation and pitch segregation modules.

[0007] WO 95/08248 discloses a binaural hearing aid with a noise reduction system in which a complex sum of left and right
channels is used to provide a partially noise-reduced monaural complex spectrum which is passed to a pitch gain operation.

SUMMARY

[0008] Disclosed herein, among other things, are methods and apparatus for binaural enhancement of tone language for
hearing assistance devices.

[0009] The invention is reflected by the subject-matter of the independent claims.

[0010] One aspect of the present subject matter includes a method for enhancing pitch in a hearing assistance system having a
first and second hearing assistance device. A signal is received using a microphone of the first hearing assistance device. Pitch
detection is performed on the signal to obtain a pitch value. The pitch value is wirelessly transmitted from the first hearing
assistance device to the second hearing assistance device. In the invention, the pitch value of the first hearing assistance device
is combined with a pitch value of the second hearing assistance device. The gain is adjusted based on the combined pitch value,
in various embodiments.

[0011] Another aspect of the present subject matter includes a method for enhancing pitch in a hearing assistance system
having a first and second hearing assistance device. In various embodiments, a time domain signal is sensed using a microphone
of the first hearing assistance device. The time domain signal is converted to a frequency domain signal and pitch detection is
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performed on the frequency domain signal to obtain a pitch contour value and a pitch detection confidence of the first hearing
assistance. The pitch contour value and the pitch detection confidence are wirelessly transmitted from the first hearing assistance
device to the second hearing assistance device. In various embodiments, the pitch detection contour value of the first hearing
assistance device is combined with a pitch detection contour value of the second hearing assistance device using the pitch
detection confidence of the first hearing assistance device and a pitch detection confidence of the second hearing assistance
device. The tone is classified based on the combined pitch contour value and gain is adjusted based on the tone classification, in
various embodiments.

[0012] A further aspect of the present subject matter includes a hearing assistance system. The system includes a first hearing
assistance device in a first ear of a wearer and a second hearing assistance device in a second ear of the wearer. In various
embodiments, the first hearing assistance device is configured to receive a signal, perform pitch detection on the signal to obtain
a pitch value, and wirelessly transmit the pitch value to the second hearing assistance device. The second hearing assistance
device is configured to combine the pitch value of the first hearing assistance device with a pitch value of the second hearing
assistance device, and adjust gain based on the combined pitch value, in various embodiments.

[0013] This Summary is an overview of some of the teachings of the present application and not intended to be an exclusive or
exhaustive treatment of the present subject matter. Further details about the present subject matter are found in the detailed
description and appended claims. The scope of the present invention is defined by the appended claims and their legal
equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]

FIG. 1 is a flow diagram illustrating a binaural pitch detection based system for hearing assistance devices, according to one
embodiment of the present subject matter.

FIG. 2 is a flow diagram illustrating a binaural pitch enhancement based system for hearing assistance devices, according to one
embodiment of the present subject matter.

FIG. 3 is a graphical diagram illustrating pitch detection confidence in a binaural pitch enhancement based system for hearing
assistance devices, according to one embodiment of the present subject matter.

FIG. 4 is a table illustrating the meaning of various tones in a tone language.

DETAILED DESCRIPTION

[0015] The following detailed description of the present subject matter refers to subject matter in the accompanying drawings
which show, by way of illustration, specific aspects and embodiments in which the present subject matter may be practiced. These
embodiments are described in sufficient detail to enable those skilled in the art to practice the present subject matter. References
to "an", "one", or "various" embodiments in this disclosure are not necessarily to the same embodiment, and such references
contemplate more than one embodiment. The following detailed description is demonstrative and not to be taken in a limiting
sense. The scope of the present subject matter is defined by the appended claims, along with the full scope of legal equivalents

to which such claims are entitled.

[0016] Modern hearing assistance devices, such as hearing aids typically include a processor, such as a digital signal processor
in communication with a microphone and receiver. Such designs are adapted to perform a great deal of processing on sounds
received by the microphone. These designs can be highly programmable and may use inputs from remote devices, such as wired
and wireless devices.

[0017] Atone language like Mandarin, Cantonese or Thai is unlike English, because tone language relies on pitch discrimination
for speech intelligibility. For example, Mandarin uses four tones to clarify the meanings of words: a first tone at a high level, a
second rising tone, a third falling then rising tone, and a fourth falling tone. An example is shown in the table of FIG. 4. Since
many characters have the same sound, tones are used to differentiate words from each other. The tones are discriminated by the
pitch changes which are limited to a small range in the low frequency spectrum. In some cases the changes of fundamental
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frequency ( Uk, n) = Op) could be smaller than 100Hz. However, for hearing-impaired listeners, even with the aid of a hearing

assistance device, the pitch detection rate could drop due to insufficient spectrum resolution and hearing loss in low frequencies.
This leads to poor speech intelligibility of a tone language for a wearer of a hearing assistance device.

[0018] Previous solutions include focusing on detecting the fundamental frequency contour for each side (each ear) of the
hearing devices and enhancing the signal for each side separately. Disadvantages of these previous solutions include that: (1)
the processing of the two sides is independent of each other, which may lead to non-synchronization of the tone detection; (2)
since the processing is done for each side separately, it does not take advantage of binaural pitch detection; and (3) for some
adverse conditions, like noisy conditions, the monaural processing cannot benefit from the other ear if it has a stronger received
target signal.

[0019] The present subject matter uses binaural pitch detection, and provides robust pitch detection to improve speech
understanding for tone language for hearing impaired listeners who wear binaural hearing devices. Information from both left and
right sides is used to enhance the pitch detection for tone language. In one embodiment, information from one hearing assistance
device (one side or ear) is combined with information from a second hearing assistance device (second side or ear) to detect
pitch. In another embodiment, pitch is detected from each side and transferred to the other side to get more accurate pitch
contour information.

[0020] Disclosed herein, among other things, are methods and apparatus for binaural enhancement of tone language for
hearing assistance devices. One aspect of the present subject matter includes a method for enhancing pitch in a hearing
assistance system having a first and second hearing assistance device. A signal is received using a microphone of the first
hearing assistance device. Pitch detection is performed on the signal to obtain a pitch value. The pitch value is wirelessly
transmitted from the first hearing assistance device to the second hearing assistance device. In various embodiments, the pitch
value of the first hearing assistance device is combined with a pitch value of the second hearing assistance device. The gain is
adjusted based on the combined pitch value, in various embodiments.

[0021] FIG. 1is a flow diagram illustrating a binaural pitch detection based system for hearing assistance devices, according to
one embodiment of the present subject matter. The system includes a first hearing assistance device 102 in a left ear of a wearer
and a second hearing assistance device 152 in a right ear of the wearer. The basic blocks in the depicted system 100 include
frequency analysis 106, 156, wireless transmission 110, pitch detection 108, 158, gain adjustment 112, 162, gain application 114,
164, and synthesis 116, 166. The frequency analysis block 106, 156 converts the time-domain signal picked up by the
microphones 104, 154 to a frequency domain signal, in various embodiments. For example, it could be realized by Discrete
Fourier Transform (DFT) or other frequency analysis methods. The wireless transmission block 110 transfers the signal from one
side (or ear) to the other side. The pitch detection block 108, 158 takes the signals from both sides to generate the pitch contour
detection. In various embodiments, time domain and/or frequency domain methods can be utilized for pitch detection. Examples of
frequency domain methods include, but are not limited to, the harmonic product spectrum and cepstral analysis. The gain
adjustment block 112, 162 first determines the tone based on the pitch contour. In various embodiments, the signal is classified
into one of several groups of tones based on the slope of the pitch contour.

S, =% (The stope of pitch contour, At is the duration)

Al

[0022] In a tone language such as Mandarin for example (see FIG. 4), S¢> 0 for the second tone while S¢< 0 for the fourth tone.

For certain languages, it may also combine this information with the length of the syllables. After classifying the tone, the gain
estimation can be adjusted based on the tone category, in various embodiments. For certain tones, emphasizng the gain in the
low frequencies can improve the speech understanding. The gain application block 114, 164 applies the adjusted gain in the
frequency domain, in an embodiment. In various embodiments, the synthesis block 116, 166 converts the signal back to time
domain. Other blocks are included, in various embodiments. For example, for hearing aids, the compressor, the feedback
canceller and noise reduction blocks are used and can affect gain. A relatively large data rate is used since the whole signal is
needed for the implementation. To limit the bit rate, the wireless link can be activated as needed for the non-constant speech
segment. In addition, instead of transferring the whole frequency range, an embodiment limits transfers to the low frequencies.

[0023] FIG. 2 is a flow diagram illustrating a binaural pitch enhancement based system for hearing assistance devices, according
to one embodiment of the present subject matter. In various embodiments, the system of FIG. 2 improves on the system of FIG. 1
by reducing computation cost and decreasing sensitivity in noisy environments. The system includes a first hearing assistance
device 202 in a left ear of a wearer and a second hearing assistance device 252 in a right ear of the wearer. The basic blocks in
the depicted system 200 include frequency analysis 206, 256, wireless transmission 210, pitch detection 208, 258, pitch
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correction 211, 261, gain adjustment 212, 262, gain application 214, 264, and synthesis 216, 266. The frequency analysis block
206, 256 converts the time-domain signal picked up by the device microphones 204, 254 to a frequency domain signal. For
example, it could be realized by Discrete Fourier Transform (DFT) or other frequency analysis methods. The wireless
transmission block 210 transfers the pitch detection results from one side to the other side. The pitch detection block 208, 258
can be implemented in several ways. Frequency-domain algorithms include a harmonic product spectrum, a maximum likelihood
which attempts to match the frequency-domain characteristics to pre-defined frequency maps and the detection of peaks due to
harmonic series. For the pitch detection block, the present subject matter also measures the detection confidence.

= f(SNR)

[0024] The detection confidence is a function of signal-to-noise ratio (SNR). The higher the SNR, the more confident the

detection result is, in various embodiments.
SNR(17) = max(min(SNR(r), T1), T2)

SNR(n)~T1

== 7

[0025] 71 and T2 are used to limit the SNR value, and the value of ¢(n) is in the range 0 to 1, in various embodiments. The
detection confidence is transferred to the other side (the device in the other ear of the user) with the pitch contour value, in
various embodiments.

[0026] FIG. 3 is a graphical diagram illustrating pitch detection confidence in a binaural pitch enhancement based system for
hearing assistance devices, according to one embodiment of the present subject matter. The diagram depicts pitch detection
confidence versus SNR, using an example with 71 = -10dB and T2 = 20dB. The detection confidence can also be calculated
using non-linear functions.

[0027] The present subject matter provides pitch correction, in various embodiments. The pitch correction block 211, 261
combines pitch values from the two sides (from a device in a left ear and a device in a right ear) according to the determined pitch
detection confidence. In one embodiment, the pitch values are combined using the following equation:

)~ flny e )

¢ (my+c,(n) ¢(my+c.(n

[0028] If both () = cn) = 0

[0029] For the left side:
FAGEFNG!

[0030] For the right side:
Folmy= 1y (m

[0031] In various embodiments, the gain adjustment block 212, 262 first determines the tone based on the pitch contour. The
signal is classified into one of several groups of tones based on the slope of the pitch contour, in various embodiments.

Af, . . .
;=" Jy (the stope of pitch contour, At is the duration)
At

S

[0032] In the example of the tone language Mandarin (FIG. 4), Sf> 0 for the second tone while Sf< 0 is the fourth tone. For

certain languages, it may also be combined with the length of the syllable. After classifying the tone, the gain estimation is
adjusted based on the tone category, in various embodiments. For certain tones, the gain in the low frequencies is emphasized to
improve the speech understanding. The gain application block 214, 264 applies the adjusted gain in the frequency domain, in an
embodiment. In various embodiments, the synthesis block 216, 266 converts the signal back to time domain. Other blocks are
included, in various embodiments. For example, for hearing aids, the compressor, the feedback canceller and noise reduction
blocks are used and can affect gain.
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[0033] The system of FIG. 2 has several advantages. One advantage that a relatively low data rate can be used since only the
pitch and the detection confidence are needed for the implementation. In addition, the bit rate can be further limited by activating
the wireless link only for the non-constant speech segment. Further, since pitch changes slowly compared to the signal itself, it
can be decimated and coded efficiently before the transmission. Therefore, the present subject matter has a low computation cost
comparing to the binaural pitch detection, and is robust to noisy environments in various embodiments.

[0034] The present subject matter is demonstrated for hearing aids, but can be used in any hearing assistance device. In
various embodiments, a detection score can be calculated using other methods as long as it represents the confidence score of
how pitch is estimated. The pitch correction can be implemented other than combining of pitch for two sides in various
embodiments, as long as it can benefit from the information of both sides, especially taking advantage of the better ear (high SNR
side).

[0035] Another aspect of the present subject matter includes a method for enhancing pitch in a hearing assistance system
having a first and second hearing assistance device. In various embodiments, a time domain signal is sensed using a microphone
of the first hearing assistance device. The time domain signal is converted to a frequency domain signal and pitch detection is
performed on the frequency domain signal to obtain a pitch contour value and a pitch detection confidence of the first hearing
assistance. The pitch contour value and the pitch detection confidence are wirelessly transmitted from the first hearing assistance
device to the second hearing assistance device. In various embodiments, the pitch detection contour value of the first hearing
assistance device is combined with a pitch detection contour value of the second hearing assistance device using the pitch
detection confidence of the first hearing assistance device and a pitch detection confidence of the second hearing assistance
device. The tone is classified based on the combined pitch contour value and gain is adjusted based on the tone classification, in
various embodiments.

[0036] A further aspect of the present subject matter includes a hearing assistance system. The system includes a first hearing
assistance device in a first ear of a wearer and a second hearing assistance device in a second ear of the wearer. In various
embodiments, the first hearing assistance device is configured to receive a signal, perform pitch detection on the signal to obtain
a pitch value, and wirelessly transmit the pitch value to the second hearing assistance device. The second hearing assistance
device is configured to combine the pitch value of the first hearing assistance device with a pitch value of the second hearing
assistance device, and adjust gain based on the combined pitch value, in various embodiments.

[0037] Various embodiments of the present subject matter support wireless communications with a hearing assistance device. In
various embodiments the wireless communications can include standard or nonstandard communications. Some examples of
standard wireless communications include link protocols including, but not limited to, Bluetooth™, |[EEE 802.11(wireless LANs),
802.15 (WPANSs), 802.16 (WiMAX), cellular protocols including, but not limited to CDMA and GSM, ZigBee, and ultra-wideband
(UWB) technologies. Such protocols support radio frequency communications and some support infrared communications.
Although the present system is demonstrated as a radio system, it is possible that other forms of wireless communications can be
used such as ultrasonic, optical, and others. It is understood that the standards which can be used include past and present
standards. It is also contemplated that future versions of these standards and new future standards may be employed without
departing from the scope of the present subject matter.

[0038] The wireless communications support a connection from other devices. Such connections include, but are not limited to,
one or more mono or stereo connections or digital connections having link protocols including, but not limited to 802.3 (Ethernet),
802.4, 802.5, USB, ATM, Fibre-channel, Firewire or 1394, InfiniBand, or a native streaming interface. In various embodiments,
such connections include all past and present link protocols. It is also contemplated that future versions of these protocols and
new future standards may be employed without departing from the scope of the present subject matter.

[0039] It is understood that variations in communications standards, protocols, and combinations of components may be
employed without departing from the scope of the present subject matter. Hearing assistance devices typically include an
enclosure or housing, a microphone, hearing assistance device electronics including processing electronics, and a speaker or
receiver. Processing electronics include a controller or processor, such as a digital signal processor (DSP), in various
embodiments. Other types of processors may be used without departing from the scope of this disclosure. It is understood that in
various embodiments the microphone is optional. It is understood that in various embodiments the receiver is optional. Thus, the
examples set forth herein are intended to be demonstrative and not a limiting or exhaustive depiction of variations.

[0040] It is understood that the hearing aids referenced in this patent application include a processor. The processor may be a
digital signal processor (DSP), microprocessor, microcontroller, other digital logic, or combinations thereof. The processing of
signals referenced in this application can be performed using the processor. Processing may be done in the digital domain, the
analog domain, or combinations thereof. Processing may be done using subband processing techniques. Processing may be
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done with frequency domain or time domain approaches. Some processing may involve both frequency and time domain aspects.
For brevet, in some examples drawings may omit certain blocks that perform frequency synthesis, frequency analysis, analog-to-
digital conversion, digital-to-analog conversion, amplification, and certain types of filtering and processing. In various
embodiments the processor is adapted to perform instructions stored in memory which may or may not be explicitly shown.
Various types of memory may be used, including volatile and nonvolatile forms of memory. In various embodiments, instructions
are performed by the processor to perform a number of signal processing tasks. In such embodiments, analog components are in
communication with the processor to perform signal tasks, such as microphone reception, or receiver sound embodiments (i.e., in
applications where such transducers are used). In various embodiments, different realizations of the block diagrams, circuits, and
processes set forth herein may occur without departing from the scope of the present subject matter.

[0041] The present subject matter is demonstrated for hearing assistance devices, including hearing aids, including but not
limited to, behind-the-ear (BTE), in-the-ear (ITE), in-the-canal (ITC), receiver-in-canal (RIC), or completely-in-the-canal (CIC) type
hearing aids. It is understood that behind-the-ear type hearing aids may include devices that reside substantially behind the ear
or over the ear. Such devices may include hearing aids with receivers associated with the electronics portion of the behind-the-
ear device, or hearing aids of the type having receivers in the ear canal of the user, including but not limited to receiver-in-canal
(RIC) or receiver-in-the-ear (RITE) designs. The present subject matter can also be used in hearing assistance devices generally,
such as cochlear implant type hearing devices and such as deep insertion devices having a transducer, such as a receiver or
microphone, whether custom fitted, standard, open fitted or occlusive fitted. It is understood that other hearing assistance devices
not expressly stated herein may be used in conjunction with the present subject matter.

[0042] This application is intended to cover adaptations or variations of the present subject matter. It is to be understood that the
above description is intended to be illustrative, and not restrictive. The scope of the present subject matter should be determined
with reference to the appended claims, along with the full scope of legal equivalents to which such claims are entitled.
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-1-
BINAURAL FORBEDRING AF TONESPROG TIL HAREHIALPSANORDNINGER
PATENTKRAV

1. Fremgangsmade til forbedring af tonehgjde i et hgrehjelpssystem med en fgrste og anden
hgrehjelpsanordning, hvilken fremgangsmade omfatter:

modtagelse af et signal ved anvendelse af en mikrofon i den fgrste hgrehjzlpsanordning;

udfgrelse af tonehgjdedetektering pa signalet for at opna en tonehgjdeveerdi;

tradlgs transmission af tonehgjdevardien fra den fgrste hgrehjelpsanordning til den anden
hgrehjelpsanordning;

kombinering af tonehgjdeverdien fra den fgrste hgrehjaelpsanordning med en detekteret
tonehgjdeverdi for den anden hgrehjzlpsanordning; og

justering af forbedring baseret pa den kombinerede tonehgjdeverdi.

2. Fremgangsmade ifglge krav 1, hvor kombinering af tonehgjdeverdien for den fgrste
hgrehjelpsanordning med tonehgjdevaerdien af den anden hgrehjelpsanordning indbefatter anvendelse af

tonehgjdekorrektion.

3. Fremgangsmade ifglge krav 2, hvor anvendelse af tonehgjdekorrektion indbefatter kombinering af
tonehgjdevaerdier fra den fgrste og anden hgrehjelpsanordning ved anvendelse af tonehgjdens
dekteringspalidelighed.

4. Fremgangsmade ifglge krav 3, hvor anvendelse af tonehgjdens dekteringspalidelighed indbefatter
bestemmelse af tonehgjdens dekteringspalidelighed for en fgrste hgrehjelpsanordning og tonehgjdens
dekteringspalidelighed for en anden hgrehjelpsanordning.

5. Fremgangsmade ifglge krav 4, hvilken fremgangsmade endvidere omfatter:

tradlgs transmission af den fgrste hgrehjelpsanordnings tonehgjdes dekteringspalidelighed fra den
fgrste hgrehjelpsanordning til den anden hgrehjelpsanordning.

6. Fremgangsmade ifglge et hvilket som helst af de foregéende krav, hvor udfgrelse af
tonehgjdedetektering pa signalet for at opna en tonehgjdeverdi indbefatter bestemmelse af en

tonehgjdekonturvardi.

7. Fremgangsmade ifglge et hvilket som helst af kravene 3 til og med 6, hvor tonehgjdens
dekteringspalidelighed er en funktion af et signal-stgj-forhold, SNR.

8. Fremgangsmade ifglge et hvilket som helst af kravene 3 til og med 6, hvor tonehgjdens

dekteringspalidelighed beregnes ved anvendelse af en ikke-linewr funktion.

9. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvilken fremgangsmade

endvidere omfatter:
anvendelse af den justerede forbedring til signalet for at opna et forbedret signal.
10. Fremgangsmade ifglge krav 9, hvilken fremgangsmade endvidere omfatter:
afspilning af det forbedrede signal ved anvendelse af en modtager.
11. Hgrehjzlpssystem, der omfatter:
en fgrste hgrehjelpsanordning i et fgrste gre pa en berer; og

en anden hgrehjelpsanordning i et andet gre pa bereren,
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hvor den fgrste hgrehjalpsanordning er konfigureret til at:

modtage et signal;

udfgre tonehgjdedetektering pa signalet for at opné en tonehgjdeverdi; og
tradlgst transmittere tonehgjdeverdien til den anden hgrehjelpsanordning, og
hvor den anden hgrehjlpsanordning er konfigureret til at:

kombinere tonehgjdeverdien for den fgrste hgrehjelpsanordning med en detekteret

tonehgjdeverdi for den anden hgrehjzlpsanordning og

justere forsteerkningen baseret pa den kombinerede tonehgjdeveerdi.
12. System ifglge krav 11, hvor tradlgs transmission af tonehgjdens konturvardi og tonehgjdens
dekteringspalidelighed indbefatter anvendelse af Bluetooth™.
13. System ifglge krav 11, hvor tradlgs transmission af tonehgjdens konturvaerdi og tonehgjdens
dekteringspalidelighed indbefatter anvendelse af IEEE 802.11, 802.15 eller 802.16.
14. System ifglge krav 11, hvor tradlgs transmission af tonehgjdens konturvaerdi og tonehgjdens
dekteringspalidelighed indbefatter anvendelse af en celleprotokol, sisom CDMA eller GSM.
15. System ifglge krav 11, hvor tradlgs transmission af tonehgjdens konturvardi og tonehgjdens
dekteringspalidelighed indbefatter anvendelse af bredbands-, UWB, teknologi.
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