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(57) Abstract: Systems, devices and methods for communication include an ear canal microphone configured for placement in

the ear canal to detect high frequency sound localization cues.

An external microphone positioned away from the ear canal can

& detect low frequency sound, such that feedback can be substantially reduced. The canal microphone and the external microphone
& are coupled to a transducer, such that the user perceives sound from the external microphone and the canal microphone with high
frequency localization cues and decreased feedback. Wireless circuitry can be configured to connect to many devices with a wireless
protocol, such that the user can receive and transmit audio signals. A bone conduction sensor can detect near-end speech of the
user for transmission with the wireless circuitry in noisy environment. Noise cancellation of background sounds near the user can

=

improve the user’s hearing of desired sounds.
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MULTIFUNCTION SYSTEM AND METHOD FOR INTEGRATED
HEARING AND COMMUNICATION WITH NOISE CANCELLATION
AND FEEDBACK MANAGEMENT

CROSS REFERENCE TO RELATED APPLICATIONS DATA
[0001] The present application claims the benefit under 35 USC 119(e) of US Provisional
Application No. 60/979,645 filed October 12, 2007; the full disclosure of which is

incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention. The present invention is related to systems, devices and

methods for communication.

[0003] People like to communicate with others. Hearing and speaking are forms of
communication that many people use and enjoy. Many devices have been proposed that

improve communication including the telephone and hearing aids.

[0004] Hearing impaired subjects need hearing aids to verbally communicate with those
around them. Open canal hearing aids have proven to be successful in the marketplace
because of increased comfort. Another reason why they are popular is reduced occlusion,
which is a tunnel-like hearing effect that is problematic to most hearing aid users. Another
common complaint is feedback and whistling from the hearing aid. Increasingly, hearing
impaired subjects also make use of audio entertainment and communication devices. Often
the use of these devices interferes with the use of hearing aids and more often are
cumbersome to use together. Another problem is use of entertainment and communication
systems in noisy environments, which requires active noise cancellation. There is a need to
integrate open canal hearing aids with audio entertainment and communication systems and
still allow their use in noisy places. For improving comfort, it is desirable to use these

modalities in an open ear canal configuration.

[0005] Several approaches to improved hearing, improve feedback suppression and noise
cancellation. Although sometimes effective, current methods and devices for feedback
suppression and noise cancellation may not be effective in at least some instances. For

example, when an acoustic hearing aid with a speaker positioned in the ear canal is used to
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amplify sound, placement of a microphone in the ear canal can result in feedback when the

ear canal is open, even when feedback and noise cancellation are used.

[0006] One promising approach to improving hearing with an ear canal microphone has
been to use a direct-drive transducer coupled to middle-ear transducer, rather than an acoustic
transducer, such that feedback is significantly reduced and often limited to a narrow range of
frequencies. The EARLENS™ transducer as described by Perkins et al (US 5,259,032;
US20060023908; US20070100197) and many other transducers that directly couple to the
middle ear such as described by Puria et al (US 6,629,922) may have significant advantages
due to reduced feedback that is limited in a narrow frequency range. The EARLENS™
system may use an electromagnetic coil placed inside the ear canal to drive the middle ear,
for example with the EARLENS™ transducer magnet positioned on the eardrum. A
microphone can be placed inside the ear canal integrated in a wide-bandwidth system to
provide pinna-diffraction cues. The pinna diffraction cues allow the user to localize sound
and thus hear better in multi-talker situations, when combined with the wide-bandwidth
system. Although effective in reducing feedback, these systems may result in feedback in at

least some instances, for example with an open ear canal that transmits sound to a canal

microphone with high gain for the hearing impaired.

[0007] Although at least some implantable hearing aid systems may result in decreased
feedback, surgical implantation can be complex, expensive and may potentially subject the
user to possible risk of surgical complications and pain such that surgical implantation is not

a viable option for many users.

[0008] In at least some instances known hearing aides may not be fully integrated with
telecommunications systems and audio system, such that the user may use more devices than
would be ideal. Also, current combinations of devices may be less than ideal, such that the
user may not receive the full benefit of hearing with multiple devices. For example, known
hands free wireless BLUETOOTH™ devices, such as the JAWBONE™, may not work well
with hearing aid devices as the hands free device is often placed over the ear. Also, such
devices may not have sounds configured for optimal hearing by the user as with hearing aid
devices. Similarly, a user of a hearing aid device, may have difficulty using direct audio
from device such as a headphone jack for listening to a movie on a flight, an iPod or the like.
In many instances, the result is that the combination of known hearing devices with

communication and audio systems can be less than ideal.
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[0009] The known telecommunication and audio systems may have at least some
shortcomings, even when used alone, that may make at least some of these systems less than
ideal, in at least some instances. For example, many known noise cancellation systems use
headphones that can be bulky, in at least some instances. Further, at least some of the known
wireless headsets for telecommunications can be some what obtrusive and visible, such that it

would be helpful if the visibility and size could be minimized.

[0010] In light of the above, it would be desirable to provide an improved system for
communication that overcomes at least some of the above shortcomings. It would be
particularly desirable if such a communication system could be used without surgery to
provide: high frequency localization cues, open ear canal hearing with minimal feedback,
hearing aid functionality with amplified sensation level, a wide bandwidth sound with
frequencies from about 0.1 to 10 kHz, noise cancellation, reduced feedback, communication

with a mobile device or audio entertainment system.

[0011] 2. Description of the Background Art.

{0012] The following U.S. patents and publications may be relevant to the present
application: 5,117,461; 5,259,032; 5,402,496, 5,425,104; 5,740,258; 5,940,519; 6,068,589;
6,222,927; 6,629,922; 6,445,799; 6,668,062; 6,801,629; 6,888,949; 6,978,159; 7,043,037,
7,203,331; 2002/20172350; 2006/0023908; 2006/0251278; 2007/0100197; Carlile and
Schonstein (2006) “Frequency bandwidth and multi-talker environments,” Audio
Engineering Society Convention, Paris, France 118:353-63; Killion, M.C. and Christensen, L.
(1998) "The case of the missing dots: Al and SNR loss," Hear Jour 51(5):32-47; Moore and
Tan (2003) "Perceived naturalness of spectrally distorted speech and music," J Acoust Soc
Am 114(1):408-19; Puria (2003) "Measurements of human middle ear forward and reverse

acoustics: implications for otoacoustic emissions," J Acoust Soc Am 113(5):2773-89.

BRIEF SUMMARY OF THE INVENTION
[0013] Embodiments of the present invention provide improved systems, devices and
methods for communication. Although specific reference is made to communication with a
hearing aid, the systems methods and devices, as described herein, can be used in many
applications where sound is used for communication. At least some of the embodiments can
provide, without surgery, at least one of: hearing aid functionality, an open ear canal; an ear

canal microphone; wide bandwidth, for example with frequencies from about 0.1 to about 10
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kHz; noise cancellation; reduced feedback, communication with at least one of a mobile
device; or communication with an audio entertainment system. The ear canal microphone
can be configured for placement to detect high frequency sound localization cues, for
example within the ear canal or outside the ear canal within about 5 mm of the ear canal
opening so as to detect high frequency sound comprising localization cues from the pinna of
the ear. The high frequency sound detected with the ear canal microphone may comprise
sound frequencies above resonance frequencies of the ear canal, for example resonance
frequencies from about 2 to about 3 kHz. An external microphone can be positioned away
from the ear canal to detect low frequency sound at or below the resonance frequencies of the
ear canal, such that feedback can be substantially reduced, even minimized or avoided. The
canal microphone and the external microphone can be coupled to at least one output
transducer, such that the user perceives sound from the external microphone and the canal
microphone with high frequency localization cues and decreased feedback. Wireless
circuitry can be configured to connect to many devices with a wireless protocol, such that the
user can receive and transmit audio signals. A bone conduction sensor can detect near-end
speech of the user for transmission with the wireless circuitry, for example in a noisy
environment with a piezo electric positioner configured for placement in the ear canal. Noise
cancellation of background sounds near the user can improve the user's hearing of desired
sounds, for example noised cancellation of background sounds detected with the external

microphone.

[0014] In a first aspect, embodiments of the present invention provide a communication
device for use with an ear of a user. A first input transducer is configured for placement at
least one of inside an ear canal or near an opening of the ear canal. A second input transducer
is configured for placement outside the ear canal. At least one transducer configured for
placement inside the ear canal of the user. The at least one output transducer is coupled to
the first microphone and the second microphone to transmit sound from the first microphone

and the second microphone to the user.

f0015] In many embodiments, the first input transducer comprises at least one of a first
microphone configured to detect sound from air or a first acoustic sensor configured to detect
vibration from tissue. The second input transducer comprises at least one of a second
microphone configured to detect sound from air or a second acoustic sensor configured to
detect vibration from tissue. The first input transducer may comprise a microphone

configured to detect high frequency localization cues and wherein the at least one output
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transducer is acoustically coupled to first input transducer when the transducer is positioned
in the ear canal. The second input transducer can be positioned away from the ear canal
opening to minimize feedback when the first input transducer detects the high frequency

localization cues.

[0016] In many embodiments, the first input transducer is configured to detect high
frequency sound comprising spatial localization cues when placed inside the ear canal or near
the ear canal opening and transmit the high frequency localization cues to the user. The high
frequency localization cues may comprise frequencies above about 4 kHz. The first input
transducer can be coupled to the at least one output transducer to transmit high frequencies
above at least about 4 kHz to the user with a first gain and to transmit low frequencies below
about 3 kHz with a second gain. The first gain can be greater than the second gain so as to
minimize feedback from the transducer to the first input transducer. The first input transducer
can be configured to detect at least one of a sound diffraction cue from a pinna of the ear of
the user or a head shadow cue from a head of the user when the first input transducer is

positioned at least one of inside the ear canal or near the opening of the ear canal.

[0017] In many embodiments, the first input transducer is coupled to the at least one output
transducer to vibrate an eardrum of the ear in response to high frequency sound localization
cues above a resonance frequency of the ear canal. The second input transducer is coupled to
the at least one output transducer to vibrate the eardrum in response sound frequencies at or
below the resonance frequency of the ear canal. The resonance frequency of the ear canal

may comprise frequencies within a range from about 2 to 3 kHz.

[0018} In many embodiments, the first input transducer is coupled to the at least one output
transducer to vibrate the eardrum with a resonance gain for first sound frequencies
corresponding to the resonance frequencies of the ear canal and a cue gain for sound
localization cue comprising frequencies above the resonance frequencies of the ear canal, and

wherein the cue gain is greater than the resonance gain to minimize feedback.

[0019] In many embodiments, the first input transducer is coupled to the at least one output
transducer to vibrate the eardrum with a first gain for first sound frequencies corresponding to
the resonance frequencies of the ear canal. The second input transducer is coupled to the at
least one output transducer to vibrate the eardrum with a second gain for the sound
frequencies corresponding to the resonance frequencies of the ear canal, and the first gain is

less than the second gain to minimize feedback.
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[0020] In many embodiments, the second input transducer is configured to detect low
frequency sound without high frequency localization cues from a pinna of the ear when
placed outside the ear canal to minimize feedback from the transducer. The low frequency

sound may comprise frequencies below about 3 kHz.

[0021] In many embodiments, the device comprises circuitry coupled to the first input
transducer, the second input transducer and the at least one output transducer, and the
circuitry is coupled to the first input transducer and the at least one output transducer to
transmit high frequency sound comprising frequencies above about 4 kHz from the first input
transducer to the user. The circuitry can be coupled to the second input transducer and the at
least one output transducer to transmit low frequency sound comprising frequencies below
about 4 kHz from the second input transducer to the user. The circuitry may comprise at least
one of a sound processor or an amplifier coupled to the first input transducer, the second
input transducer and the at least one output transducer to transmit high frequencies from the
first input transducer and low frequencies from the second input transducer to the user so as

to minimize feedback.

[0022] In many embodiments, the at least one output transducer comprises a first
transducer and a second transducer, in which the first transducer is coupled to the first input
transducer to transmit high frequency sound and the second transducer coupled to the second

input transducer to transmit low frequency sound.

[0023] In many embodiments, the first input transducer is coupled to the at least one output
transducer to transmit first frequencies to the user with a first gain and the second input
transducer is coupled to the at least one output transducer to transmit second frequencies to

the user with a second gain.

[0024] In many embodiments, the at least one output transducer comprises at least one of
an acoustic speaker configured for placement inside the ear canal, a magnet supported with a
support configured for placement on an eardrum of the user, an optical transducer supported
with a support configured for placement on the eardrum of the user, a magnet configured for
placement in a middle ear of the user, and an optical transducer configured for placement in
the middle ear of the user. The at least one output transducer may comprise the magnet
supported with the support configured for placement on an eardrum of the user, and the at
least one output transducer may further comprises at least one coil configured for placement

in the ear canal to couple to the magnet to transmit sound to the user. The at least one coil
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may comprises a first coil and a second coil, in which the first coil is coupled to the first input
transducer and configured to transmit first frequencies from the first input transducer to the
magnet, and in which the second coil is coupled to the second input transducer and
configured to transmit second frequencies from the second input transducer to the magnet.
The at least one output transducer may comprise the optical transducer supported with the
support configured for placement on the eardrum of the user, and the optical transducer may
further comprise a photodetector coupled to at least one of a coil or a piezo electric transducer

supported with the support and configured to vibrate the eardrum.

[0025] In many embodiments, the first input transducer is configured to generate a first
audio signal and the second input transducer is configured to generate a second audio signal
and wherein the at least one output transducer is configured to vibrate with a first gain in
response to the first audio signal and a second gain in response to the second audio signal to

minimize feedback.

[0026] In many embodiments, the device further comprises wireless communication
circuitry configured to transmit near-end speech from the user to a far-end person when the
user speaks. The wireless communication circuitry can be configured to transmit the near-
end sound from at least one of the first input transducer or the second input transducer. The
wireless communication circuitry can be configured to transmit the near-end sound from the
second input transducer. A third input transducer can be coupled to the wireless
communication circuitry, in which the third input transducer configured to couple to tissue of
the patient and transmit near-end speech from the user to the far end person in response to

bone conduction vibration when the user speaks.

[0027] In many embodiments, the device further comprises a second device for use with a
second contralateral ear of the user. The second device comprises a third input transducer
configured for placement inside a second ear canal or near an opening of the second ear canal
to detect second high frequency localization cues. A fourth input transducer is configured for
placement outside the second ear canal. A second at least one output transducer is configured
for placement inside the second ear canal, and the second at least one output transducer is
acoustically coupled to the third input transducer when the second at least one output
transducer is positioned in the second ear canal. The fourth input transducer is positioned
away from the second ear canal opening to minimize feedback when the third input

transducer detects the second high frequency localization cues. The combination of the first
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and second input transducers on an ipsilateral ear and the third and fourth input transducers

on a contralateral ear can lead to improved binaural hearing.

[0028] In another aspect, embodiments of the present invention provide a communication
device for use with an ear of a user. The device comprises a first at least one input transducer
configured to detect sound. A second input transducer is configured to detect tissue vibration
when the user speaks. Wireless communication circuitry is coupled to the second input
transducer and configured to transmit near-end speech from the user to a far-end person when
the user speaks. At least one output transducer is configured for placement inside an ear
canal of the user, in which the at least one output transducer is coupled to the first input

transducer to transmit sound from the first input transducer to the user.

[0029] In many embodiments, the first at least one input transducer comprises a
microphone configured for placement at least one of inside an ear canal or near an opening of
the ear canal to detect high frequency localization cues. Alternatively or in combination, the
first at least one input transducer may comprise a microphone configured for placement
outside the ear canal to detect low frequency speech and minimize feedback from the at least

one output transducer.

[0030] In many embodiments, the second input transducer comprises at least one of an
optical vibrometer or a laser vibrometer configured to generate a signal in response to

vibration of the eardrum when the user speaks.

[0031] In many embodiments, the second input transducer comprises a bone conduction
sensor configured to couple to a skin of the user to detect tissue vibration when the user

speaks. The bone conduction sensor can be configured for placement within the ear canal.

[0032] In many embodiments, the device further comprises an elongate support configured
to extend from the opening toward the eardrum to deliver energy to the at least one output
transducer, and a positioner coupled to the elongate support. The positioner can be sized to fit
in the ear canal and position the elongate support within the ear canal, and the positioner may
comprise the bone conduction sensor. The bone conduction sensor may comprise a piezo
electric transducer configured to couple to the ear canal to bone vibration when the user

speaks.

[0033] In many embodiments, the at least one output transducer comprises a support

configured for placement on an eardrum of the user.
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[0034] In many embodiments, the wireless communication circuitry is configured to
receive sound from at least one of a cellular telephone, a hands free wireless device of an
automobile, a paired short range wireless connectivity system, a wireless communication

network, or a WiFi network.

[0035] In many embodiments, the wireless communication circuitry is coupled to the at
least one output transducer to transmit far-end sound to the user from a far-end person in

response to speech from the far-end person.

[0036] In another aspect, embodiments of the present invention provide an audio listening
system for use with an ear of a user. The system comprises a canal microphone configured
for placement in an ear canal of the user, and an external microphone configured for
placement external to the ear canal. A transducer is coupled to the canal microphone and the
external microphone. The transducer is configured for placement inside the ear canal on an
eardrum of the user to vibrate the eardrum and transmit sound to the user in response to the

canal microphone and the external microphone.

[0037] In many embodiments, the transducer comprises a magnet and a support configured
for placement on the eardrum to vibrate the eardrum in response to a wide bandwidth signal

comprising frequencies from about 0.1 kHz to about 10 kHz.

[0038] In many embodiments, the system further comprises a sound processor coupled to
the canal microphone and configured to receive an input from the canal microphone. The
sound processor is configured to vibrate the eardrum in response to the input from the canal
microphone. The sound processor can be configured to minimize feedback from the

transducer.

[0039] In many embodiments, the sound processor is coupled to the external microphone

and configured to vibrate the eardrum in response to an input from the external microphone.

[0040] In many embodiments, the sound processor is configured to cancel feedback from

the transducer to the canal microphone with a feedback transfer function.

[0041] In many embodiments, the sound processor is coupled to the external microphone
and configured to cancel noise in response to input from the external microphone. The
external microphone can be configured to measure external sound pressure and wherein the
sound processor is configured to minimize vibration of the eardrum in response to the

external sound pressure measured with the external microphone. The sound processor can be
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configured to measure feedback from the transducer to the canal microphone and wherein the

processor is configured to minimize vibration of the eardrum in response to the feedback.

[0042] In many embodiments, the external microphone is configured to measure external
sound pressure, and the canal microphone is configured to measure canal sound pressure and
wherein the sound processor is configured to determine feedback transfer function in

response to the canal sound pressure and the external sound pressure.
[0043] In many embodiments, the system further comprises an external input for listening.

[0044] In many embodiments, the external input comprises an analog input configured to

receive an analog audio signal from an external device.

[0045] In many embodiments, the system further comprises a bone vibration sensor to

detect near-end speech of the user.

[0046] In many embodiments, the system further comprises wireless communication
circuitry coupled to the transducer and configured to vibrate the transducer in response to far-

end speech.

[0047] In many embodiments, the system further comprises a sound processor coupled to
the wireless communication circuitry and wherein the sound processor is configured to
process the far-end speech to generate processed far-end speech, and the processor is

configured to vibrate the transducer in response to the processed far-end speech.

[0048] In many embodiments, wireless communication circuitry is configured to receive

far-end speech from a communication channel of a mobile phone.

[0049] In many embodiments, the wireless communication circuitry is configured to

transmit near-end speech of the user to a far-end person.

[0050] In many embodiments, the system further comprises a mixer configured to mix a
signal from the canal microphone and a signal from the external microphone to generate a
mixed signal comprising near-end speech, and the wireless communication circuitry is

configured to transmit the mixed signal comprising the near-end speech to a far-end person.

[0051] In many embodiments, the sound processor is configured to provide mixed near-end

speech to the user.

10
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[0052] In many embodiments, the system is configured to transmit near-end speech from a

noisy environment to a far-end person.

[0053] In many embodiments, the system further comprises a bone vibration sensor
configured to detect near-end speech, the bone vibration sensor coupled to the wireless
communication circuitry, and wherein the wireless communication circuitry is configured to
transmit the near-end speech to the far-end person in response to bone vibration when the

user speaks.

[0054] In another aspect, embodiments of the present invention provide a method of
transmitting sound to an ear of a user. High frequency sound comprising high frequency
localization cues is detected with a first microphone placed at least one of inside an ear canal
or near an opening of the ear canal. A second microphone is placed external to the ear canal.
At least one output transducer is placed inside the ear canal of the user. The at least one
output transducer is coupled to the first microphone and the second microphone and transmits

sound from the first microphone and the second microphone to the user.

[0055] In another aspect, embodiments of the present invention provide a device to detect
sound from an ear canal of a user. The device comprises a piezo electric transducer

configured for placement in the ear canal of the user.

[0056] In many embodiments, the piezo electric transducer comprises at least one elongate
structure configured to extend at least partially across the ear canal from a first side of the ear
canal to a second side of the ear canal to detect sound when the user speaks, in which the first
side of the ear canal can be opposite the second side. The at least one elongate structure may
comprise a plurality of elongate structures configured to extend at least partially across the
long dimension of the ear canal, and a gap may extend at least partially between the plurality
of elongate structures to minimize occlusion when the piezo electric transducer is placed in

the canal.

[0057] In many embodiments, the device further comprises a positioner coupled to the
transducer, in which the positioner is configured to contact the ear canal and support the
piezoelectric transducer in the ear canal to detect vibration when the user speaks. The at least
one of the positioner or the piezo electric transducer can be configured to define at least one

aperture to minimize occlusion when the user speaks.

I
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[0058] In many embodiments, the positioner comprises an outer portion configured extend
circumferentially around the piezo electric transducer to contact the ear canal with an outer

perimeter of the outer portion when the positioner is positioned in the ear canal.

[0059] In many embodiments, the device further comprises an elongate support comprising
an elongate energy transmission structure, the elongate energy transmission structure passing
through at least one of the piezo electric transducer or the positioner to transmit an audio
signal to the eardrum of the user, the elongate energy transmission structure comprising at
least one of an optical fiber to transmit light energy or a wire configured to transmit electrical

energy.

[0060] In many embodiments, the piezo electric transducer comprises at least one of a ring
piezo electric transducer, a bender piezo electric transducer, a bimorph bender piezo electric
transducer or a piezoelectric multi-morph transducer, a stacked piezoelectric transducer with
a mechanical multiplier or a ring piezoelectric transducer with a mechanical multiplier or a

disk piezo electric transducer.

[0061] In another aspect, embodiments of the present invention provide an audio listening
system having multiple functionalities. The system comprises a body configured for
positioning in an open ear canal, the functionalities include a wide-bandwidth hearing aid, a
microphone within the body, a noise suppression system, a feedback cancellation system, a

mobile phone communication system, and an audio entertainment system.

BRIEF DESCRIPTION OF THE DRAWINGS
[0062] Figure 1 shows a hearing aid integrated with communication sub-system, noise
suppression sub-system and feedback-suppression sub-system, according to embodiments of

the present invention;

[0063] Figure 1A shows (1) a wide bandwidth EARLENS™ hearing aid mode of the

system as in Figure 1 with an ear canal microphone for sound localization;

[0064] Figure 2A shows (2) a hearing aide mode of the system as in Figures 1 and 1A with

feedback cancellation;

[0065] Figure 3A shows (3) a hearing aid mode of the system as in Figures 1 and 1A

operating with noise cancellation;

12
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[0066] Figure 4A shows (4) the system as in Figure 1 where the audio input is from an RF
receiver, for example a BLUETOOTH™ device connected to the far-end speech of the

communication channel of a mobile phone.

[0067] Figure SA shows (5) the system as in Figures 1 and 4A configured to transmit the
near-end speech, in which the speech can be a mix of the signal generated by the external

microphone and the ear canal microphone from sensors including a small vibration sensor;

[0068] Figure 6A shows the system as in Figures 1, 1A, 4A and 5A configured to transduce

and transmit the near-end speech, from a noisy environment, to the far-end listener;

[0069] Figure 7A shows a piezoelectric positioner configured for placement in the ear canal

to detect near-end speech, according to embodiments of the present invention;

[0070] Figure 7B shows a positioner as in Figure 7A in detail, according to embodiments of

the present invention;

[0071] Fig. 8A shows an elongate support with a pair of positioners adapted to contact the
ear canal, and in which at least one of the positioners comprises a piezoelectric positioner
configured to detect near end speech of the user, according to embodiments of the present

invention;

[0072] Figure 8B shows an elongate support as in Figure 8A attached to two positioners

placed in an ear canal, according to embodiments of the present invention;

[0073] Figure 8B-1 shows an elongate support configured to position a distal end of the
elongate support with at least one positioner placed in an ear canal, according to

embodiments of the present invention;

[0074] Figure 8C shows a positioner adapted for placement near the opening to the ear

canal, according to embodiments of the present invention;

[0075] Figure 8D shows a positioner adapted for placement near the coil assembly,

according to embodiments of the present invention;

[0076] Figure 9 illustrates a body comprising the canal microphone installed in the ear
canal and coupled to a BTE unit comprising the external microphone, according to

embodiments of the present invention;
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[0077] Figure 10A shows feedback pressure at the canal microphone and feedback pressure
at the external microphone for a transducer coupled to the middle ear, according to

embodiments of the present invention;

[0078] Figure 10B shows gain versus frequency at the output transducer for sound input to
canal microphone and sound input to the external microphone to detect high frequency

localization cues and minimize feedback, according to embodiments of the present invention;

[0079] Figures 10C shows a canal microphone with high pass filter circuitry and an
external microphone with low pass filter circuitry, both coupled to a transducer to provide

gain in response to frequency as in Figure 10B;

[0080] Figures 10D1 shows a canal microphone coupled to first transducer and an external
microphone coupled to a second transducer to provide gain in response to frequency as in

Figure 10B;

[0081] Figures 10D2 shows the canal microphone coupled to a first transducer comprising
a first coil wrapped around a core and the external microphone coupled to a second

transducer comprising second a coil wrapped around the core, as in Figure 10DI;

[0082] Figure 11A shows an elongate support comprising a plurality of optical fibers
configured to transmit light and receive light to measure displacement of the eardrum,

according to embodiments of the present invention;

[0083] Figure 11B shows a positioner for use with an elongate support as in Figure 1 1A
and adapted for placement near the opening to the ear canal, according to embodiments of the

present invention; and

[0084] Figure 11C shows a positioner adapted for placement near a distal end of the

elongate support as in Figure 11A, according to embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0085] Embodiments of the present invention provide a multifunction audio system
integrated with communication system, noise cancellation, and feedback management, and
non-surgical transduction. A multifunction hearing aid integrated with communication
system, noise cancellation, and feedback management system with an open ear canal is

described, which provides many benefits to the user.
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[0086] Figures 1A to 6A illustrate different functionalities embodied in the integrated
system. The present multifunction hearing aid comprises with wide bandwidth, sound
localization capabilities, as well as communication and noise-suppression capabilities. The
configurations for system 10 include configurations for multiple sensor inputs and direct

drive of the middle ear.

[0087] Figure 1 shows a hearing aid system 10 integrated with communication sub-system,
noise suppression sub-system and feedback-suppression sub-system. System 10 is
configured to receive sound input from an acoustic environment. System 10 comprises a
canal microphone CM configured to receive input from the acoustic environment, and an
external microphone configured to receive input from the acoustic environment. When the
canal microphone is placed in the ear canal, the canal microphone can receive high frequency
localization cues, similar to natural hearing, that help the user localize sound. System 10
includes a direct audio input, for example an analog audio input from a jack, such that the
user can listen to sound from the direct audio input. System 10 also includes wireless
circuitry, for example known short range wireless radio circuitry configured to connect with
the BLUETOOTH™ short range wireless connectivity standard. The wireless circuitry can
receive input wirelessly, such as input from a phone, input from a stereo, and combinations
thereof. The wireless circuitry is also coupled to the external microphone EM and bone
vibration circuitry, to detect near-end speech when the user speaks. The bone vibration
circuitry may comprise known circuitry to detect near-end speech, for example known
JAWBONE™ circuitry that is coupled to the skin of the user to detect bone vibration in
response to near-end speech. Near end speech can also be transmitted to the middle ear and
cochlea, for example with acoustic bone conduction, such that the user can hear him or her

self speak.

[0088] System 10 comprises a sound processor. The sound processor is coupled to the
canal microphone CM to receive input from the canal microphone. The sound processor is
coupled to the external microphone EM to receive sound input from the external microphone.
An amplifier can be coupled to the external microphone EM and the sound processor so as to
amplify sound from the external microphone to the sound processor. The sound processor is
also coupled to the direct audio input. The sound processor is coupled to an output
transducer configured to vibrate the middle ear. The output transducer may be coupled to an
amplifier. Vibration of the middle ear can induce the stapes of the ear to vibrate, for example

with velocity, such that the user perceives sound. The output transducer may comprise, for
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example, the EARLENS™ transducer described by Perkins et al in the following US Patents
and Application Publications: 5,259,032; 20060023908; 20070100197, the full disclosure of
which are incorporated herein by reference and may include subject matter suitable for
combination in accordance with some embodiments of the present invention. The
EARLENS™ transducer may have significant advantages due to reduced feedback that can
be limited to a narrow frequency range. The output transducer may comprise an output
transducer directly coupled to the middle ear, so as to reduce feedback. For example, the
EARLENS™ transducer can be coupled to the middle ear, so as to vibrate the middle ear

STM

such that the user perceives sound. The output transducer of the EARLENS'™ can comprise,

for example a core/coil coupled to a magnet. When current is passed through the coil, a
magnetic field is generated, which magnetic field vibrates the magnet of the EARLENS™
supported on the eardrum such that the user perceives sound. Alternatively or in

combination, the output transducer may comprise other types of transducers, for example,

many of the optical transducers or transducer systems described herein.

[0089] System 10 is configured for an open ear canal, such that there is a direct acoustic
path from the acoustic environment to the eardrum of the user. The direct acoustic path can
be helpful to minimize occlusion of the ear canal, which can result in the user perceiving his
or her own voice with a hollow sound when the user speaks. With the open canal
configuration, a feedback path can exist from the eardrum to the canal microphone, for
example the EL Feedback Acoustic Pathway. Although use of a direct drive transducer such
as the coil and magnet of the EARLENS™ system can substantially minimize feedback, it
can be beneficial to minimize feedback with additional structures and configurations of

system 10.

[0090] Figure 1A shows (1) a wide bandwidth EARLENS™ hearing aid mode of the
system as in Figure 1 with ear canal microphone CM for sound localization. The canal
microphone CM is coupled to sound processor SP. Sound processor SP is coupled to an
output amplifier, which amplifier is coupled to a coil to drive the magnet of the EARLENS™

EL.

[0091} Figure 2A shows (2) a hearing aide mode of the system as in Figures 1 and 1A with
a feedback cancellation mode. A free field sound pressure Pgr may comprise a desired signal.
The desired signal comprising the free field sound pressure is incident the external

microphone and on the pinna of the ear. The free field sound is diffracted by the pinna of the
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ear and transformed to form sound with high frequency localization cues at canal microphone
CM. As the canal microphone is placed in the ear canal along the sound path between the
free field and the eardrum, the canal transfer function Hc may comprise a first component
Hcy and a second component Hc,, in which Hc| corresponds to sound travel between the free
field and the canal microphone and Hc; corresponds to sound travel between the canal

microphone and the eardrum.

[0092] As noted above, acoustic feedback can travel from the EARLENS™ EL to the canal
microphone CM. The acoustic feedback travels along the acoustic feedback path to the canal
microphone CM, such that a feedback sound pressure Pgg is incident on canal microphone
CM. The canal microphone CM senses sound pressure from the desired signal Pcy and the
feedback sound pressure Prg. The feedback sound pressure Peg can be canceled by
generating an error signal Eps. A feedback transfer function Hgp is shown from the output of
the sound processor to the input to the sound processor, and an error signal e is shown as
input to the sound processor. Sound processor SP may comprise a signal generator SG. Hgp
can be estimated by generating a wide band signal with signal generator SG and nulling out
the error signal e. Hg can be used to generate an error signal Erg with known signal
processing techniques for feedback cancellation. The feedback suppression may comprise or
be combined with known feedback suppression methods, and the noise cancellation may

comprise or be combined with known noise cancellation methods.

[0093] Figure 3A shows (3) a hearing aid mode of the system as in Figures 1 and 1A
operating with a noise cancellation mode. The external microphone EM is coupled to the
sound processor SP, through an amplifier AMP. The canal microphone CM is coupled to the
sound processor SP. External microphone EM is configured to detect sound from free field
sound pressure Prr. Canal microphone CM is configured to detect sound from canal sound
pressure Pcy. The sound pressure Pgr travels through the ear canal and arrives at the
tympanic membrane to generate a pressure at the tympanic membrane Pryp. The free field
sound pressure Pgp travels through the ear canal in response to an ear canal transfer function
Hc to generate a pressure at the tympanic membrane Pry;. The system is configured to
minimize Vo corresponding to vibration of the eardrum due to Prr. The output transducer is
configured to vibrate with - Pry such that V, corresponding to vibration of the eardrum is
minimized, and thus Pgp at the canal microphone may also be minimized. The transfer
function of the ear canal Hc can be determined in response to Py and Pgg, for example in

response to the ratio of Pcy to Per with the equation He =Pem/Pre.
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[0094] The sound processor can be configured to pass an output current I¢ through the coil
which minimizes motion of the eardrum. The current through the coil for a desired Py, can

be determined with the following equation and approximation:
Ic = Prmi/Ptmz2 = (Prmi/Perr)mA

where Pgpr comprises the effective pressure at the tympanic membrane per milliamp of the

current measured on an individual subject.

[0095] The ear canal transfer function Hc may comprise a first ear canal transfer function
Hc and a second ear canal transfer function Hea. As the canal microphone CM is placed in
the ear canal, the second ear canal transfer function Hc, may correspond to a distance along
the ear canal from ear canal microphone CM to the eardrum. The first ear canal transfer
function Hcy may correspond to a portion of the ear canal from the ear canal microphone CM
to the opening of the ear canal. The first ear canal transfer function may also comprise a
pinna transfer function, such that first ear canal transfer function Hc, corresponds to the ear
canal sound pressure Pcy at the canal microphone in response to the free field sound pressure
Pcwm after the free field sound pressure has been diffracted by the pinna so as to provide sound

localization cues near the entrance to the ear canal.

[0096] The above described noise cancellation and feedback suppression can be combined
in many ways. For example, the noise cancellation can be used with an input, for example
direct audio input during a flight while the user listens to a movie, and the surrounding noise
of the flight cancelled with the noise cancellation from the external microphone, and the
sound processor configured to transmit the direct audio to the transducer, for example
adjusted to the user's hearing profile, such that the user can hear the sound, for example from

the movie, clearly.

[0097] Figure 4A shows (4) the system as in Figure 1 where the audio input is from an RF
receiver, for example a BLUETOOTH™ device connected to the far-end speech of the
communication channel of a mobile phone. The mobile system may comprise a mobile
phone system, for example a far end mobile phone system. The system 10 may comprise a
listen mode to listen to an external input. The external input in the listen mode may comprise

at least one of a) the direct audio input signal or b) far-end speech from the mobile system.

[0098] Figure 5A shows (5) the system as in Figures 1, 1A and 4A configured to transmit

the near-end speech with an acoustic mode. The acoustic signal may comprise near end
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speech detected with a microphone, for example. The near-end speech can be a mix of the
signal generated by the external microphone and the mobile phone microphone. The external
microphone EM is coupled to a mixer. The canal microphone may also be coupled to the
mixer. The mixer is coupled to the wireless circuitry to transmit the near-end speech to the

far-end. The user is able to hear both near end speech and far end speech.

[0099] Figure 6A shows the system as in Figures 1, 1A, 4A and 5A configured to transduce
and transmit the near-end speech from a noisy environment to the far-end listener. The
system 10 comprises a near-end speech transmission with a mode configured for vibration
and acoustic detection of near end speech. The acoustic detection comprises the canal
microphone CM and the external microphone EM mixed with the mixer and coupled to the
wireless circuitry. The near end speech also induces vibrations in the user's bone, for
example the user's skull, that can be detected with a vibration sensor. The vibration sensor
may comprise a commercially available vibration sensor such as components of the
JAWBONE™. The skull vibration sensor is coupled to the wireless circuitry. The near-end
sound vibration detected from the bone conduction vibration sensor is combined with the
near-end sound from at least one of the canal microphone CM or the external microphone

EM and transmitted to the far-end user of the mobile system.

[0100] Figure 7A shows a piezoelectric positioner 710 configured to detect near end speech
of the user. Piezo electric positioner 710 can be attached to an elongate support near a
transducer, in which the piezoelectric positioner is adapted to contact the ear in the canal near
the transducer and support the transducer. Piezoelectric positioner 710 may comprise a
piezoelectric ring 720 configured to detect near-end speech of the user in response to bone
vibration when the user speaks. The piezoelectric ring 720 can generate an electrical signal
in response to bone vibration transmitted through the skin of the ear canal. A piezo electric
positioner 710 comprises a wise support attached to elongate support 750 near coil assembly
740. Piezoelectric positioner 710 can be used to center the coil in the canal to avoid contact
with skin 765, and also to maintain a fixed distance between coil assembly 740 and magnet
728. Piezoelectric positioner 710 is adapted for direct contact with a skin 765 of ear canal.
For example, piezoelectric positioner 710 includes a width that is approximately the same
size as the cross sectional width of the ear canal where the piezoelectric positioner contacts
skin 765. Also, the width of piezoelectric positioner 710 is typically greater than a cross-

sectional width of coil assembly 740 so that the piezoelectric positioner can suspend coil
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assembly 740 in the ear canal to avoid contact between coil assembly 40 and skin 765 of the

ear canal.

[0101] The piezo electric positioner may comprise many known piezoelectric materials, for
example at least one of Polyvinylidene Fluoride (PVDF), PVF, or lead zirconate titanate

(PZT).

[0102] System 10 may comprise a behind the ear unit, for example BTE unit 700,
connected to elongate support 750. The BTE unit 700 may comprise many of the
components described above, for example the wireless circuitry, the sound processor, the
mixer and a power storage device. The BTE unit 700 may comprise an external microphone
748. A canal microphone 744 can be coupled to the elongate support 750 at a location 746
along elongate support 750 so as to position the canal microphone at least one of inside the
near canal or near the ear canal opening to detect high frequency sound localization cues in
response to sound diffraction from the Pinna. The canal microphone and the external
microphone may also detect head shadowing, for example with frequencies at which the head

of the user may cast an acoustic shadow on the microphone 744 and microphone 748.

[0103] Positioner 710 is adapted for comfort during insertion into the user's ear and
thereafter. Piezoelectric positioner 710 is tapered proximally (and laterally) toward the ear
canal opening to facilitate insertion into the ear of the user. Also, piezoelectric positioner 710
has a thickness transverse to its width that is sufficiently thin to permit piezoelectric
positioner 710 to flex while the support is inserted into position in the ear canal. However, in
some embodiments the piezoelectric positioner has a width that approximates the width of the
typical ear canal and a thickness that extends along the ear canal about the same distance as
coil assembly 740 extends along the ear canal. Thus, as shown in Figure 7A piezoelectric
positioner 710 has a thickness no more than the length of coil assembly 740 along the ear

canal.

[0104] Positioner 710 permits sound waves to pass and provides and can be used to provide
an open canal hearing aid design. Piezoelectric positioner 710 comprises several spokes and
openings formed therein. In an alternate embodiment, piezoelectric positioner 710 comprises
soft “flower” like arrangement. Piezoelectric positioner 710 is designed to allow acoustic

energy to pass, thereby leaving the ear canal mostly open.

[0105] Figure 7B shows a piezoelectric positioner 710 as in Figure 7A in detail, according

to embodiments of the present invention. Spokes 712 and piezoelectric ring 720 define
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apertures 714. Apertures 714 are shaped to permit acoustic energy to pass. In an alternate
embodiment, the rim is elliptical to better match the shape of the ear canal defined by skin
765. Also, the rim can be removed so that spokes 712 engage the skin in a "flower petal” like
arrangement. Although four spokes are shown, any number of spokes can be used. Also, the

apertures can be any shape, for example circular, elliptical, square or rectangular.

[0106] Figure 8A shows an elongate support with a pair of positioners adapted to contact
the ear canal, and in which at least one of the positioners comprises a piezoelectric positioner
configured to detect near end speech of the user, according to embodiments of the present
invention. An elongate support 810 extends to a coil assembly 819. Coil assembly 819
comprises a coil 816, a core 817 and a biocompatible material 818. Elongate support 810
includes a wire 812 and a wire 814 electrically connected to coil 816. Coil 816 can include
any of the coil configurations as described above. Wire 812 and wire 814 are shown as a
twisted pair, although other configurations can be used as described above. Elongate support
810 comprises biocompatible material 818 formed over wire 812 and wire 814.

Biocompatible material 818 covers coil 816 and core 817 as described above.

[0107] Wire 812 and wire 814 are resilient members and are sized and comprise material
selected to elastically flex in response to small deflections and provide support to coil
assembly 819. Wire 812 and wire 814 are also sized and comprise material selected to
deform in response to large deflections so that elongate support 810 can be deformed to a
desired shape that matches the ear canal. Wire 812 and wire 814 comprise metal and are
adapted to conduct heat from coil assembly 8§19. Wire 812 and wire 814 are soldered to coil
816 and can comprise a different gauge of wire from the wire of the coil, in particular a gauge
with a range from about 26 to about 36 that is smaller than the gauge of the coil to provide
resilient support and heat conduction. Additional heat conducting materials can be used to
conduct and transport heat from coil assembly 819, for example shielding positioned around
wire 812 and wire 814. Elongate support 810 and wire 812 and wire 814 extend toward the

driver unit and are adapted to conduct heat out of the ear canal.

[0108] Figure 8B shows an elongate support as in Fig. 8A attached to two piezoelectric
positioners placed in an ear canal, according to embodiments of the present invention. A first
piezoelectric positioner 830 is attached to elongate support 810 near coil assembly 819. First
piezoelectric positioner 830 engages the skin of the ear canal to support coil assembly 819

and avoid skin contact with the coil assembly. A second piezoelectric positioner 840 is
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attached to elongate support 810 near ear canal opening 817. In some embodiments,
microphone 820 may be positioned slightly outside the ear canal and near the canal opening
so as to detect high frequency localization cues, for example within about 7 mm of the canal
opening. Second piezoelectric positioner 840 is sized to contact the skin of the ear canal near
opening 17 to support elongate support 810. A canal microphone 820 is attached to elongate
support 810 near ear canal opening 17 to detect high frequency sound localization cues. The
piezoelectric positioners and elongate support are sized and shaped so that the supports
substantially avoid contact with the ear between the microphone and the coil assembly. A
twisted pair of wires 822 extends from canal microphone 820 to the driver unit and transmits
an electronic auditory signal to the driver unit. Alternatively, other modes of signal
transmission, as described below with reference to Fig. 8B-1, may be used. Although canal
microphone 820 is shown lateral to piezoelectric positioner 840, microphone 840 can be
positioned medial to piezoelectric positioner 840. Elongate support 810 is resilient and
deformable as described above. Although elongate support 810, piezoelectric positioner 830
and piezoelectric positioner 840 are shown as separate structures, the support can be formed
from a single piece of material, for example a single piece of material formed with a mold. In
some embodiments, elongate support 81, piezoelectric positioner 830 and piezoelectric
positioner 840 are each formed as separate pieces and assembled. For example, the
piezoelectric positioners can be formed with holes adapted to receive the elongate support so

that the piezoelectric positioners can be slid into position on the elongate support.

[0109] Figure 8C shows a piezoelectric positioner adapted for placement near the opening
to the ear canal according to embodiments of the present invention. Piezoelectric positioner
840 includes piezoelectric flanges 842 that extend radially outward to engage the skin of the
ear canal. Flanges 842 are formed from a flexible material. Openings 844 are defined by
piezoelectric flanges 842. Openings 844 permit sound waves to pass piezoelectric positioner
840 while the piezoelectric positioner is positioned in the ear canal, so that the sound waves
are transmitted to the tympanic membrane. Although piezoelectric flanges 842 define an
outer boundary of support 840 with an elliptical shape, piezoelectric flanges 842 can
comprise an outer boundary with any shape, for example circular. In some embodiments, the
piezoelectric positioner has an outer boundary defined by the shape of the individual user's
ear canal, for example embodiments where piezoelectric positioner 840 is made from a mold
of the user's ear. Elongate support 810 extends transversely through piezoelectric positioner
840.
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[0110] Figure 8D shows a piezoelectric positioner adapted for placement near the coil
assembly, according to embodiments of the present invention. Piezoelectric positioner 830
includes piezoelectric flanges 832 that extend radially outward to engage the skin of the ear
canal. Flanges 832 are formed from a flexible piezoelectric material, for example a biomorph
material. Openings 834 are defined by piezoelectric flanges 832. Openings 834 permit
sound waves to pass piezoelectric positioner 830 while the piezoelectric positioner is
positioned in the ear canal, so that the sound waves are transmitted to the tympanic
membrane. Although piezoelectric flanges 832 define an outer boundary of support 830 with
an elliptical shape, piezoelectric flanges 832 can comprise an outer boundary with any shape,
for example circular. In some embodiments, the piezoelectric positioner has an outer
boundary defined by the shape of the individual user's ear canal, for example embodiments
where piezoelectric positioner 830 is made from a mold of the user's ear. Elongate support

810 extends transversely through piezoelectric positioner 830.

[0111] Although an electromagnetic transducer comprising coil 819 is shown positioned on
the end of elongate support 810, the piezoelectric positioner and elongate support can be used
with many types of transducers positioned at many locations, for example optical
electromagnetic transducers positioned outside the ear canal and coupled to the support to
deliver optical energy along the support, for example through at least one optical fiber. The
at least one optical fiber may comprise a single optical fiber or a plurality of two or more
optical fibers of the support. The plurality of optical fibers may comprise a parallel
configuration of optical fibers configured to transmit at least two channels in parallel along

the support toward the eardrum of the user.

[0112] Figure 8B-1 shows an elongate support configured to position a distal end of the
elongate support with at least one piezoelectric positioner placed in an ear canal. Elongate
support 810 and at least one piezoelectric positioner, for example at least one of piezoelectric
positioner 830 or piezoelectric positioner 840, or both, are configured to position support 810
in the ear canal with the electromagnetic energy transducer positioned outside the ear canal,
and the microphone positioned at least one of in the ear canal or near the ear canal opening so
as to detect high frequency spatial localization clues, as described above. For example, the
output energy transducer, or emitter, may comprise a light source configured to emit
electromagnetic energy comprising optical frequencies, and the light source can be positioned
outside the ear canal, for example in a BTE unit. The light source may comprise at least one

of an LED or a laser diode, for example. The light source, also referred to as an emitter, can
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emit visible light, or infrared light, or a combination thereof. Light circuitry may comprise
the tight source and can be coupled to the output of the sound processor to emit a light signal
to an output transducer placed on the eardrum so as to vibrate the eardrum such that the user
perceives sound. The light source can be coupled to the distal end of the support 810 with a
waveguide, such as an optical fiber with a distal end of the optical fiber 810D comprising a
distal end of the support. The optical energy delivery transducer can be coupled to the
proximal portion of the elongate support to transmit optical energy to the distal end. The
piezoelectric positioner can be adapted to position the distal end of the support near an
eardrum when the proximal portion is placed at a location near an ear canal opening. The
intermediate portion of elongate support 810 can be sized to minimize contact with a canal of

the ear between the proximal portion to the distal end.

[0113] The at least one piezoelectric positioner, for example piezoelectric positioner 830,
can improve optical coupling between the light source and a device positioned on the
eardrum, so as to increase the efficiency of light energy transfer from the output energy
transducer, or emitter, to an optical device positioned on the eardrum. For example, by
improving alignment of the distal end 810D of the support that emits light and a transducer
positioned at least one of on the eardrum or inside the middle ear, for example positioned on
an ossicle of the middle ear. The device positioned on the eardrum may comprise an optical
transducer assembly OTA. The optical transducer assembly OTA may comprise a support
configured for placement on the eardrum, for example molded to the eardrum and similar to
the support used with transducer EL. The optical transducer assembly OTA may comprise an
optical transducer configured to vibrate in response to transmitted light Ar. The transmitted
light At may comprise many wavelengths of light, for example at least one of visible light or
infrared light, or a combination thereof. The optical transducer assembly OTA vibrates on
the eardrum in response to transmitted light Ar. The at least one piezoelectric positioner and
elongate support 810 comprising an optical fiber can be combined with many known optical
transducer and hearing devices, for example as described in U.S. U.S. 2006/0189841, entitled
"Systems and Methods for Photo-Mechanical Hearing Transduction"; and U.S. Pat. No.
7,289,639, entitled "Hearing Implant", the full disclosure of which are incorporated herein by
reference and may include subject matter suitable for combination in accordance with some
embodiments of the present invention. The piezoelectric positioner and elongate support may
also be combined with photo-electro-mechanical transducers positioned on the ear drum with

a support, as described in U.S. Pat. Ser. Nos. 61/073,271; and 61/073,281, both filed on June
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17, 2008, the full disclosure of which are incorporated herein by reference and may include
subject matter suitable for combination in accordance with some embodiments of the present

invention.

[0114] In specific embodiments, elongate support 810 may comprise an optical fiber
coupled to piezoelectric positioner 830 to align the distal end of the optical fiber with an
output transducer assembly supported on the eardrum. The output transducer assembly may
comprise a photodiode configured to receive light transmitted from the distal end of support
810 and supported with support component 30 placed on the eardrum, as described above.
The output transducer assembly can be separated from the distal end of the optical fiber, and
the proximal end of the optical fiber can be positioned in the BTE unit and coupled to the
light source. The output transducer assembly can be similar to the output transducer
assembly described in U.S. 2006/0189841, with piezoelectric positioner 830 used to align the
optical fiber with the output transducer assembly, and the BTE unit may comprise a housing

with the light source positioned therein.

[0115] Figure 9 illustrates a body 910 comprising the canal microphone installed in the ear
canal and coupled to a BTE unit comprising the external microphone, according to
embodiments of system 10. The body 910 comprises the transmitter installed in the ear canal
coupled to the BTE unit. The transducer comprises the EARLENS™ installed on the
tympanic membrane. The transmitter assembly 960 is shown with shell 966 cross-sectioned.
The body 910 comprising shell 966 is shown installed in a right ear canal and oriented with
respect to the transducer EL. The transducer assembly EL is positioned against tympanic
membrane, or eardrum at umbo area 912. The transducer may also be placed on other
acoustic members of the middle ear, including locations on the malleus, incus, and stapes.
When placed in the umbo area 912 of the eardrum, the transducer EL will be naturally tilted
with respect to the ear canal. The degree of tilt will vary from individual to individual, but is
typically at about a 60-degree angle with respect to the ear canal. Many of the components of
the shell and transducer can be similar to those described in U.S. Pub. No. 2006/0023908, the
full disclosure of which has been previously incorporated herein by reference and may
include subject matter suitable for combination in accordance with some embodiments of the

present invention.

[0116] A first microphone for high frequency sound localization, for example canal

microphone 974, is positioned inside the ear canal to detect high frequency localization cues.
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A BTE unit is coupled to the body 910. The BTE unit has a second microphone, for example
an external microphone positioned on the BTE unit to receive external sounds. The external
microphone can be used to detect low frequencies and combined with the high frequency
microphone input to minimize feedback when high frequency sound is detected with the high
frequency microphone, for example canal microphone 974. A bone vibration sensor 920 is
supported with shell 966 to detect bone conduction vibration when the user speaks. An outer
surface of bone vibration sensor 920 can be disposed along outer surface of shell 966 so as to
contact tissue of the ear canal, for example substantially similar to an outer surface of shell
966 near the sensor to minimize tissue irritation. Bone vibration sensor 920 may also extend
through an outer surface shell 966 to contact the tissue of the ear canal. Additional
components of system 10, such as wireless communication circuitry and the direct audio
input, as described above, can be located in the BTE unit. The sound processor may be

located in many places, for example in the BTE unit or within the ear canal.

[0117] The transmitter assembly 960 has shell 966 configured to mate with the
characteristics of the individual's ear canal wall. Shell 966 can be preferably matched to fit
snug in the individual's ear canal so that the transmitter assembly 960 may repeatedly be
inserted or removed from the ear canal and still be properly aligned when re-inserted in the
individual's ear. Shell 966 can also be configured to support coil 964 and core 962 such that
the tip of core 962 is positioned at a proper distance and orientation in relation to the
transducer 926 when the transmitter assembly is properly installed in the ear canal. The core

962 generally comprises ferrite, but may be any material with high magnetic permeability.

[0118] In many embodiments, coil 964 is wrapped around the circumference of the core
962 along part or all of the length of the core. Generally, the coil has a sufficient number of
rotations to optimally drive an electromagnetic field toward the transducer. The number of
rotations may vary depending on the diameter of the coil, the diameter of the core, the length
of the core, and the overall acceptable diameter of the coil and core assembly based on the
size of the individual's ear canal. Generally, the force applied by the magnetic field on the
magnet will increase, and therefore increase the efficiency of the system, with an increase in
the diameter of the core. These parameters will be constrained, however, by the anatomical
limitations of the individual's ear. The coil 964 may be wrapped around only a portion of the

length of the core allowing the tip of the core to extend further into the ear canal.
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[0119] One method for matching the shell 966 to the internal dimensions of the ear canal is
to make an impression of the ear canal cavity, including the tympanic membrane. A positive
investment is then made from the negative impression. The outer surface of the shell is then
formed from the positive investment which replicated the external surface of the impression.
The coil 964 and core 962 assembly can then be positioned and mounted in the shell 966
according to the desired orientation with respect to the projected placement of the transducer
926, which may be determined from the positive investment of the ear canal and tympanic
membrane. Other methods of matching the shell to the ear canal of the user, such as imaging

of the user may be used.

[0120] Transmitter assembly 960 may also comprise a digital signal processing (DSP) unit
972, microphone 974, and battery 978 that are supported with body 910 and disposed inside
shell 966. A BTE unit may also be coupled to the transmitter assembly, and at least some of
the components, such as the DSP unit can be located in the BTE unit. The proximal end of
the shell 966 has a faceplate 980 that can be temporarily removed to provide access to the
open chamber 986 of the shell 966 and transmitter assembly components contained therein.
For example, the faceplate 980 may be removed to switch out battery 978 or adjust the
position or orientation of core 962. Faceplate 980 may also have a microphone port 982 to
allow sound to be directed to microphone 974. Pull line 984 may also be incorporated into
the shell 966 of faceplate 980 so that the transmitter assembly can be readily removed from
the ear canal. In some embodiments, the external microphone may be positioned outside the
ear near a distal end of pull line 984, such that the external microphone is sufficiently far

from the ear canal opening so as to minimized feedback from the external microphone.

[0121] In operation, ambient sound entering the pinna, or auricle, and ear canal is captured
by the microphone 974, which converts sound waves into analog electrical signals for
processing by the DSP unit 972. The DSP unit 972 may be coupled to an input amplifier to
amplify the signal and convert the analog signal to a digital signal with a analog to digital
converter commonly used in the art. The digital signal can then be processed by any number
of known digital signal processors. The processing may consist of any combination of multi-
band compression, noise suppression and noise reduction algorithms. The digitally processed
signal is then converted back to analog signal with a digital to analog converter. The analog
signal is shaped and amplified and sent to the coil 964, which generates a modulated
electromagnetic field containing audio information representative of the audio signal and,

along with the core 962, directs the electromagnetic field toward the magnet of the transducer
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EL. The magnet of transducer EL vibrates in response to the electromagnetic field, thereby
vibrating the middle-ear acoustic member to which it is coupled, for example the tympanic
membrane, or, for example the malleus 18 in FIGS. 3A and 3B of U.S. 2006/0023908, the

full disclosure of which has been previously incorporated herein by reference.

[0122] In many embodiments, face plate 980 also has an acoustic opening 970 to allow
ambient sound to enter the open chamber 986 of the shell. This allows ambient sound to
travel through the open volume 986 along the internal compartment of the transmitter
assembly and through one or more openings 968 at the distal end of the shell 966. Thus,
ambient sound waves may reach and vibrate the eardrum and separately impart vibration on
the eardrum. This open-channel design provides a number of substantial benefits. First, the
open channel minimizes the occlusive effect prevalent in many acoustic hearing systems from
blocking the ear canal. Second, the natural ambient sound entering the ear canal allows the
electromagnetically driven effective sound level output to be limited or cut off at a much

lower level than with a design blocking the ear canal.

[0123] With the two microphone embodiments, for example the external microphone and
canal microphone as described herein, acoustic hearing aids can realize at least some
improvement in sound localization, because of the decrease in feedback with the two
microphones, which can allow at least some sound localization. For example a first
microphone to detect high frequencies can be positioned near the ear canal, for example
outside the ear canal and within about 5 mm of the ear canal opening, to detect high
frequency sound localization cues. A second microphone to detect low frequencies can be
positioned away from the ear canal opening, for example at least about 10 mm, or even 20
mm, from the ear canal opening to detect low frequencies and minimize feedback from the

acoustic speaker positioned in the ear canal.

[0124] In some embodiments, the BTE components can be placed in body 910, except for
the external microphone, such that the body 910 comprises the wireless circuitry and sound
processor, battery and other components. The external microphone may extend from the
body 910 and/or faceplate 980 so as to minimize feedback, for example similar to pull line

984and at least about 10 mm from faceplate 980 so as to minimize feedback.

[0125] Figure 10A shows feedback pressure at the canal microphone and feedback pressure
at the external microphone versus frequency for an output transducer configured to vibrate

the eardrum and produce the sensation of sound. The output transducer can be directly
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coupled to an ear structure such as an ossicle of the middle ear or to another structure such as
the eardrum, for example with the EARLENS™ transducer EL. The feedback pressure

S™ transducer EL is shown from

PeB(canal, £L) fOr the canal microphone with the EARLEN
about 0.1 kHz (100 Hz) to about 10 kHz, and can extend to about 20 kHz at the upper limit of
human hearing. The feedback pressure can be expressed as a ratio in dB of sound pressure at
the canal microphone to sound pressure at the eardrum. The feedback pressure Prp(external, £L)
is also shown for external microphone with transducer EL and can be expressed as a ratio of
sound pressure at the external microphone to sound pressure at the eardrum. The feedback
pressure at the canal microphone is greater than the feedback pressure at the external
microphone. The feedback pressure is generated when a transducer, for example a magnet,
supported on the eardrum is vibrated. Although feedback with this approach can be minimal,
the direct vibration of the eardrum can generate at least some sound that is transmitted
outward along the canal toward the canal microphone near the ear canal opening. The canal
microphone feedback pressure Peg(canaly comprises a peak around 2-3 kHz and decreases
above about 3 kHz. The peak around 2-3 kHz corresponds to resonance of the ear canal.
Although another sub peak may exist between 5 and 10 kHz for the canal microphone
feedback pressure Pegcanaly, this peak has much lower amplitude than the global peak at 2-3
kHz. As the external microphone is farther from the eardrum than the canal microphone, the
feedback pressure Prp(exiemal) for the external microphone is lower than the feedback pressure
Prg(canany for the canal microphone. The external microphone feedback pressure may also
comprise a peak around 2-3 kHz that corresponds to resonance of the ear canal and is much
lower in amplitude than the feedback pressure of the canal microphone as the external
microphone is farther from the ear canal. As the high frequency localization cues can be
encoded in sound frequencies above about 3 kHz, the gain of canal microphone and external
microphone can be configured to detect high frequency localization cues and minimize
feedback.

[0126] The canal microphone and external microphone may be used with many known
transducers to provide at least some high frequency localization cues with an open ear canal,
for example surgically implanted output transducers and hearing aides with acoustic speakers.
For example, the canal microphone feedback pressure Prp(canal, acousticy When an acoustic
speaker transducer placed near the eardrum shows a resonance similar to transducer EL and
has a peak near 2-3 kHz. The external microphone feedback pressure Prp(gxiernal, Acoustic) 1S

lower than the canal microphone feedback pressure Peg(canal, acousticy at all frequencies, such

29



10

15

20

25

30

WO 2009/049320 PCT/US2008/079868

that the external microphone can be used to detect sound comprising frequencies at or below
the resonance frequencies of the ear, and the canal microphone may be used to detect high
frequency localization cues at frequencies above the resonance frequencies of the ear canal.
Although the canal microphone feedback pressure Prg(canal, Acoustic) 1S greater for the acoustic
speaker output transducer than the canal microphone feedback pressure Prg(canal, £1) for the
EARLENS™ transducer EL, the acoustic speaker may deliver at least some high frequency
sound localization cues when the external microphone is used to amply frequencies at or

below the resonance frequencies of the ear canal.

[0127] Figure 10B shows gain versus frequency at the output transducer for sound input to
canal microphone and sound input to the external microphone to detect high frequency
localization cues and minimize feedback. As noted above, the high frequency localization
cues of sound can be encoded in frequencies above about 3 kHz. These spatial localization
cues can include at least one of head shadowing or diffraction of sound by the pinna of the
ear. Hearing system 10 may comprise a binaural hearing system with a first device in a first
ear canal and a second device in a second ear contralateral ear canal of a second contralateral
ear, in which the second device is similar to the first device. To detect head shadowing a
microphone can be positioned such that the head of the user casts an acoustic shadow on the
input microphone, for example with the microphone placed on a first side of the user's head
opposite a second side of the users head such that the second side faces the sound source. To
detect high frequency localization cues from sound diffraction of the pinna of the user, the
input microphone can be positioned in the ear canal and also external of the ear canal and
within about 5 mm of the entrance of the ear canal, or therebetween, such that the pinna of
the ear diffracts sound waves incident on the microphone. This placement of the microphone
can provide high frequency localization cues, and can also provide head shadowing of the
microphone. The pinna diffraction cues that provide high frequency localization of sound
can be present with monaural hearing. The gain for sound input to the external microphone
for low frequencies below about 3 kHz is greater than the gain for the canal microphone.
This can result in decreased feedback as the canal microphone has decreased gain as
compared to the external microphone. The gain for sound input to the canal microphone for
high frequencies above about 3 kHz is greater than the gain for the external microphone, such
that the user can detect high frequency localization cues above 3 kHz, for example above 4

kHz, when the feedback is minimized.
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[0128] The gain profiles comprise an input sound to the microphone and an output sound
from the output transducer to the user, such that the gain profiles for each of the canal
microphone and external microphone can be achieved in many ways with many
configurations of at least one of the microphone, the circuitry and the transducer. The gain
profile for sound input to the external microphone may comprise low pass components
configured with at least one of a low pass microphone, low pass circuitry, or a low pass
transducer. The gain profile for sound input to the canal microphone may comprise low pass
components configured with at least one of a high pass microphone, high pass circuitry, or a
high pass transducer. The circuitry may comprise the sound processor comprising a tangible
medium configured to high pass filter the sound input from the canal microphone and low

pass filter the sound input from the external microphone.

[0129] Figures 10C shows a canal microphone with high pass filter circuitry and an
external microphone with low pass filter circuitry, both coupled to a transducer to provide
gain in response to frequency as in Figure 10B. Canal microphone CM is coupled to high
pass filer circuitry HPF. The high pass filter circuitry may comprise known low pass filters
and is coupled to a gain block, GAIN2, which may comprise at least one of an amplifier
AMP1 or a known sound processor configured to process the output of the high pass filter.
External microphone EM is coupled to low pass filer circuitry LPF. The low pass filter
circuitry comprise may comprise known low pass filters and is coupled to a gain block,
GAIN2, which may comprise at least one of an amplifier AMP2 or a known sound processor
configured to process the output of the high pass filter. The output can be combined at the
transducer, and the transducer configured to vibrate the eardrum, for example directly. In
some embodiments, the output of the canal microphone and output of the external
microphone can be input separately to one sound processor and combined, which sound

processor may then comprise a an output adapted for the transducer.

{0130] Figures 10D1 shows a canal microphone coupled to first transducer
TRANSDUCERI and an external microphone coupled to a second transducer
TRANSDUCER? to provide gain in response to frequency as in Figure 10B. The first
transducer may comprise output characteristics with a high frequency peak, for example
around 8-10 kHz, such that high frequencies are passed with greater energy. The second
transducer may comprise a low frequency peak, for example around 1 kHz, such that low
frequencies are passed with greater energy. The input of the first transducer may be coupled

to output of a first sound processor and a first amplifier as described above. The input of the
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second transducer may be coupled to output of a second sound processor and a second
amplifier. Further improvement in the output profile for the canal microphone can be
obtained with a high pass filter coupled to the canal microphone. A low pass filter can also
be coupled to the external microphone. In some embodiments, the output of the canal
microphone and output of the external microphone can be input separately to one sound
processor and combined, which sound processor may then comprise a separate output

adapted for each transducer.

[0131] Figures 10D2 shows the canal microphone coupled to a first transducer comprising
a first coil wrapped around a core, and the external microphone coupled to a second
transducer comprising second a coil wrapped around the core, as in Figure 10D1. A first coil
COIL1 is wrapped around the core and comprises a first number of turns. A second coil
COIL2 is wrapped around the core and comprises a second number of turns. The number of
turns for each coil can be optimized to produce a first output peak for the first transducer and
a second output peak for the second transducer, with the second output peak at a frequency
below the a frequency of the first output peak. Although coils are shown, many transducers
can be used such as piezoelectric and photostrictive materials, for example as described
above. The first transducer may comprise at least a portion of the second transducer, such
that first transducer at least partially overlaps with the second transducer, for example with a

common magnet supported on the eardrum.

[0132] The first input transducer, for example the canal microphone, and second input
transducer, for example the external microphone, can be arranged in many ways to detect
sound localization cues and minimize feedback. These arrangements can be obtained with at
least one of a first input transducer gain, a second input transducer gain, high pass filter
circuitry for the first input transducer, low pass filter circuitry for the second input transducer,

sound processor digital filters or output characteristics of the at least one output transducer.

[0133] The canal microphone may comprise a first input transducer coupled to at least one
output transducer to vibrate an eardrum of the ear in response to high frequency sound
localization cues above the resonance frequencies of the ear canal, for example resonance
frequencies from about 2 kHz to about 3 kHz. The external microphone may comprise a
second input transducer coupled to at least one output transducer to vibrate the eardrum in

response sound frequencies at or below the resonance frequency of the ear canal. The
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resonance frequency of the ear canal may comprise frequencies within a range from about 2

to 3 kHz, as noted above.

[0134] The first input transducer can be coupled to at least one output transducer to vibrate
the eardrum with a first gain for first sound frequencies corresponding to the resonance
frequencies of the ear canal. The second input transducer can be coupled to the at least one
output transducer to vibrate the eardrum with a second gain for the sound frequencies
corresponding to the resonance frequencies of the ear canal, in which the first gain is less

than the second gain to minimize feedback.

[0135] The first input transducer can be coupled to the at least one output transducer to
vibrate the eardrum with a resonance gain for first sound frequencies corresponding to the
resonance frequencies of the ear canal and a cue gain for sound localization cue comprising
frequencies above the resonance frequencies of the ear canal. The cue gain can be greater
than the resonance gain to minimize feedback and allow the user to perceive the sound

localization cues.

[0136] Figure 11A shows an elongate support 1110 comprising a plurality of optical fibers
1110P configured to transmit light and receive light to measure displacement of the eardrum.
The plurality of optical fibers 1110P comprises at least a first optical fiber 1110A and a
second optical fiber 1110B. First optical fiber 1110A is configured to transmit light from a
source. Light circuitry comprises the light source and can be configured to emit light energy
such that the user perceives sound. The optical transducer assembly OTA can be configured

for placement on an outer surface of the eardrum, as described above.

[0137] The displacement of the eardrum and optical transducer assembly can be measured
with second input transducer which comprises at least one of an optical vibrometer, a laser
vibrometer, a laser Doppler vibrometer, or an interferometer configured to generate a signal
in response to vibration of the eardrum. A portion of the transmitted light At can be reflected
from at the eardrum and the optical transducer assembly OTA and comprises reflected light
Ar. The reflected light enters second optical fiber 1110B and is received by an optical
detector coupled to a distal end of the second optical fiber 1110B, for example a laser
vibrometer detector coupled to detector circuitry to measure vibration of the eardrum. The
plurality of optical fibers may comprise a third optical fiber for transmission of light from a
laser of the laser vibrometer toward the eardrum. For example, a laser source comprising

laser circuitry can be coupled to the proximal end of the support to transmit light toward the
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ear to measure eardrum displacement. The optical transducer assembly may comprise a
reflective surface to reflect light from the laser used for the laser vibrometer, and the optical
wavelengths to induce vibration of the eardrum can be separate from the optical wavelengths
used to measure vibration of the eardrum. The optical detection of vibration of the eardrum
can be used for near-end speech measurement, similar to the piezo electric transducer
described above. The optical detection of vibration of the eardrum can be used for noise
cancellation, such that vibration of the eardrum is minimized in response to the optical signal

reflected from at least one of eardrum or the optical transducer assembly.

[0138] Elongate support 1110 and at least one positioner, for example at least one of
positioner 1130 or positioner 1140, or both, can be configured to position support 1110 in the
ear canal with the electromagnetic energy transducer positioned outside the ear canal, and the
microphone positioned at least one of in the ear canal or near the ear canal opening so as to
detect high frequency spatial localization clues, as described above. For example, the output
energy transducer, or emitter, may comprise a light source configured to emit electromagnetic
energy comprising optical frequencies, and the light source can be positioned outside the ear
canal, for example in a BTE unit. The light source may comprise at least one of an LED or a
laser diode, for example. The light source, also referred to as an emitter, can emit visible
light, or infrared light, or a combination thereof. The light source can be coupled to the distal
end of the support with a waveguide, such as an optical fiber with a distal end of the optical
fiber 1110D comprising a distal end of the support. The optical energy delivery transducer
can be coupled to the proximal portion of the elongate support to transmit optical energy to
the distal end. The positioner can be adapted to position the distal end of the support near an
eardrum when the proximal portion is placed at a location near an ear canal opening. The
intermediate portion of elongate support 1110 can be sized to minimize contact with a canal

of the ear between the proximal portion to the distal end.

[0139] The at least one positioner, for example positioner 1130, can improve optical
coupling between the light source and a device positioned on the eardrum, so as to increase
the efficiency of light energy transfer from the output energy transducer, or emitter, to an
optical device positioned on the eardrum. For example, by improving alignment of the distal
end 1110D of the support that emits light and a transducer positioned at least one of on the
eardrum or in the middle ear. The at least one positioner and elongate support 1110
comprising an optical fiber can be combined with many known optical transducer and

hearing devices, for example as described in U.S. App. No. 11/248,459, entitled "Systems
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and Methods for Photo-Mechanical Hearing Transduction”, the full disclosure of which has
been previously incorporated herein by reference, and U.S. Pat. No. 7,289,63, entitled
"Hearing Implant", the full disclosure of which is incorporated herein by reference. The
positioner and elongate support may also be combined with photo-electro-mechanical
transducers positioned on the ear drum with a support, as described in U.S. Pat. Ser. Nos.
61/073,271; and 61/073,281, both filed on June 17, 2008, the full disclosures of which have

been previously incorporated herein by reference.

[0140] In specific embodiments, elongate support 1110 may comprise an optical fiber
coupled to positioner 1130 to align the distal end of the optical fiber with an output
transducer assembly supported on the eardrum. The output transducer assembly may
comprise a photodiode configured to receive light transmitted from the distal end of support
1110 and supported with support component 30 placed on the eardrum, as described above.
The output transducer assembly can be separated from the distal end of the optical fiber, and
the proximal end of the optical fiber can be positioned in the BTE unit and coupled to the
light source. The output transducer assembly can be similar to the output transducer
assembly described in U.S. 2006/0189841, with positioner 1130 used to align the optical fiber
with the output transducer assembly, and the BTE unit may comprise a housing with the light

source positioned therein.

[0141] Figure 11B shows a positioner for use with an elongate support as in Figure 11 A
and adapted for placement near the opening to the ear canal. Positioner 1140 includes flanges
1142 that extend radially outward to engage the skin of the ear canal. Flanges 1142 are
formed from a flexible material. Openings 1144 are defined by flanges 1142. Openings

1144 permit sound waves to pass positioner 1140 while the positioner is positioned in the ear
canal, so that the sound waves are transmitted to the tympanic membrane. Although flanges
1142 define an outer boundary of support 1140 with an elliptical shape, flanges 1142 can
comprise an outer boundary with any shape, for example circular. In some embodiments, the
positioner has an outer boundary defined by the shape of the individual user's ear canal, for
example embodiments where positioner 1140 is made from a mold of the user's ear. Elongate

support 1110 extends transversely through positioner 1140.

[0142] Figure 11C shows a positioner adapted for placement near a distal end of the
elongate support as in Figure 11A. Positioner 1130 includes flanges 1132 that extend radially

outward to engage the skin of the ear canal. Flanges 1132 are formed from a flexible
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material. Openings 1134 are defined by flanges 1132. Openings 1134 permit sound waves to
pass positioner 1130 while the positioner is positioned in the ear canal, so that the sound
waves are transmitted to the tympanic membrane. Although flanges 1132 define an outer
boundary of support 1130 with an elliptical shape, flanges 1132 can comprise an outer
boundary with any shape, for example circular. In some embodiments, the positioner has an
outer boundary defined by the shape of the individual user's ear canal, for example
embodiments where positioner 1130 is made from a mold of the user's ear. Elongate support

1110 extends transversely through positioner 1130.

[0143] Although an electromagnetic transducer comprising coil 1119 is shown positioned
on the end of elongate support 1110, the positioner and elongate support can be used with
many types of transducers positioned at many locations, for example optical electromagnetic
transducers positioned outside the ear canal and coupled to the support to deliver optical
energy along the support, for example through at least one optical fiber. The at least one
optical fiber may comprise a single optical fiber or a plurality of two or more optical fibers of
the support. The plurality of optical fibers may comprise a parallel configuration of optical
fibers configured to transmit at least two channels in parallel along the support toward the

eardrum of the user.

[0144] While the exemplary embodiments have been described above in some detail for
clarity of understanding and by way of example, a variety of additional modifications,
adaptations, and changes may be clear to those of skill in the art. Hence, the scope of the

present invention is limited solely by the appended claims.
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WHAT IS CLAIMED IS:

1. A communication device for use with an ear of a user, the device
comprising:

a first input transducer configured for placement at least one of inside an ear
canal or near an opening of the ear canal;

a second input transducer configured for placement outside the ear canal; and

at least one output transducer configured for placement inside the ear canal of
the user, the at least one output transducer coupled to the first microphone and the second
microphone to transmit sound from the first microphone and the second microphone to the

user.

2. The device of claim 1 wherein the first input transducer comprises at
least one of a first microphone configured to detect sound from air or a first acoustic sensor
configured to detect vibration from tissue and wherein the second input transducer comprises
at least one of a second microphone configured to detect sound from air or a second acoustic

sensor configured to detect vibration from tissue.

3. The device of claim 1 wherein the first input transducer comprises a
microphone configured to detect high frequency localization cues and wherein the at least
one output transducer is acoustically coupled to first input transducer when the transducer is
positioned in the ear canal and wherein second input transducer is positioned away from the
ear canal opening to minimize feedback when the first input transducer detects the high

frequency localization cues.

4. The device of claim | wherein the first input transducer is configured
to detect high frequency sound comprising spatial localization cues when placed inside the
ear canal or near the ear canal opening and transmit the high frequency localization cues to

the user.

5. The device of claim 4 wherein the high frequency localization cues
comprise frequencies above about 4 kHz and wherein the first input transducer is coupled to
the at least one output transducer to transmit high frequencies above at least about 4 kHz to
the user with a first gain and to transmit low frequencies below about 3 kHz with a second
gain and wherein the first gain is greater than the second gain so as to minimize feedback

from the transducer to the first input transducer.
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6. The device of claim 5 wherein the first input transducer is configured
to detect at least one of a sound diffraction cue from a pinna of the ear of the user or a head
shadow cue from a head of the user when the first input transducer is positioned at least one

of inside the ear canal or near the opening of the ear canal.

7. The device of claim 1 wherein the first input transducer is coupled to
the at least one output transducer to vibrate an eardrum of the ear in response to high
frequency sound localization cues above a resonance frequency of the ear canal and wherein
the second input transducer is coupled to the at least one output transducer to vibrate the

eardrum in response sound frequencies at or below the resonance frequency of the ear canal.

8. The device of claim 7 wherein the resonance frequency of the ear canal

comprises frequencies within a range from about 2 to 3 kHz.

9. The device of claim 7 wherein the first input transducer is coupled to
the at least one output transducer to vibrate the eardrum with a resonance gain for first sound
frequencies corresponding to the resonance frequencies of the ear canal and a cue gain for
sound localization cue comprising frequencies above the resonance frequencies of the ear

canal, and wherein the cue gain is greater than the resonance gain to minimize feedback.

10.  The device of claim 7 wherein the first input transducer is coupled to
the at least one output transducer to vibrate the eardrum with a first gain for first sound
frequencies corresponding to the resonance frequencies of the ear canal and wherein the
second input transducer is coupled to the at least one output transducer to vibrate the eardrum
with a second gain for the sound frequencies corresponding to the resonance frequencies of

the ear canal and wherein the first gain is less than the second gain to minimize feedback.

11.  The device of claim I wherein the second input transducer is
configured to detect low frequency sound without high frequency localization cues from a

pinna of the ear when placed outside the ear canal to minimize feedback from the transducer.

12.  The device of claim 11 wherein the low frequency sound comprises

frequencies below about 3 kHz.

13. The device of claim 1 further comprising circuitry coupled to the first

input transducer, the second input transducer and the at least one output transducer, wherein
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the circuitry is coupled to the first input transducer and the at least one output transducer to
transmit high frequency sound comprising frequencies above about 4 kHz from the first input

transducer to the user.

14. The device of claim 13, wherein the circuitry is coupled to the second
input transducer and the at least one output transducer to transmit low frequency sound

comprising frequencies below about 4 kHz from the second input transducer to the user.

15.  The device of claim 13, wherein the circuitry comprises at least one of
a sound processor or an amplifier coupled to the first input transducer, the second input
transducer and the at least one output transducer to transmit high frequencies from the first
input transducer and low frequencies from the second input transducer to the user so as to

minimize feedback.

16.  The device of claim 1 wherein the at least one output transducer
comprises a first transducer and a second transducer, the first transducer coupled to the first
input transducer to transmit high frequency sound, the second transducer coupled to the

second input transducer to transmit low frequency sound.

17. The device of claim 1 wherein the first input transducer is coupled to
the at least one output transducer to transmit first frequencies to the user with a first gain and
the second input transducer is coupled to the at least one output transducer to transmit second

frequencies to the user with a second gain.

18. The device of claim 1 wherein the at least one output transducer
comprises at least one of an acoustic speaker configured for placement inside the ear canal, a
magnet supported with a support configured for placement on an eardrum of the user, an
optical transducer supported with a support configured for placement on the eardrum of the
user, a magnet configured for placement in a middle ear of the user, and an optical transducer

configured for placement in the middle ear of the user.

19.  The device of claim 18 wherein the at least one output transducer
comprises the magnet supported with the support configured for placement on an eardrum of
the user, and wherein the at least one output transducer further comprises at least one coil
configured for placement in the ear canal to couple to the magnet to transmit sound to the

user.
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20.  The device of claim 19 wherein the at least one coil comprises a first
coil and a second coil, the first coil coupled to the first input transducer and configured to
transmit first frequencies from the first input transducer to the magnet, the second coil
coupled to the second input transducer and configured to transmit second frequencies from

the second input transducer to the magnet.

21.  The device of claim 18 wherein the at least one output transducer
comprises the optical transducer supported with the support configured for placement on the
eardrum of the user and wherein the optical transducer further comprises a photodetector
coupled to at least one of a coil or a piezo electric transducer supported with the support and

configured to vibrate the eardrum.

22.  The device of claim | wherein the first input transducer is configured
to generate a first audio signal and the second input transducer is configured to generate a
second audio signal and wherein the at least one output transducer is configured to vibrate
with a first gain in response to the first audio signal and a second gain in response to the

second audio signal to minimize feedback.

23.  The device of claim 1 further comprising wireless communication
circuitry configured to transmit near-end sound from the user to a far-end person when the

user speaks.

24.  The device of claim 23 wherein the wireless communication circuitry
is configured to transmit the near-end sound from at least one of the first input transducer or

the second input transducer.

25.  The device of claim 24 wherein the wireless communication circuitry

is configured to transmit the near-end sound from the second input transducer.

26.  The device of claim 23 further comprising a third input transducer
coupled to the wireless communication circuitry, the third input transducer configured to
couple to tissue of the patient and transmit near-end speech from the user to the far-end

person in response to bone conduction vibration when the user speaks.

27.  The device of claim 1 further comprising:
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a second device for use with a second contralateral ear of the user, the second
device comprising,

a third input transducer configured for placement inside a second ear
canal or near an opening of the second ear canal to detect second high frequency localization
cues,

a fourth input transducer configured for placement outside the second
ear canal, and

a second at least one output transducer configured for placement inside
the second ear canal, and wherein the second at least one output transducer is acoustically
coupled to the third input transducer when the second at least one output transducer is
positioned in the second ear canal and wherein fourth input transducer is positioned away
from the second ear canal opening to minimize feedback when the third input transducer

detects the second high frequency localization cues.

28. A communication system for use with an ear of a user, the device
comprising:

a first at least one input transducer configured to detect sound;

a second input transducer configured to detect tissue vibration when the user
speaks;

wireless communication circuitry coupled to the second input transducer and
configured to transmit near-end speech from the user to a far-end person when the user
speaks; and

at least one output transducer configured for placement inside an ear canal of
the user, the at least one output transducer coupled to the first input transducer to transmit

sound from the first input transducer to the user.

29.  The system of claim 28 wherein the first at least one input transducer
comprises a microphone configured for placement at least one of inside an ear canal or near

an opening of the ear canal to detect high frequency localization cues.

30.  The system of claim 28 wherein the first at least one input transducer
comprises a microphone configured for placement outside the ear canal to detect low

frequency speech and minimize feedback from the at least one output transducer.
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31.  The system of claim 28 wherein the second input transducer comprises
at least one of an optical vibrometer or a laser vibrometer configured to generate a signal in

response to vibration of the eardrum when the user speaks.

32.  The system of claim 28 wherein the second input transducer comprises
a bone conduction sensor configured to couple to a skin of the user to detect tissue vibration

when the user speaks.

33.  The system of claim 32 the bone conduction sensor is configured for

placement within the ear canal.

34.  The system of claim 33 further comprising:

an elongate support configured to extend from the opening toward the eardrum
to deliver energy to the at least one output transducer; and

a positioner coupled to the elongate support, the positioner sized to fit in the
ear canal and position the elongate support within the ear canal, the positioner comprising the

bone conduction sensor.

35.  The system of claim 34 wherein bone conduction sensor comprises a
piezo electric transducer configured to couple to the ear canal to bone vibration when the user

speaks.

36.  The system of claim 28 wherein the at least one output transducer

comprises a support configured for placement on an eardrum of the user.

37.  The system of claim 28 wherein the wireless communication circuitry
is configured to receive sound from at least one of a cellular telephone, a hands free wireless
device of an automobile, a paired short range wireless connectivity system, a wireless

communication network, or a WiFi network.

38.  The system of claim 28 wherein the wireless communication circuitry
is coupled to the at least one output transducer to transmit far-end sound to the user from a

far-end person in response to speech from the far-end person.

39.  An audio listening system for use with an ear of a user, the system

comprising:
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a canal microphone configured for placement in an ear canal of the user;

an external microphone configured for placement external to the ear canal; and

a transducer coupled to the canal microphone and the external microphone and
wherein the transducer is configured for placement inside the ear canal on an eardrum of the
user to vibrate the eardrum and transmit sound to the user in response to the canal

microphone and the external microphone.

40.  The system of claim 41 wherein the transducer comprises a magnet
and a support configured for placement on the eardrum to vibrate the eardrum in response to

a wide bandwidth signal comprising frequencies from about 0.1 kHz to about 10 kHz.

41.  The system of claim 39 further comprising a sound processor coupled
to the canal microphone and configured to receive an input from the canal microphone and
wherein the sound processor is configured to vibrate the eardrum in response to the input

from the canal microphone.

42.  The system of claim 41 wherein the sound processor is configured to

minimize feedback from the transducer.

43.  The system of claim 41 wherein the sound processor is coupled to the
external microphone and configured to vibrate the eardrum in response to an input from the

external microphone.

44.  The system of claim 41 wherein the sound processor is configured to
cancel feedback from the transducer to the canal microphone with a feedback transfer

function.

45.  The system of claim 41 wherein the sound processor is coupled to the
external microphone and configured to cancel noise in response to input from the external

microphone.

46.  The system of claim 45 wherein the external microphone is configured
to measure external sound pressure and wherein the sound processor is configured to
minimize vibration of the eardrum in response to the external sound pressure measured with

the external microphone.
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47.  The system of claim 45 wherein the sound processor is configured to
measure feedback from the transducer to the canal microphone and wherein the processor is

configured to minimize vibration of the eardrum in response to the feedback.

48.  The system of claim 45 wherein the external microphone is configured
to measure external sound pressure and wherein the canal microphone is configured to
measure canal sound pressure and wherein the sound processor is configured to determine
feedback transfer function in response to the canal sound pressure and the external sound

pressure.

49.  The system of claim 45 further comprising an external input for

listening.

50.  The system of claim 49 wherein the external input comprises an analog

input configured to receive an analog audio signal from an external device.

51.  The system of claim 45 further comprising a bone vibration sensor to

detect near-end speech of the user.

52.  The system of claim 45 further comprising wireless communication
circuitry coupled to the transducer and configured to vibrate the transducer in response to far-

end speech.

53.  The system of claim 52 further comprising a sound processor coupled
to the wireless communication circuitry and wherein the sound processor is configured to
process the far-end speech to generate processed far-end speech and wherein the processor is

configured to vibrate the transducer in response to the processed far-end speech.

54.  The system of claim 53 wherein wireless communication circuitry is

configured to receive far-end speech from a communication channel of a mobile phone.

55.  The system of claim 53 wherein the wireless communication circuitry

is configured to transmit near-end speech of the user to a far-end person.

56.  The system of claim 53 further comprising a mixer configured to mix a
signal from the canal microphone and a signal from the external microphone to generate a

mixed signal comprising near-end speech and wherein the wireless communication circuitry

44



—_—
AHWN S O 0 NN R W N =

W N

WO 2009/049320 PCT/US2008/079868

is configured to transmit the mixed signal comprising the near-end speech to a far-end

person.

57.  The system of claim 56 wherein the sound processor is configured to
provide mixed near-end speech to the user.

58.  The system of claim 57 further comprising a bone vibration sensor
configured to detect near-end speech, the bone vibration sensor coupled to the wireless
communication circuitry, and wherein the wireless communication circuitry is configured to
transmit the near-end speech to the far-end person in response to bone vibration when the

user speaks.

59.  The system of claim 53 wherein the system is configured to transmit

near-end speech from a noisy environment to a far-end person.

60. A method of transmitting sound to an ear of a user, the method
comprising:

detecting high frequency sound comprising high frequency localization cues
with a first microphone placed at least one of inside an ear canal or near an opening of the ear
canal;

a second microphone is placed external to the ear canal; and

at least one output transducer is placed inside the ear canal of the user and
wherein the at least one output transducer is coupled to the first microphone and the second

microphone and transmits sound from the first microphone and the second microphone to the

user.
61. A device to detect sound from an ear canal of a user, the device
comprising:
a piezo electric transducer configured for placement in the ear canal of the
user.

62.  The device of claim 61 wherein the piezo electric transducer comprises
at least one elongate structure configured to extend at least partially across the ear canal from
a first side of the ear canal to a second side of the ear canal to detect sound when the user

speaks and wherein the first side is opposite the second side.
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63.  The device of claim 62 wherein the at least one elongate structure
comprises a plurality of elongate structures configured to extend at least partially across the
long dimension of the ear canal and wherein a gap extends at least partially between the
plurality of elongate structures to minimize occlusion when the piezo electric transducer is

placed in the canal.

64.  The device of claim 61 further comprising a positioner coupled to the
transducer, the positioner configured to contact the ear canal and support the piezoelectric

transducer in the ear canal to detect vibration when the user speaks.

65.  The device of claim 64 wherein at least one of the positioner or the
piezo electric transducer are configured to define at least one aperture to minimize occlusion

when the user speaks.

66.  The device of claim 61 wherein the positioner comprises an outer
portion configured extend circumferentially around the piezo electric transducer to contact
the ear canal with an outer perimeter of the outer portion when the positioner is positioned in

the ear canal.

67.  The device of claim 64 further comprising an elongate support
comprising an elongate energy transmission structure, the elongate energy transmission
structure passing through at least one of the piezo electric transducer or the positioner to
transmit an audio signal to the eardrum of the user, the elongate energy transmission structure
comprising at least one of an optical fiber to transmit light energy or a wire configured to

transmit electrical energy.

68.  The device of claim 61 wherein the piezo electric transducer comprises
at least one of a ring piezo electric transducer, a bender piezo electric transducer, a bimorph
bender piezo electric transducer or a piezoelectric multi-morph transducer, a stacked
piezoelectric transducer with a mechanical multiplier or a ring piezoelectric transducer with a

mechanical multiplier or a disk piezo electric transducer.

69.  An audio listening system having multiple functionalities, comprising
a body configured for positioning in an open ear canal, the functionalities including a wide-

bandwidth hearing aid, a microphone within the body, a noise suppression system, a feedback
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4 cancellation system, a mobile phone communication system, and an audio entertainment

5  system.
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