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(57) Abréegée/Abstract:

A reconfigurable processing unit for a digital hearing Instrument includes an IS processor module, a plurality of processing units
and a crosspoint switch matrix. The IS processor module recelves a hearing instrument configuration. Each of the processing
modules are configured to process audio signals received by the digital hearing instrument. The crosspoint switch matrix is coupled
to the IS processor module and each of the processing modules, and includes at least one crosspoint switch that is configured to
route audio sighals between processing modules and to combine at least two audio signals. In addition, the IS processor module
uses the hearing instrument configuration to program the configuration of the crosspoint switch and thereby control how the
crosspoint switch matrix routes and combines audio signals.
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ABSTRACT
A reconfigurable processing unit for a digital hearing instrument includes an IS processor
module, a plurality of processing units and a crosspoint switch matrix. The IS processor
module recetves a hearing instrument configuration. Each of the processing modules are
configured to process audio signals received by the digital hearing instrument. The
crosspoint switch matrix is coupled to the IS processor module and each of the processing
modules, and includes at least one crosspoint switch that is configured to route audio
signals between processing modules and to combine at least two audio signals. In
addition, the IS processor module uses the hearing instrument configuration to program
the configuration of the crosspoint switch and thereby control how the crosspoint switch

matrix routes and combines audio signals.

27



10

15

20

CA 02398333 2002-08-15

Low-Power Reconfigurable Hearing Instrument

FIELD QF THE INVENTION

The present invention relates generally to the field of digital hearing instruments. More
particularly, a low-power reconfigurable hearing instrument 1s provided that provides a relatively
high degree of processing flexibility while operating with a relatively low amount of power

consumption.

BACKGROUND OF THE INVENTION

Digital hearing instruments are known in this field. Many digital hearing instruments
include programmable digital signal processors (DSPs) that enable the hearing mstrument to
flexibly implement many different processing algorithms. Typical programmable DSPs,
however, consume a large amount of power when compared to a fixed hardware implementation
of the same processing algorithms. Thus, many programmable DSPs may be non-optimal for
power-sensitive applications, such as digital hearing instruments. Restricting a digital hearing
instrument to fixed hardware implementations, however, may overly constrain the flexibihity of
the device. The present invention overcomes several disadvantages of typical digital hearing
instruments by providing a hearing instrument having a low-power reconfigurable processing

unit.

SUMMARY

A reconfigurable processing unit for a digital hearing instrument includes an instruction
set (IS) processor module, a plurality of processing units and a crosspoint switch matrix. The IS

processor module receives a hearing instrument configuration. Each of the processing modules
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are configured to process audio signals recetved by the digital hearing instrument. The
crosspoint switch matrix i1s coupled to the IS processor module and each ot the processing
modules, and includes at least one crosspoint switch that 1s configured to route audio
signals between processing modules and to combine at least two audio signals. In
addition, the IS processor module uses the hearing instrument configuration to program
the configuration of the crosspoint switch and thereby control how the crosspoint switch

matrix routes and combines audio signals.

In accordance with another aspect of an embodiment, there 1s provided a
reconfigurable processing unit for a digital hearing instrument, comprising:

an instruction set (IS) processor module that receives a hearing instrument
configuration;

a plurality of processing modules, wherein each processing module is configured
to process audio signals received by the digital hearing instrument; and

a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one crosspoint
switch that is configured to route audio signals between processing modules;

wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the crosspoint
switch matrix routes audio signals, and wherein at least one of the processing modules is
configured to compensate for a hearing impairment of a user of the hearing instrument;

and wherein at least one of the processing modules is a biquad filter.

In accordance with a further aspect of an embodiment, there is provided a
recontigurable processing unit for a digital hearing instrument, comprising:

an 1nstruction set (IS) processor module that receives a hearing instrument
configuration;

a plurality of processing modules, wherein each processing module is configured

to process audio signals received by the digital hearing instrument; and
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a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one crosspoint
switch that 1s configured to route audio signals between processing modules;

wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the crosspoint
switch matrix routes audio signals, and wherein at least one of the processing modules is
configured to compensate for a hearing impairment of a user of the hearing instrument;
and

wherein at least one of the processing modules is a field programmable gate array

(FPGA).

In accordance with another aspect of an embodiment, there is provided a
reconfigurable processing unit for a digital hearing instrument, comprising:

an instruction set (IS) processor module that receives a hearing instrument
configuration;

a plurality of processing modules, wherein each processing module is configured
to process audio signals received by the digital hearing instrument; and

a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one crosspoint
switch that is configured to route audio signals between processing modules;

wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the crosspoint
switch matrix routes audio signals, and wherein at least one of the processing modules is
configured to compensate for a hearing impairment of a user of the hearing instrument;

and

wherein at least one of the processing modules is a filter bank.

In accordance with a further aspect of an embodiment, there is provided a
reconfigurable processing unit for a digital hearing instrument, comprising:
an instruction set (IS) processor module that receives a hearing instrument

configuration;
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a plurality of processing modules, wherein each processing module 1s contigured
to process audio signals received by the digital hearing instrument; and

a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one crosspoint
switch that is configured to route audio signals between processing modules;

wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the crosspoint
switch matrix routes audio signals, and wherein at least one of the processing modules 1s
configured to compensate for a hearing impairment of a user of the hearing instrument;
and

wherein the crosspoint switch matrix 1s a two-tiered hierarchical matrix that
COMPprises:

a second-level crosspoint switch; and

a plurality of first-level crosspoint switches that are each coupled to the second-
level crosspoint switch and at least two of the processing modules;

wherein the second-level crosspoint switch i1s configured to route audio signals
between the first-level crosspoint switches, and wherein the first-level crosspoint
switches are configured to route audio signals between processing modules and between

processing modules and the second-level crosspoint switch.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 1s a block diagram of an exemplary low-power reconfigurable hearing
instrument;

Fig. 2 1s a block diagram of an exemplary reconfigurable processing unit having a
hierarchical structure:

Fig. 3 1s a signal-flow diagram illustrating an exemplary configuration for the

reconfigurable processing unit shown in Fig. 2;

Fig. 4 1s a block diagram of an exemplary first-level cluster in a crosspoint switch matrix;

and

Fig. 5 1s a more detailed diagram of the exemplary crosspoint switch shown in Fig. 4.

2b
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DETAILED DESCRIPTION

Referring now to the drawing figures, Fig. 1 is a block diagram of an exemplary low-
power reconfigurable hearing instrument 10. The hearing instrument 10 includes a
5  reconfigurable processing unit 12, a nonvolatile memory 14, a coder/decoder (CODEC) 16, at

least one microphone 18, and a speaker 20. The reconfigurable processing unit 12 includes a

2C
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crosspoint switch matrix 22, an IS processor module 24, an input/output (I/O) interface 26, and a
plurality of processing modules 28-40. In addition, the reconfigurable processing unit 12 may
also include one or more sub-matrix 42.

The reconfigurable processing unit 12 may, for example, be a single integrated circuit or
hybrid circuit that can be configured to perform the processing functions for the hearing
instrument 10. The nonvolatile memory 14 may be any suitable type of memory device that
retains 1its memory when power 1s removed, such as a EEPROM. The IS processor module 24
may, for example, be a digital signal processor (DSP), a micro-controller, or some other type of
processing device. The' /O interface 26 may, for example, be a sernal-to-parallel conversion
device that 1s configured to convert sernial digital signals from the nonvolatile memory 14 or
CODEC 16 1nto parallel digital signals for processing by the reconfigurable processing unit 12
and to convert parallel output signals from the reconfigurable processing unit 12 into senal
digital signals for input to the CODEC 16. The CODEC 16 may be a commercially available
coder/decoder that 1s configured to convert analog signals from the microphone 18 into digital
signals and to convert digital signals from the reconfigurable processing unit 12 into analog
signals for transmission by the speaker 20. In alternative embodiments, however, the CODEC
16 may be replaced with an analog-to-digital (A/D) converter in the input chain and a digital-to-
analog (D/A) converter 1n the output chain, or with some other suitable conversion means.

Within the reconfigurable processing unit 12, each of the processing modules 28-40 and
the sub-matrix 42 are coupled together via a data connection 44 with the crosspoint switch
matrix 22. The I/O interface 26 includes data connections 46, 48 with the crosspoint switch

matnx 22 and the IS processor module 24, and also includes data connections 50, 52 with

devices 14, 16 external to the reconfigurable processing unit 12. In addition, the processing




10

15

20

CA 02398333 2002-08-15

modules 28-40, the sub-matrix 42, the crosspoint switch matrix 22, and the input/output interface
26 are all coupled to the IS processor module 24 through a control bus 54.

The 1llustrated processing modules 28-40 are coarse-grained modules, such as digital
signal processors (DSPs) 28, fixed function modules 30-38, and embedded field programmable
gate arrays (FPGAs) 40. The 1llustrated fixed function modules 30-38 include a compression
module 30, a filter bank module 32, a FIR filter module 34, and two biquad filter modules 36,
38. Coarse-grained modules are fully integrated in the sense that they perform a distinct function
without the intervention of another processing device. For example, a coarse-grained module
may perform a complete filtering function utilizing integrated processing and memory devices.
It should be understood, however, that the processing modules 28-40 shown in Fig. 1 were
selected to provide examples of a variety of fully integrated processing modules that may be
utilized to process audio signals 1n a digital hearing instrument, and thus may be included in the
reconfigurable processing unit 12. For example, the filter bank module 32 may be configured to
split an audio signal into multiple bands, determine the energy level of each signal band, and
combine the bands into one output signal. The compression module 30 may be configured to
compress a wide dynamic audio range into a narrow dynamic audio range by amplifying low-
level signals to match high-level signals. It should also be understood, however, that the
reconfigurable processing unit 12 may include other types of coarse-grained processing modules,
and also may include one or more finer-grained modules, such as memory devices, multipliers,
arithmetic units, or other components of a fully integrated processing device.

In operation, one or more configurations for the hearing instrument 10 are stored in the
nonvolatile memory 14. Hearing instrument configurations may, for example, include a default

configuration and one or more alternate configurations. The default hearing instrument
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configuration corresponds to the hearing instrument's 10 normal or default operating mode. For
example, the default hearing instrument configuration may provide optimum performance in
environments with average noise levels. The alternate configurations may, for example, be
configured for optimum hearing instrument performance in specific environments, such as low-
noise environments, environments with a high level of background noise, or other environments
where the default hearing instrument configuration may be non-optimal. If the hearing
instrument 10 includes both a front and a rear microphone 18, for example, different
configurations may be stored for directional and non-directional operation. In addition, each of
the configurations stored in the nonvolatile memory 14 may be optimized for the particular
hearing impairments of a specific hearing instrument user, may include the configuration for a
particular hearing instrument model, or may include other device-specific configurations that
enable one hearing instrument circuit 10 to be reconfigured for multiple types of hearing
instruments or user-specific applications.

When the hearing instrument 10 is initialized or "booted," the default hearing instrument
configuration 1s loaded from the nonvolatile memory 14 to the IS processor module 24 via the
/O mterface 26. The hearing instrument configuration indicates to the IS processor module 24
which of the processing modules 28-40 and sub-matrices 42 should be enabled, and also
indicates how the crosspoint switch matrix 22 should combine and/or transfer data between the
enabled modules. The crosspoint switch matrix 22, which is described in more detail below with
reterence to Figs. 4 and 5, 1s configured by the IS processor module 24 to transfer data between
designated processing modules 28-40 and sub-matrices 42, and may also be configured to
combine two or more data outputs from a processing module 28-40 or sub-matrix 22. In

addition, the hearing instrument configuration may also provide coefficient values or other
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processing information for the processing modules 28-40. For instance, the hearing instrument
configuration may mclude coefficient values for the filter algorithms implemented by the biquad
or FIR filters 34-38.

Once the IS processor module 24 receives the hearing instrument configuration from the
nonvolatile memory 14, the configuration is stored to a local memory, and configuration
information 1s transmitted from the IS processor module 24 to the processing modules 28-40 and
crosspoint switch matrices 22, 42 via the control bus 54. After the reconfigurable processing
unit 12 has been configured by the IS processor module 24, the processing unit 12 enters its
operational state. In its operational state, the hearing instrument 10 receives an acoustical input
that 1s converted into an analog input signal by the microphone 18 and then converted from an
analog signal to a digital input signal with the CODEC 16. The digital input signal generated by
the CODEC 16 1s input to the reconfigurable processing unit 12 via the I/O interface 26, and is
processed according to the hearing instrument configuration to generate a digital output signal.
The digital output signal generated by the reconfigurable processing unit 12 is output to the
CODEC 16 via the I/O interface 26 and converted into an analog output signal with the CODEC
16. The speaker 20 then converts the analog output signal into an acoustical output signal that is
directed into the ear canal of the hearing instrument user.

In addition, while the hearing instrument 10 is in its operational state, the IS processor
module 24 may monitor the control bus 54 for feedback signals generated by one or more of the
processing modules 28-40. The feedback signals may be processed by the IS processor module
24 to determine 1f the hearing instrument 10 should change operational modes by loading a new
hearing instrument configuration from the nonvolatile memory 14. For example, as described in

more detail below with reference to Fig. 3, one embodiment may include a DSP 28 that monitors
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the frequency response of the digital output signal generated by the reconfigurable processing
unit 12 and generates a corresponding feedback signal to the IS processor module 24. The
frequency response may then be further processed by the IS processor module 24 to determine if
an alternative operational mode would be more suitable to the current conditions. If the digital
output signal from the reconfigurable processing unit 12 could be better optimized with another
hearing instrument configuration, then the IS processor module 24 may load the configuration
from the nonvolatile memory 14, reconfigure the processing unit 12 with the new configuration,
and enter the new operational mode.

Fig. 2 is a block diagram of an exemplary reconfigurable processing unit 100 having a
hierarchical structure. This reconfigurable processing unit 100 is similar to the reconfigurable
processing unit 12 illustrated in Fig. 1, except the crosspoint switch matrix 1s arranged as a two-
tiered hierarchical matrix. The first tier of the crosspoint matrix includes a plurality of first-level
crosspoint switches 104-110, each of which is coupled to a plurality of processing modules 112-
124. Each first-level crosspoint switch 104-110 and its associated processing modules 112-124
form a first-level cluster. For example, one first-level cluster, labeled Cluster A, 1s formed by the
crosspoint switch labeled with reference numeral 104 and the processing modules labeled with
reference numerals 114-120. The second tier of the crosspoint matrix includes a second-level
crosspoint switch 102 which is coupled to the first-level crosspoint switches 104-110 in each of
the first-level clusters.

In alternative embodiments, the crosspoint switch matrix could be configured in a three-
tiered hierarchical matrix, or in some other higher-order matrix structure. For example, a three-
tiered hierarchical matrix may include a plurality of second-level clusters, such as the crosspoint

matrix illustrated in Fig. 2, coupled to a third-level crosspoint switch.
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In operation, when the hearing instrument is initialized or "booted," the default hearing
instrument configuration is received from off-chip by the IS processor module 24, as described
above, and is used by the IS processor module 24 to configure the crosspoint switches 102-110
and processing modules 112-124 in the two-tiered crosspoimnt switch matrix. Based on the
hearing instrument configuration, the IS processor module 24 transmits signals to the control bus
54 to enable one or more crosspoint switches 102-110 and one or more processing modules 112-
124 within an enabled cluster. For example, in the illustrated embodiment, two first-level
crosspoint switches 104, 106 and six processing modules 114-124 have been enabled within two
first-level clusters labeled Cluster A and Cluster B. The enabled processing modules 114-124
shown in Fig. 2 include three biquad filters 114-118, a compression module 120, a FIR filter 122
and a DSP 124. The non-enabled processing modules 112 and non-enabled crosspoint switches
108, 110 are illustrated in Fig. 2 as shaded blocks. It should be understood, however, that this
exemplary configuration is provided only to illustrate one possible hearing instrument
configuration. In other embodiments, more or less processing modules 112-124 and crosspoint
switches 102-110 could be enabled, and the enabled processing modules could consist of other
types of coarse- or finer- grained processing modules.

In addition, the IS processor module 24 may also use the hearing instrument
configuration to initialize the enabled crosspoint switches 102-106 and processing modules 114-
124 via the control bus 54. For example, coefficient values or other processing information may
be loaded from the IS processor module 24 to the enabled processing modules 114-124, and the
enabled crosspoint switches 102-104 may be configured by the IS processor module 24 to route
signals to and from the enabled processing modules 114-124 and to combine the output signals

from one or more enabled module 114-124.
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Once the processing modules 114-124 and crosspoint switches 102-110 have been
enabled and 1nitialized by the IS processor module 24, the IS processor module 24 instructs the
reconfigurable processing unit 100 to begin processing received audio signals in the operational
mode designated by the hearing instrument configuration. The operation of the reconfigurable
processing unit 100 in one exemplary operational mode is described below by cross-referencing
Figs. 2 and 3.

Fig. 3 1s a signal-flow diagram 200 illustrating an exemplary configuration for the
reconfigurable processing unit 100 shown in Fig. 2. Cross-referencing Figs. 2 and 3, an audio
input signal 202 received by the I/O module 26 is coupled to the second-level crosspoint switch
102. The second-level crosspoint switch 102 1s configured to transfer the input signal 202 to an
input port 1n the first-level crosspoint switch 104 in Cluster A. Cluster A includes the first-level
crosspoint switch 104, the three biquad filters 114-118 and the compression module 120, each of
which has been enabled by the IS processor module 24 when the hearing instrument
configuration was loaded.

The crosspoint switch 104 in Cluster A 1s configured to transmit the audio input signal
202 from 1ts mput port to each of the three biquad filters 114-118, as shown in Fig. 3. The
biquad filters 114-118 may, for example, each be configured to isolate a particular portion of the
audio signal and perform wave-shaping functions to the isolated signals in accordance with the
current hearing instrument configuration. The isolated signals processed by the biquad filters
114-118 are then output back to the first-level crosspoint switch 104. As illustrated in Fig. 3, the
first-level crosspoint switch 104 has been configured to sum 204 the outputs from the biquad
filters 114-118 to generate a combined output signal, and to transfer the combined signal to the

compression module 120. The compression module 120 may, for example, provide an automatic
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gain control ("AGC") function that compresses and amplifies the audio signal, causing quieter
sounds to be amplified at a higher gain than louder sounds, for which the gain is compressed. In
this manner, the compression module 120 may effectively compress the full range of normal
hearing into the reduced dynamic range of the hearing impaired user. In any case, after the
compression module 120 has processed the signal to generate a compressed audio signal, the
compressed audio signal 1s output back to the first-level crosspoint switch 104.

The first-level crosspoint switch 104 in Cluster A is configured to transmit output signals
from the compression module 120 to the second-level crosspoint switch 102, which is in turn
configured to transmit output signals from Cluster A to an input port of the first-level crosspoint
switch 106 1n Cluster B. Cluster B includes the first-level crosspoint switch 106, the FIR filter
122, the DSP 124, and two non-enabled processing modules 112. The first-level crosspoint
switch 106 in Cluster B is configured to transfer signals received at its input port to the FIR filter
122. The FIR filter 122 may, for example, post-condition the audio signal to further shape the
signal in accordance with the particular hearing impairments of the hearing instrument user. In
one embodiment, the reconfigurable processing unit 100 may include a pre-filter (not shown)
that receives the audio signal prior to the biquad filters 114-118, and that operates in combination
with the post-conditioning of the FIR filter 122 to generate special audio effects that may be
suited to only a particular class of user. For instance, a pre-filter could be configured to mimic
the transfer function of the user's middle ear, effectively putting the sound signal into the
cochlear domain for processing by the biquad filters 114-118 and compression module 120.
Subsequently, the FIR filter 122 may be configured with the inverse response of the pre-filter in

order to convert the signal back into the acoustic domain from the cochlear domain.
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The filtered output from the FIR filter 122 is transferred back to the first-level crosspoint
switch 106 in Cluster B. The crosspoint switch 106 is configured to transfer the output from the
FIR filter 122 to both the DSP 124 and as an audio output signal 206 from Cluster B to the
second-level crosspoint switch 102. The second-level crosspoint switch 102 transfers the audio
output signal 206 from Cluster B to the I/O interface 26 which outputs the signal to off-chip
components as described above with reference to Fig. 1. The DSP 124 receives the audio output
signal 206 from the crosspoint switch 106 and is configured to perform parallel processing
functions on the signal in order generate a feedback signal to the IS processor module 24. For
example, the DSP 124 may be configured to perform a Fast Fourier Transform ("FFT") 208 and
generate a corresponding feedback signal to track the frequency response of the audio output
signal 206. The feedback signal generated by the DSP 124 is output to the control bus 54 and
recerved by the IS processor module 24.

The IS processor module 24 may be configured to monitor the feedback signal from the
DSP 124 and further process the signal to determine if the hearing instrument should transition to
a different operational mode to obtain optimal performance under the current conditions. For
example, the frequency content of the audio output signal as indicated by the feedback signal
may be used by the IS processor module 24 to monitor the noise level in the signal and determine
1f the noise level could be reduced by a different operational mode (block 210). If the IS
processor module 24 determines that a different operational mode would improve performance,
then the IS processor module 24 may load a new configuration and reconfigure the processing

unit 100 (block 214), as described above. Otherwise, the IS processor module 24 continues in its

current operational mode (block 212).

11
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Fig. 4 1s a block diagram of an exemplary first-level cluster 400 in a crosspoint switch
matrix. The first-level cluster 400 includes a crosspoint switch 402 and four processing modules
(B1-B4) 404-410. This first-level cluster may, for example, be one of the first-level clusters
described above with reference to Figs. 2 and 3. The crosspoint switch 402 includes at least one
input port (XPTin) 428 and one output port (XPTout) 430 which may, for example, be coupled to
a second-level crosspoint switch, as illustrated in Fig. 2, or coupled to the I/O interface 26, as
1llustrated 1in Fig. 1. Similarly, each processing module (B1-B4) 404-410 includes at least one
input port 414, 416, 420, 424 and at least one output port 414, 418, 422, 426 which are coupled
to the first-level crosspoint switch 402. In the illustrated embodiment, each of the processing
module input and output ports 412-426 in the cluster 400 are parallel ports having "n" signal
lines for sending or receiving data or other signals. Similarly, the illustrated XPT ports 428, 430
include "m" signal lines, wherein the value of "m" will typically be greater than the value of "n",
depending upon how much blocking i1s acceptable in a particular embodiment. It should be
understood, however, that in other embodiments one or more of the parallel ports 412-430 may
include an independent number of signal lines, i.e., more or less that "n" or "m" signal lines.

In operation, data is received at the input port (XPTin) 428 of the crosspoint switch 402.
Depending upon the configuration of the crosspoint switch 402, the received data may be
connected to one or more of the input ports (Blin-B4in) 412, 416, 420, 424 of the processing
modules 404-410. Each processing module 404-410 that receives a signal at its input port 412,
416, 420, 424, processes the signal according to its particular configuration and transmits an
output signal back to the crosspoint switch 402 via an output port 414, 418, 422, 426. The

crosspoint switch 402 may then combine signals from two or more processing modules 404-410,

12
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transfer a signal (combined or otherwise) to another processing module, or transmit a signal to its
output port (XPTout) 430.

Fig. 5 1s a more detailed diagram of the exemplary crosspoint switch 402 shown in Fig. 4.
The crosspoint switch 402 includes a configuration register 502, four 4:1 multiplexers 504-510,
four 2:1 multiplexers 512-518, a plurality of AND gates 520-528, 532-540, and two summers
530, 542. In operation, a hearing instrument configuration is loaded to the configuration register
502, as described above, which controls how the multiplexers 504-518 and summers 530, 542 in
the crosspoint switch 402 combine and route audio signals from the crosspoint switch input port
(XPTin) 428 and processing module output ports (Blout-B4out) 414, 418, 422, 426 to the
crosspoint switch output port (XPTout) 430 and processing module input ports (B2in-B4in) 412,
416, 420, 424. It should be understood, however, that other embodiments of the crosspoint
switch could control how signals are routed without including a summation function.

The two summers (S1 and S2) 530, 542 are used by the crosspoint switch 402 to combine
two or more audio signals that are input to the crosspoint switch 402 from the crosspoint switch
input port (XPTin) 428 and the processing module output ports (Blout-B4out) 414, 418, 422,
426. The first summer (S1) 530 receives inputs from five AND gates 520-528 and the second
summer (S2) 542 similarly receives inputs from an additional five AND gates 532-540. The
ports XPTin 428, Blout 414, B2out 418, B3out 422 and B4out 426 are each coupled to both an
input of one of the five AND gates 520-528 corresponding to S1 530 and an input of one of the
five AND gates 532-540 corresponding to S2 542. In addition, each of the AND gates 520-528,
532-540 includes a second input that is coupled to the configuration register. In operation, the

configuration input to the AND gates 520-528, 532-540 controls which of the audio signal inputs

(XPTin and Blout-B4out) are passed by the AND gates 520-528, 532-540 to the input of the
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summers (S1 and S2) 530, 542. The summers 530, 542 combine the audio signal outputs from
the AND gates 520-528, 532-540 to generate summed outputs. The output from the first summer
(S1) 530 1s input to each of the 2:1 multiplexers 512-518, as described below. The output from
the second summer (S2) 542 is coupled to the crosspoint output port (XPTout) 430.

The multiplexers 504-518 are used by the crosspoint switch 402 to control how audio
signals input to the crosspoint switch 402 (XPTin and Blout-B4out) and any summation of those
signals generated by S1 530 are routed to the processing module input ports (Blin-B4in) 412,
416, 420, 424. Each processing module input port (Blin-B4in) 412, 416, 420, 424 has one
corresponding 4:1 multiplexer 504-510 and one corresponding 2:1 multiplexer 512-518 in the
crosspoint switch 402. Each 4:1 multiplexer 504-510 receives an input from XPTin 428 and
each of the processing module output ports (Blout-B4out) 414, 418, 422, 426 other than the
output port of 1ts corresponding processing module. For example, the 4:1 multiplexer 504
corresponding to B1 includes inputs from XPTin 428, B2out 418, B3out 422, and B4out 426, but
does not include an mput from Blout 414. This prevents any configuration resulting in an
infinite loop from the output port to the input port of a processing module (B1-B4). In addition,
each 4:1 multiplexer 504-510 receives a control signal from the configuration register 502 that
determines which of its four input signals 1s passed as a 4:1 multiplexer output. For example,
with respect to the 4:1 multiplexer 504 corresponding to B1, the control signal input to the 4:1
multiplexer 504 determines whether the audio signal present on XPTin, B2out, B3out or B4out is

passed as the 4:1 multiplexer output.

Each 2:1 multiplexer 512-518 receives an input from a corresponding 4:1 multiplexer
504-510 and also from the output of the second summer (S2) 542. In addition, each 2:1

multiplexer 512-519 receives a control signal from the configuration register 502 that determines
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which of its two mputs 1s passed as the 2:1 multiplexer output that is coupled as the input to a
processing module (B1in-B4in) 412, 416, 420, 424. Thus, depending on the hearing instrument
configuration, each 2:1 multiplexer 512-518 may output either a combined audio signal
generated by S1 530 or a single audio signal passed by the corresponding 4:1 multiplexer 504-
510.

Referring again to Fig. 4, each of the processing modules (B1-B4) 404-410 in a cluster
should include some type of timing signal to control the rate of data moving between modules.
The timing signal may include a sampling clock, and may also include other higher-speed clock
signals as required. In one embodiment, a universal sampling clock (not shown) may be coupled
to the crosspoint switch 402 and each of the processing modules 404-410, such that each
processing device 1n the cluster will consume inputs and produce outputs at the same time. In
another embodiment, the crosspoint switch 402 and processing modules 404-410 may be self-
timed by generating and distributing sample enable signals with the signal data. In this self-
timed embodiment, the sample enable signals may, for example, be generated as one of the bits
on each of the parallel ports 412-430. For instance, when any given processing module 404-410
or crosspoint switch 402 completes its processing operation, a sample enable signal may be
generated along with the output signal to instruct the next downstream processing device to
receive the signal and begin its processing operation. In this manner, the processing modules
404-410 are not tied to one universal sampling clock and may thus consume as much time as
required to perform their particular processing functions. In addition, the self-timed embodiment
may improve the overall power consumption of the hearing instrument by reducing the current
drain caused by simultaneous activity (i.e., gate switching) at each occurrence of a universal

sampling clock edge.
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In a self-timed embodiment, the processing times of each individual processing module
404-410 are independent of one another. Therefore, if the crosspoint switch 402 in a self-timed
embodiment 1s configured to sum multiple output signals, then the timing differences between
each of the output signals could cause errors in the summed output from crosspoint switch 402.
To compensate for these potential timing-related errors, the crosspoint switch 402 may include a
state machine or other similar processing module that realigns the sample enable signals when
the crosspoint switch 402 is configured to perform a summing operation. Alternatively, the
sample enable signal generated by the crosspoint switch 402 upon completion of its summation
function could be aligned with the sample enable signal of the slowest module. For instance, if
the crosspoint switch 402 were configured to sum the outputs of processing modules B1 404, B2
406 and B3 408, and processing module B2 406 required the most time to perform its processing
operation, then the crosspoint switch 402 could align its sample enable signal with the sample
enable signal generated by B2 406.

This written description uses examples to disclose the invention, including the best mode,
and also to enable any person skilled in the art to make and use the invention. The patentable
scope of the invention 1s defined by the claims, and may include other examples that occur to

those skilled 1n the art.
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It is claimed:

1. A reconfigurable processing unit for a digital hearing instrument, comprising:

an instruction set (IS) processor module that receives a hearing instrument
configuration;

a plurality of processing modules, wherein each processing module 1s configured to
process audio signals received by the digital hearing instrument; and

a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one
crosspoint switch that is configured to route audio signals between processing
modules:

wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the
crosspoint switch matrix routes audio signals, and wherein at least one of the
processing modules is configured to compensate for a hearing impairment of a
user of the hearing instrument; and

wherein at least one of the processing modules is a biquad filter.

2. The reconfigurable processing unit of claim 1, wherein the crosspoint switch matrix is
configured to combine at least two audio signals, and wherein the IS processor module
uses the hearing instrument configuration to program the configuration of the crosspoint

switch and thereby control how the crosspoint switch matrix mutes and combines audio

signals.

3. The reconfigurable processing unit of claim 1, wherein at least one of the processing
modules generates a feedback signal, and wherein the IS processor module monitors the
feedback signal to determine if the hearing instrument configuration is optimal, wherein
it the IS processor module determines that the hearing instrument configuration is not
optimal, then the IS processor module receives an alternate hearing instrument
configuration and reprograms the configuration of the crosspoint switch matrix using the

alternate hearing instrument configuration.
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4. The reconfigurable processing unit of claim 1, wherein the processing modules are

self-timed.

5. The reconfigurable processing unit of claim 1, wherein the processing modules are
coarse-grained processing modules that are each configured to perform an independent

processing function.

6. The reconfigurable processing unit of claim 1, wherein at least one of the processing

modules 1s a field programmable gate array (FPGA).

7. The reconfigurable processing unit of claim 1, wherein at least one of the processing

modules 1s a filter bank.

8. The reconfigurable processing unit of claim 1, wherein the IS processor module 1s
coupled to the processing modules and uses the hearing instrument configuration to

program the processing modules.

9. The reconfigurable processing unit of claim 1, further comprising:
an input/output (I/0O) interface that couples the crosspoint switch matrix to a

microphone and a speaker 1n the hearing instrument.

10. The reconfigurable processing unit of claim 9, wherein the I/O interface 1s coupled to
an analog-to-digital conversion device that converts analog audio signals received by the

microphone into digital audio signals input to the I/O interface.

11. The reconfigurable processing unit of claim 9, wherein the 1/0O interface is coupled to
a digital-to-analog conversion device that converts digital audio signals generated by at

least one of the processing modules into analog audio signals for transmission by the

speaker.

18
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12. The reconfigurable processing unit of claim 9, wherein the I/O intertace couples the
[S processor module to a nonvolatile memory device that stores the hearing instrument
configuration, and wherein the IS processor module receives the hearing instrument

configuration from the nonvolatile memory device via the I/O intertace.

13. The reconfigurable processing unit of claim 1, wherein the crosspoint switch matrix 1s
a two-tiered hierarchical matrix that comprises:
a second-level crosspoint switch; and
a plurality of first-level cross point switches that are each coupled to the second-level
crosspoint switch and at least two of the processing modules;
wherein the second-level crosspoint switch is configured to route audio signals
between the first-level crosspoint switches, and wherein the first-level crosspoint
switches are configured to route audio signals between processing modules and

between processing modules and the second-level crosspoint switch.

14. The reconfigurable processing unit of claim 1, wherein the crosspoint switch
COMPIrISES:
a configuration register that stores a configuration received from the IS processor
module; and
a switching circuit coupled to the processing modules and the configuration register,
wherein the switching circuit is configured to route the audio signals between the

processing modules;
wherein the configuration resister uses the configuration to control how the switching

circult routes the audio signals.

15. A reconfigurable processing unit for a digital hearing instrument, comprising:
an 1nstruction set (IS) processor module that receives a hearing instrument
configuration;
a plurality of processing modules, wherein each processing module 1s configured to

process audio signals received by the digital hearing instrument; and

19



CA 02398333 2007-06-07

a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one
crosspoint switch that is configured to route audio signals between processing
modules:

wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the
crosspoint switch matrix routes audio signals, and wherein at least one of the
processing modules 1s configured to compensate for a hearing impairment of a
user of the hearing instrument; and

wherein at least one of the processing modules is a field programmable gate array

(FPGA).

16. The reconfigurable processing unit of claim 15, wherein the crosspoint switch matrix
1s configured to combine at least two audio signals, and wherein the IS processor module
uses the hearing instrument configuration to program the configuration of the crosspoint

switch and thereby control how the crosspoint switch matrix mutes and combines audio

signals.

17. The reconfigurable processing unit of claim 135, wherein at least one of the processing
modules generates a feedback signal, and wherein the IS processor module monitors the
feedback signal to determine if the hearing instrument configuration is optimal, wherein
if the IS processor module determines that the hearing instrument configuration is not
optimal, then the IS processor module receives an alternate hearing instrument
configuration and reprograms the configuration of the crosspoint switch matrix using the

alternate hearing instrument configuration.

18. The recontigurable processing unit of claim 15, wherein the processing modules are

self-timed.

19. The reconfigurable processing unit of claim 15, wherein the processing modules are

coarse-grained processing modules that are each configured to perform an independent

20
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processing function.

20. The reconfigurable processing unit of claim 15, wherein at least one of the processing

modifies 1s a filter bank.

21. The reconfigurable processing unit of claim 15, wherein the IS processor module 1s
coupled to the processing modules and uses the hearing instrument configuration to

program the processing modules.

22. The reconfigurable processing unit of claim 135, further comprising;:

an input/output (I/O) interface that couples the crosspoint switch matrix to a

microphone and a speaker in the hearing instrument.

23. The reconfigurable processing unit of claim 15, wherein the crosspoint switch matrix
1s a two-tiered hierarchical matrix that comprises:
a second-level crosspoint switch; and
a plurality of first-level crosspoint switches that are each coupled to the second-level
crosspoint switch and at least two of the processing modules;
wherein the second-level crosspoint switch is configured to route audio signals
between the first-level crosspoint switches, and wherein the first-level crosspoint
switches are configured to route audio signals between processing modules and

between processing modules and the second-level crosspoint switch.

24. The reconfigurable processing unit of claim 15, wherein the crosspoint switch

COMPTrises:

a configuration register that stores a configuration received from the IS processor

module: and

a switching circuit coupled to the processing modules and the configuration register,

wherein the switching circuit is configured to route the audio signals between the

processing modules;
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wherein the configuration resister uses the configuration to control how the switching

circuit routes the audio signals.

25. A reconfigurable processing unit for a digital hearing instrument, comprising:

an instruction set (IS) processor module that receives a hearing instrument
configuration;

a plurality of processing modules, wherein each processing module 1s configured to
process audio signals received by the digital hearing instrument; and

a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one
crosspoint switch that is configured to route audio signals between processing
modules;

wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the
crosspoint switch matrix routes audio signals, and wherein at least one of the
processing modules is configured to compensate for a hearing impairment of a
user of the hearing instrument; and

wherein at least one of the processing modules 1s a filter bank.

26. The reconfigurable processing unit of claim 25, wherein the crosspoint switch matrix
is configured to combine at least two audio signals, and wherein the IS processor module

uses the hearing instrument configuration to program the configuration of the crosspoint
switch and thereby control how the crosspoint switch matrix routes and combines audio

stgnals.

27. The reconfigurable processing unit of claim 25, wherein at least one of the processing
modules generates a feedback signal, and wherein the IS processor module monitors the
feedback signal to determine if the hearing instrument configuration is optimal, wherein
if the IS processor module determines that the hearing instrument configuration 1s not
optimal, then the IS processor module receives an alternate hearing instrument

configuration and reprograms the configuration of the crosspoint switch matrix using the
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alternate hearing instrument configuration.

28. The reconfigurable processing unit of claim 25, wherein the processing modules are

self-timed.

29. The reconfigurable processing unit of claim 25, wherein the processing modules are
coarse-grained processing modules that are each configured to perform an independent

processing function.

30. The reconfigurable processing unit of claim 25, wherein the IS processor module 1s
coupled to the processing modules and uses the hearing instrument configuration to

program the processing modules.

31. The reconfigurable processing unit of claim 25, further comprising:
an input/output (I/0) interface that couples the crosspoint switch matrix to a

microphone and a speaker in the hearing instrument.

32. The reconfigurable processing unit of claim 25, wherein the crosspoint switch matrix
1s a two-tiered hierarchical matrix that comprises:
a second-level crosspoint switch; and
a plurality of first-level crosspoint switches that are each coupled to the second-level
crosspoint switch and at least two of the processing modules;
wherein the second-level crosspoint switch is configured to route audio signals
between the first-level crosspoint switches, and wherein the first-level crosspoint
switches are configured to route audio signals between processing modules and

between processing modules and the second-level crosspoint switch.

33. The reconfigurable processing unit of claim 25, wherein the crosspoint switch
comprises:
a configuration register that stores a configuration received from the IS processor

module; and
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a switching circuit coupled to the processing modules and the configuration register,
wherein the switching circuit is configured to route the audio signals between the
processing modules;

wherein the configuration resister uses the configuration to control how the switching

circuit routes the audio signals.

. A reconfigurable processing unit for a digital hearing instrument, comprising:
an instruction set (IS) processor module that receives a hearing instrument
configuration;
a plurality of processing modules, wherein each processing module 1s configured to
process audio signals received by the digital hearing instrument; and
a crosspoint switch matrix coupled to the IS processor module and each of the
processing modules, wherein the crosspoint switch matrix includes at least one
crosspoint switch that 1s configured to route audio signals between processing
modules:
wherein the IS processor module uses the hearing instrument configuration to
program a configuration of the crosspoint switch and thereby control how the
crosspoint switch matrix routes audio signals, and wherein at least one of the
processing modules 1s configured to compensate for a hearing impairment of a
user of the hearing instrument; and
wherein the crosspoint switch matrix is a two-tiered hierarchical matrix that
COMPIISES:
a second-level crosspoint switch; and
a plurality of first-level crosspoint switches that are each coupled to the second-
level crosspoint switch and at least two of the processing modules;
wherein the second-level crosspoint switch is configured to route audio signals
between the first-level crosspoint switches, and wherein the first-level
crosspoint switches are configured to route audio signals between processing

modules and between processing modules and the second-level crosspoint

switch.
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35. The recontigurable processing unit of claim 34, wherein the crosspoint switch matrix
1s configured to combine at least two audio signals, and wherein the IS processor module
uses the hearing instrument configuration to program the configuration of the crosspoint
switch and thereby control how the crosspoint switch matrix routes and combines audio

signals.

36. The reconfigurable processing unit of claim 34, wherein at least one of the processing
modules generates a feedback signal, and wherein the IS processor module monitors the
feedback signal to determine if the hearing instrument configuration is optimal, wherein
1f the IS processor module determines that the hearing instrument configuration is not
optimal, then the IS processor module receives an alternate hearing instrument
contiguration and reprograms the configuration of the crosspoint switch matrix using the

alternate hearing instrument configuration.

37. The reconfigurable processing unit of claim 34, wherein the processing modules are

selt-timed.

38. The reconfigurable processing unit of claim 34, wherein the processing modules are
coarse-grained processing modules that are each configured to perform an independent

processing function.

39. The reconfigurable processing unit of claim 34, wherein the IS processor module is
coupled to the processing modules and uses the hearing instrument configuration to

program the processing modules.
40. The reconfigurable processing unit of claim 34, further comprising:

an input/output (I/0) interface that couples the crosspoint switch matrix to a

microphone and a speaker in the hearing instrument.

41. The recontigurable processing unit of claim 34, wherein the second-level crosspoint

switch 1s configured to combine at least two audio signals.
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42. The reconfigurable processing unit of claim 34, wherein the crosspoint switch

comprises:

a configuration register that stores a configuration received from the IS processor
module; and
a switching circuit coupled to the processing modules and the configuration register,
wherein the switching circuit is configured to route the audio signals between the
processing modules;
wherein the configuration resister uses the configuration to control how the switching

circuit routes the audio signals.
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