
;e3eAl*9Ai4456"6868T*9HMMWO 02I30150  1  A HEARING AID WITH ADAPTIVE
MATCHING OF INPUT TRANSDUCERS  The present invention relates to a hearing
aid 5 with a directional characteristic, comprising at least two spaced
apart input transducers. Hearing aids comprising two input transducers and
having a directional characteristic are well known in the art. A sound wave
that impinges on a 10 hearing aid of this type at a specific angle is
received by the two input transducers with an arrival time difference
defined by the distance between the input transducers, the velocity of
sound, and the impinging angle. The output signals of the two input 15
transducers are combined to form the directional characteristic of the
hearing aid. When the output signal of the input transducer receiving the
sound wave first is delayed by an amount that is equal to the arrival time
difference of the corresponding sound 20 wave and subtracted from the
output signal of the other input transducer, the two output signals will
cancel each other. Thus, a notch is created in the directional
characteristic of the hearing aid at the receiving angle in question. By
adjusting the delay 25 of the input transducer signal before subtraction,
the angular position of the notch in the directional characteristic may be
adjusted correspondingly. It is also well known that the frequency response
of subtracted signals originating from a sound 30 source in the
surroundings of the hearing aid, i.e. the transducer signals are correlated
signals, has a 6 dB/octave positive slope. Thus, low frequencies are
attenuated for correlated signals while this is not the case for
non-correlated signals, i.e. neither 35 transducer noise nor wind noise is
attenuated. There    W O 02I30150 2 PCT/DKO1/006.t3 fore, the signal to
noise ratio is reduced in a prior art directional hearing aid compared to
an omnidirectional hearing aid. Notch formation requires that the two input
5 transducers are identical, i.e. they have identical parameters, such as
sensitivities and phase responses. Typically, identically manufactured
input transducers exhibit sensitivity differences of the order of 6 dB and
phase differences of the order of 10. 10 Directional characteristics can
not be formed with input transducers with phase and sensitivity differences
of this magnitude. Selection of paired input transducers may reduce the
sensitivity differences to 0.5 dB and phase differences to 2 which may
still 15 not lead to notch formation in the directional characteristic.
Further, ageing may increase these differences over time. In WO 01/10169, a
hearing aid with adaptive matching of input transducers is disclosed.
According 20 to the disclosure, differences in sensitivity and phase
response are compensated utilising specific circuitry continuously
determining the differences and compensating for them. The differences are
determined based on the sound signals received by the in 



25 put transducers. No additional signals are needed. Selection of input
transducers is eliminated and differences between circuitry processing each
of the respective input transducer signals and differences created by
ageing or other influences are automati30 cally compensated. In a hearing
aid with a plurality of input transducers, the output signals from the
respective input transducers may not be generated from the same . sound
source. For example, when the hearing aid is 35 operated in a silent
environment, each of the input   W O 02/30150 3 PCT/DKO1 /006.43 transducer
signals contains only noise generated bythe respective input transducer
itself. Thus, in thiscase, the output signals are generated by
independentand thus, non-correlated signal sources, namely the5individual
input transducers. Likewise, signals gene-rated by the two input
transducers in response towind, i.e. wind noise, are not correlated since
airflow at the hearing aid is turbulent. Thus, also inthis case, the output
signals are generated by inde--10pendent signal sources. Further, the input
transducersignals are clipped at high input levels by the A/Dconverters
converting the input transducer signals todigital signals. Typically,
signals are clipped atdifferent signal levels because of different
input15transducer sensitivities and, thus, clipped signalsmay also be
non-correlated and appear to have beengenerated by independent signal
sources.When the input transducer signals are generatedby independent
signal sources, the above-mentioned20prior art input transducer matching
technique fallsapart since, typically, the determined phase and
sen-sitivity differences will be dominated by differencesin the generated
signals and will not be related todifferences in input transducer
parameters.25It is an object of the present invention toprovide a hearing
aid with a directional characte-ristic that overcomes the above-mentioned
disadvanta-ges of the prior art.This object is fulfilled by a hearing aid
with30a directional characteristic wherein transducer sig-nal type, such as
transducer noise, wind noise, soundemitted from a sound source located in
the surroun-dings of the hearing aid, distorted signals, such asclipped
signals, slew rate limited signals, etc, etc,35is determined, and wherein
signal processing in the   WO 02/30150 4 PCT/DKO1/006:43 hearing aid, such
as transducer matching, filtering, signal combination, etc, is adapted
according to the determined signal type. For example, the directional
characteristic may be switched to an omnidirectional 5 characteristic when
at least one of the input transducer signals is dominated by noise or
distortion, and/or adaptive matching of input transducers may be put on
hold while at least one of the input transducer signals is dominated by
noise or distortion. 10 Thus, the above-mentioned and other objects are
fulfilled by a hearing aid comprising a first and a second input transducer
for transforming an acoustic input signal into respective first and second
input transducer signals, a first signal processor having a 15 first input
that is connected to the first input transducer signal and a second input
that is connected to the second input transducer signal for generation of a
third electrical signal by processing and combining the input signals, an
output transducer for 20 transforming the third electrical signal into an
acoustic output signal, a correlation detector for detection of
non-correlated first and second processor input signals and fox generation
of one or more control signals including a first control signal in 25
response to the detection so that transducer signal processing can be
adapted according to the detection. The hearing aid may further comprise an
adapti ve matching circuit with first and second inputs that are connected
with the respective first and second 30 input transducer signals and first
and second outputs that are connected to the respective first and second
processor inputs for modification of amplitude and phase responses of the
first and second output sig- , pals in response to determinations of
difference in 35 the amplitude and phase responses so that the resul   WO
02I30150 



5 PCT/DKO 1/006.13 ting amplitude and phase responses of the first
andsecond output signals are adjusted to be substantial-ly identical, and
wherein the correlation detectorgenerates a second control signal that is
connected5to the adaptive matching circuit for inhibition ofadaptive
matching upon detection of non-correlatedsignals.The first and second
control signals may beidentical signals.10In a hearing aid according to
this embodimentof the present invention, transducer differences,such as
differences in sensitivities, phase respon-ses, etc, are continuously
determined when the trans-ducer signals are correlated, e.g. when the
transdu-15cer signals are generated in response to a soundsource located in
the surroundings of the hearing aidso that in this case the hearing aid
continuouslyadapts to changes in transducer parameters. When non-correlated
signals are detected, e.g. when the trans-20ducer signals are dominated by
non-correlated sig-nals, such as when at least one transducer signal
isdominated by, e.g. transducer noise, wind noise, sig-nal clipping, etc,
updating of determined values ofdifferences in transducer parameters is not
performed25rather, for example, the transducer parameter compen-sating
circuitry remains set according to the latestupdated values of the
differences.The correlation detector may comprise one ormore signal level
detectors for detection of respec-30tive input transducer signal levels.
For example, thef first and the second control outputs may be set to alogic
"1" when the detected signal level is greaterthan a predetermined threshold
level such as 2 dB be-low the saturation level of the A/D converters
for35converting the input transducer signals to digital   WO 02/30150 6
PCT/DK01/006.43 signals. The first and the second control outputs may be
reset to a logic "0" when the detected signal levels return to values below
the predetermined thresholds. The level detector may further have
hysteresis 5 so that the control outputs may be set when the detected
signal level is above a first predetermined threshold level and reset when
the detected signal level returns to a value below a second predetermined
threshold level that is lower than the first thres10 hold level. The signal
level may be an amplitude level, a root mean square level, a power level,
etc, or the ratio between such levels and a corresponding reference
quantity, e.g. in dB. Further, the level may be 15 determined within a
specific frequency range. The signal level detectors may further comprise
slew rate detectors for detection of rapid signal changes since slew rate
limitations of circuitry that processes input transducer signals may
distort these 20 signals. The signal level detector may for example
comprise a slew rate threshold so that the first control output is set e.g.
to logic "1" if an increase in absolute value of the difference between one
sample and the next is greater than or equal to the 25 slew rate threshold.
Typically, wind noise generates transducer signals at very high levels even
at low wind speeds thus, wind noise will typically be detected utilising a
signal level detector as described above. 30 The hearing aid may further
comprise a frequency analyser for determination of the frequency content of
input transducer signals, e.g. for discrimination between signal type. For
example, wind noise and clipped signals may be distinguished based on   WO
02/30150 7 PCT/DKO1/OOG~3 their frequency content, and signal processing
may be adapted accordingly. Further, the signal level detectors may be used
for detection of the level of a noise signal whereby 5 wind noise may be
distinguished from transducer noise since, typically, transducer noise is a
low level signal while wind noise is a high level signal. Thus, according
to the present invention, at least three types of signals may be
identified, i.e. 10 transducer noise signals, wind noise signals, and
signals from sound sources located in the surroundings of the hearing aid.
Further, distorted signal types, such as clipped signals, slew rate limited
signals, etc, may be identified. 15 As already mentioned, transducer
signals dominated by transducer noise, wind noise, and/or signal distortion
are not correlated since the signal sources are substantially independent
of each other. The opposite is true for transducer signals generated in 20
response to a specific sound source located in the surroundings of the
hearing aid. Such signals differ only by the arrival time difference caused
by the distance between the transducers and by differences caused by
transducer differences, i.e. such signals 



25 are highly correlated. Thus, signals of this type may be distinguished
by calculation of cross-correlation values of input transducer signals.
According to an embodiment of the present invention, the correlation
detector comprises a second 30 signal processor that is adapted to
calculate a cross-correlation value of signals derived from the transducer
signals. Output transducer signals with a cross-correlation value within a
predetermined range of cross-correlation values are treated as correlated
35 signals.   W O 02/30150 a PCT/DKO 1/00643 For example, a
cross-correlation value ro may be calculated as an approximation to or an
estimate of a value r defined by the following equation: ~x~Y ~kY - N t~?t2
_ tIX) ) t~Y2 _ t~Y) ) N N 5 wherein X is a sampled signal derived from the
first signal, Y is a sampled signal derived from the , second signal, and N
is the number of samples. It is noted that r ranges from -1 to 1 and that r
- 1 for identical signals X and Y and r - -1 for 10 inverted signals X and
Y and r - 0 for signals with no mutual correlation. It is also noted that
the equation is simplified for signals having DC-values equal to zero, i.e.
EX = 0 and EY = 0 in the equation. 15 In a preferred embodiment of the
present invention, the correlation value ro is calculated from a
particularly simple approximation to the equation wherein the signals X and
Y are digitised in one bit words, i.e. the sign of the signals X and Y are
in20 serted in the equation. It is even more preferred to calculate the
correlation value ro as a running mean value wherein a predetermined value
D1 is added to the sum when sign(X) - sign (Y) and wherein a predetermined
value 25 ~Z is added to the sum when sign (X) ~ sign (Y) . If, for example,
Ol _ 1, and 02 - 0, r increases towards the value 1 when X and Y have
identical signs, and r decreases towards ~ when X and Y have opposite
signs. Since non-correlated signals, such as transducer noi 30 se or wind
noise, change sign independently of each other and thus, will have
identical signs half the time while signals generated in response to a
speci   WO 02/30150 9 PCT/DKO1/OOG.t3 fic sound source are highly
correlated and have the same sign substantially a11 the time. Tn an
embodiment of the invention, the first signal processor is adapted to
process the first and 5 second electrical signals for formation of an
omnidi rectional characteristic upon detection of noncorrelated signals,
e.g. by signal level detection, by cross-correlation calculation, etc. The
omnidirectional characteristic may be formed by selecting the 10 first or
the second electrical signal as the third electrical signal whereby signal
to noise ration is improved compared to a directional characteristic, or,
the omnidirectional characteristic may be formed by averaging the first and
second electrical signals 15 whereby signal to noise ratio may be further
improved and clipping or slew rate distortion reduced if, for example, only
one of the signals is clipped or slew rate limited. 



Still other objects of the present invention 20 will become apparent to
those skilled in the art from the following description wherein the
invention will be explained in greater detail. By way of example, there is
shown and described a preferred embodiment of this invention. As will be
realised, the invention 25 is capable of other different embodiments, and
its several details are capable of modification in various, obvious aspects
a11 without departing from the invention. Accordingly, the drawings and
descriptions will be regarded as illustrative in nature and not as 30
restrictive. In the drawing: Fig. 1 shows a blocked schematic of a hearing
aid according to the present invention, Fig. 2 shows a blocked schematic of
a second signal processor according to the present invention,   WO 02/30150
10 PCT/DKOl/006~3 Fig. 3 shows a blocked schematic of a level detector, and
Fig. 4 shows a blocked schematic of input circuitry of the first signal
processor. 5 It will be obvious for the person skilled in the art that the
circuits shown in the drawing may be realised using digital or analogue
circuitry or any combination hereof. In the present embodiment, digital
signal processing is employed and thus, the sig 10 nal processing circuits
comprise digital signal processing circuits. For simplicity, the A/D and
D/A converters are not shown in the drawing. In the present embodiment, all
the digital circuitry of the hearing aid may be provided on a single
digital sig 15 nal processing chip or, the circuitry may be distributed on
a plurality of integrated circuit chips in any appropriate way. Fig. 1
shows a blocked schematic of a hearing aid 10 comprising a first input
transducer 12 and a 20 second input transducer 14 for transforming an
acoustic input signal into respective first and second input transducer
signals 16, 18. The input transducer signals 16, 18 are converted to
digital signals by A/D converters (not shown). A first signal 25 processor
20 has a first input 22 that is connected to the first input transducer
signal 16 and a second input 24 that is connected to the second input
transducer signal 18 via an adaptive matching circuit 26. The processor 20
processes and combines the processor 30 input signals 28, 30 for generation
of a third electrical signal 32. An output transducer 34 transforms the
third electrical signal 32 into an acoustic output signal. The adaptive
matching circuit 26 has first and 35 second inputs 36, 38 that are
connected with the re   W O 02/30150 11 PCT/DKO1/006.13 spective first and
second input transducer signals 16, 18 and first and second outputs 40, 42
that are connected to the respective first and second processor inputs 22,
24. The circuit 26 modifies amplitude 5 and phase responses of the first
and second output signals 28, 30 in response to determinations of
differences in the amplitude and phase responses so that the amplitude and
phase responses of the first and second output signals 28, 30 are adjusted
to be 10 substantially identical. A correlation detector 44 is connected to
the input transducer signals 16, 18 and detects presence of non-correlated
signals and generates first and second control signals 46, 48 in response
to the detec 



15 tion so that signal processing in the hearing aid can be adapted
according to the detection. The first control signal 46 is connected to the
first signal processor 20 for controlling the way in which the first signal
processor combines the first 20 and second processor input signals 28, 30 ,
e.g. by combining the first and second processor input signals 28, 30 for
omnidirectional sound reception upon detection of non-correlated transducer
signals. The second control signal 48 is connected to 25 the adaptive
matching circuit 26 for inhibition of adaptive matching upon detection of
non-correlated signals. The adaptive matching circuit 26 has an inverter 50
connected in series with an adjustable gain 30 amplifier 52 that is
connected in series with an ad justable delay 54. The nominal delay of
adjustable delay 54 equals the distance between the first and second input
transducer 12, 14 divided by the velocity of sound so that, nominally, the
directional cha 35 racteristic of the hearing aid contains a notch in   W O
02/30150 12 PCT/DK011006.13 the direction of a line extending from the
first input transducer 12 to the second input transducer 14. A matching
controller 37 determines differences in amplitude and phase of the input
transducer signals 5 16, 18 and adjusts the amplifier 52 and the delay 54
in response to the determinations so that the amplitude and phase responses
of the first and second output signals 28, 30 are adjusted to be
substantially identical. 10 Fig. 2 shows a blocked schematic of a second
signal processor 100 according to the present invention and included in the
correlation detector 44 wherein the correlation value r is calculated as a
running mean value. The signals X, Y may be the input 15 transducer signals
16, 18 or band pass filtered versions of the signals 16, 18. The signals X,
Y are input to sign blocks 110, 120 that output sign (X) and sign (Y),
respectively, to the comparator 130 and if sign(X) - sign (Y) a
predetermined value D1 = 1 is ad20 ded to the sum in adder 160 and if
sign(X) $ sign (Y), 0 is added to the sum in adder 160. The low pass filter
170 averages the sum output from the adder 160 in an appropriate t ime
interval , such as 10 ms . I f Dl - 1 and ~2 = -1, a closer approximation
to r is obtai 25 ned by the running mean value. Fig. 3 shows a blocked
schematic of a signal level detector 200 included in the correlation
detector 44, comprising a first signal level detector 202 that is connected
to the first input transducer sig 30 nal 16 and a second signal level
detector 204 that is connected to the second input transducer signal 18.
The level detector 200 sets a control output 46 to a logic "1" if one of
the processor input signals 28, 30 is more than approximately 2.5 dB from
the satura 35 tion level (clipping level) of the A/D converters   W O
02/30150 13 PCT/DK01/006-13 



(not shown) . In the present embodiment, the A/D converters are sigma delta
converters having a slew rate of 0.5 for successive samples (theoretical
limit: 1) . Therefore, the control output 46 is also set to 5 a logic "1"
if the increase in absolute value of the difference between one sample and
the next is 0.375 or higher. Fig. 4 shows an input circuit 400 of the first
signal processor 20. When the control signal 46 is a 10 logic "1", the
counter 402 is incremented from 0 to one in 32 clock cycles, i.e. in 1 ms,
and when the control signal 46 goes low, the counter 402 is decremented
form one to 0 in 512 clock cycles, i . a . in 16 ms. The person skilled in
the art will appreciate 15 that the modified signals 28', 30' are identical
to the respective processor input signals 28, 30 when the counter output
signal 404 is logic "0", and in general that: signal 28' - signal 28 +
counter output 404 20 ( (signal 28 + signal 30) - signal 28), and signal
30' - signal 30 + counter output 404 ((signal 28 + signal 30) z-1 - signal
30) , whereby a smooth transition from a directional characteristic to an
omnidirectional characteristic 25 and vice versa is obtained. In the first
signal pro cessor 20, the signals 28', 30' are summed into the third
electrical signal 32. It will be appreciated that when the counter output
404 is equal to 1, the circuitry 406 simulates that an acoustic signal cor
30 responding to the average of signals 28, 30 impinges on the hearing aid
from a frontal direction whereby an omnidirectional characteristic is
obtained. In an alternative embodiment, the directional characteristic of
the hearing aid is controlled by 35 adjustment of an attenuation control
parameter as   WO 02/30150 14 PCTIDKO 1/006:13 disclosed in WO 01/01731
WO 02I30150 15 PCT/DKO 1/006.13 P A T E N T C L A I M S ` 1. A hearing aid
comprising a first and a second input transducer (12 ( 14) for transforming
an acoustic input signal into re5 spective first and second input
transducer signals (16, 18) , a first signal processor (20) having a
firstinput (22) that is connected to the first inputtransducer signal (16)
and a second input (24) that10is connected to the second input transducer
signal(18) for generation of a third electrical signal (32)by processing
and combining the input signals,an output transducer (34) for transforming
thethird electrical signal (32) into an acoustic output15signal,a
correlation detector (44) for detection ofnon-correlated first and second
processor input sig-nals (16, 18) and for generation of a first
controlsignal (46) in response to the detection so that sig-20nal
processing in the hearing aid can be adapted ac-cording to the detection.2.
A hearing aid according to claim 1, whereinthe correlation detector (44)
comprises a first sig-nal level detector (202) for detection of first
sig-25nal levels.3. A hearing aid according to claim 1, whereinthe
correlation detector (44) further comprises asecond signal level detector
(204) for detection ofsecond signal levels.304. A hearing aid according to
any of the pre-ceding claims, wherein the correlation detector
(44)comprises a second signal processor (100)that isadapted to calculate a
cross-correlation value ofsignals derived from the first and second
signals.   WO 02/30150 



PCT/DKO1/OOG.43 16 5. A hearing aid according to any of the preceding
claims, wherein the first control signal (46) is connected to the first
signal processor (20) for controlling the way in which the first signal
proces s sor combines the first and second processor input signals. 6. A
hearing aid according to claim 5, wherein the first signal processor (20)
combines the first and second processor input signals for omnidirec10
tional sound reception. 7. A hearing aid according to any of claims 46,
wherein the second processor (100) is adapted to calculate the
cross-correlation value ro as an approximation to or an estimate of a value
r defined by 15 the following equation: ~x~~r ' ~XY - N t~7t2 _ tEH) ) ty~2
- t~Y) ) N ~ N wherein X is a sampled signal derived from the first signal,
Y is a sampled signal derived from the second signal, and N is the number
of samples. 20 8. A hearing aid according to claim 7, wherein the signals X
and Y are digitised in one bit words. 9. A hearing aid according to any of
claims 48, wherein the correlation value ro is calculated as a running sum
wherein a predetermined value O1 is added 25 to the sum when sign(X) - sign
(Y) and wherein a predetermined value 02 is added to the sum when sign(X) $
sign (Y) . 10. A hearing aid according to claim 9, wherein Ol is equal to
one and OZ is equal to zero. 30 11. A hearing aid according to any of the
preceding claims, further comprising an adaptive matching circuit (26) with
first and second inputs (36,   WO 02l30150 PCT/DK01/006-43 17 38) that are
connected with the respective first and second input transducer signals
(16, 18) and first and second outputs (40, 42) that are connected to the
respective first and second processor inputs (22, 24) 5 for modification of
amplitude and phase responses of the first and second output signals (28,
30) in response to determinations of difference in the amplitude and phase
responses so that the amplitude and phase responses of the first and second
output sig 10 nals (28, 30) are substantially identical, and wherein the
correlation detector (44) generates a second control signal (48) that is
connected to the adaptive matching circuit (26) for inhibition of adaptive
matching upon detection of non-correlated 15 signals.
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