AWIRINT DINUINYAE
=
nulag

NBINUTTAIN LN @Y

518971948

NISWAIUY LLf‘Tl"nﬂ{i.J_ﬂﬂ Loudness Recruitment

lutasastaaws tagldnistiuanlaidaiau

o

a & = - e
UATTR - AILAIBUIAY

SO NAINTINHTUNR

Nuegy 2549



AN IN1AY

%4

NTRR

NBINUSTANHDANNY
FIMUHNANITIVY

o . A
miwmmmﬂmﬂmum Loudness Recruitment luin5095 289

Taelymstuoa lamudu

Tay

[

9 [
WA, A3.1f%a AuaenIdy

%

. uw. UTyan vadeiintauna

q

30 NUYIYU W.A. 2549



= a\
naanssudszme

ad o U

YovounmneIiAMIItonIsudtdamAla  madvnmanssu i Ao

<3| @

a J a @ Ao aw a v
AIAINTIUATANT i}W'lﬂ\iﬂiﬂfﬂJWTﬂ’lﬂ'lﬂﬁl Gdﬁﬂtﬂuﬁmmn‘vm%waﬂ LlﬁxﬂlﬂﬂlﬂﬂﬂmUVJﬂW"]ﬁm §)fd)

A

) o [ l Ay Aa v A VoA
ana ﬁTViﬁ‘]Jf‘ﬂilﬂu@“ﬁ’)ﬂ’ﬁ]ﬂ‘ﬂﬂﬂ'ﬂui'Ul'?W]"]ffJ‘]JLLﬁﬁﬁﬂigg}g’?@%}u@ﬂ%ﬂﬂﬁ

J o A Ao dyo < ] 1 A
u@ﬂiﬂﬂﬁ ﬂ1iﬂ'lluu1ﬂiﬂﬂ'ﬁ’)i]ﬂu 'lLii]aﬁ?ﬂqﬁlﬁlﬁﬂﬂUWN%Uﬂlﬂﬁ@@ﬂWQafNinﬂﬂ@flnu

[ a J a v Aq ¥ ao o awv dyd 1 =
i“ﬁﬂ?ﬂl‘ﬂﬂﬁhiﬂ‘ﬁ JWIINIAVYININYIQY 1/]11’?“I/'I“L!'J‘ﬂfJﬁu‘]JﬁHuﬂu'mﬂulﬂuﬁ]ﬂﬂﬂﬁaﬂﬂjﬂiﬂﬂ'ﬁ

a

a < a

=2 o o Y 1 A g J 9 Ya o R
TAUDNATULUSUNLASUDAALTTHA TN ﬂlﬂuﬂigiﬂ"ﬁuinﬂﬂiﬁuﬂ?iﬁﬂﬁﬂﬂmg@lnﬂﬂu [IYINVD

1

NIIVVOUNTAMNT Bt AT

E4 v [
qamell venswIaUNITAR A1 WITAT HAZATOUATIVEIRINE dmSUTosEuNaald

u,azﬁﬁﬂﬂﬂéwé’umﬁammm



(3 =

TAsamMsIag MINaIsMImIadaanandesilounduliasosrieila

7]

osemundonaia

v [
fIdetian WAL AT.UN¥A AuaeNddy
YA I a Aa o 4
CRRUEREY 8. W, s nasaniindyuwa
Y1 a a v
R pliphd wg Uisa Feana

v
A o AY o &

lﬁ@u!!ﬁgﬂ‘ﬂ‘ﬂ13%ﬂﬁ1!§i} 30 NUYIYU W.A. 2549

FZYZNIMAVUUMS 12 199U (1 AN WA, 2548 — 30 NUEIWU W.A. 2549)

UNAALD

nsosroiladugiasalluihigniiunlgauie 19 gapdons 1aduaiuiso 1dou

o = A~ @ 4 1 <] T, O A 4 1 o
dygrandesooniiianudanin ed1elsiaiw nsldaieasiversuuniiluniossieils
UDDLAY (Conventional Hearing Aids) Tii@insaaeuaussaeniudesmsvesdgapdons lagu Tag

v v 4
daunddiszaumsgapdens leou liwhnulundazasnud 14 venainil Adasiversves

in3oaeilazgndine 1Ame ldlhinadssiasuniud ldnsesneilaiie i dyanandesiloundy

v
a A

1% 3 o v A @ . . A 2K g
AU ﬁziJUﬂiiﬂWi]ﬂlﬁﬂﬂﬁﬁ]uﬂaU (Acoustic Feedback Cancellation System) nulszansamaailu

dyudiagy lumsesnuuuniesrroilaniayssoug g

M3 1Fuveansesreilauiusaraiey19nudges (Multi-band Compression Hearing

Aids) wANNIIReUAUeIARI TR UM g duns laduvodgadems dou Idedanunzau

4
Ay AAw

v A ] a S A = Y o ] A
3J1ﬂﬂ’)1&ﬂiﬁ]\1"]5’J‘EJWQL!.1J‘]JLmJ Tﬂ‘iﬂﬂﬁ’.ﬁ]EJH?J’JG]ﬂﬂi%ﬁQﬂLW@ﬁﬂBW UAZAUNINIUIUYTINANUDYDY

aQ

[

avnzavigalumamuilsz@niammsiivadesilounduveuniosreils TugaingIde

o 9 @

dy v o R K A (% [ = d’ 1 d'
(Objective) HBNIINU  FIATUIDIN fJWﬁ’Jﬁm@ﬂﬁﬂejﬂ'ﬁmlﬁﬂ\‘lﬂﬂﬂﬂlB\Hﬂi'é]\‘l"]f’JﬂW\i NABANQDIN

@ = I A [l J
anvagmsgudenis laouve g dons Iaguaiod1s 12 auvinlsawenunagwainsal Hams
o

U

o a S A Y o = < o Y A ' o 031’ @
ﬂ]aﬂﬁigﬂﬂﬂuﬂﬂﬂw'Jlﬁf]iluﬂclﬂfﬁig TﬂlLﬁﬂ\‘]wjﬂlﬂuﬁiyiy”lmﬂnmﬂﬂlﬂiﬂﬂ“ﬁ?ﬂv\huu qUUTYU

1 4
g

Uszansnmueunisaeilauuuiusanatesanuagssnany luInsansIsel



Project Title On the improvement of Loudness Recruitment in Hearing Aids
using Non-linear Compression
Name of the Investigator Asst. Prof. Dr. Nisachon Tangsangiumvisai

Name of the Co-Investigator Assoc. Prof. Parinya Luangpitakchumpon

Research Assistance Mr Papichaya Chaisakul
Duration 1 October 2005 — 30 September 2006
Abstract

Hearing-aid devices are normally employed to compensate for hearing loss in hearing-impaired
people. However, conventional hearing aids, where all sounds at different frequencies are amplified
with the same amount of gain, cannot properly compensate for the hearing loss characteristics that are
normally frequency-dependent. In addition, the acoustic feedback problem, which is perceived as
howling by the hearing-aids users and interferes with the conversation, limits the possible maximum
gain of the devices. The Acoustic Feedback Cancellation (AFC) system is therefore necessary to

eliminate the acoustic feedback signal.

The use of Multi-band Compression Hearing Aids (MCHA) is therefore considered to be more
appropriate for hearing loss compensation than the conventional ones. This project aims to find the
most suitable number of bands so that significant improvement in the performance of the AFC system
is obtained in objective manner. Moreover, the dynamic range of the hearing-aid output signal should
correspond to the hearing loss characteristics of 12 patients obtained from King Chulalongkorn
Memorial hospital. Computer simulations based on real speech signals demonstrate the effectiveness

of the investigated systems.
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“f}’uﬂ@uatﬁ NLMS (Normalized Least Mean Square Algorithm) ‘f}}u@]@u?‘ﬁ RLS (Recursive Least
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a Iy v 9 d‘ 4& o 1 Q' Y Y K% a Qd
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I o { o [ ] o a
Uszidunan Ae Mmsddndsauvesdyanaudoaudt x(n) Ysznovedgneludyanuranain e(n)
FalFlumsnrugumsdsudvesisasnseauulsua w(n) dwdadluaumsi (5) Jeild
dyanaranaraivnalvg diwaliieesnsewuulsudunansgesniinaniuzega (Steady
' 0 4 v & o o o &
State) IenusaIdmeungndesveszuula 201 wenvini Jymddydnilszmanilaves
A 9 Aa [ % v v A A A o A o
J2UU AFC ldvsnsesniimsdsuaiesaeiiios Ao mindayameen S(n) Uanbwy

[ o S

Indifvsnudnanandeadt x(n) Teedwalddygatloundy y(n) fudyanautn x(n) ved

5]

39



4 ] Ly @ @ 4 I~/ [
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dyanandead x(n) Ysznevedgnieludyarudanain e(n) wodyanuranaiatigniii Ty 141y
v W (e 3 1 a 1
MIAUANMITUTUAIVDI9INToUDUTVAT Nazdanaldszuy AFC iNamsgoondIndniuz

v o =

agan uaz luamnsodsadyanandestounauldalnd

Ao o @ = Y 9 a2
nudselu [3, 20] imatlszananevesdyanaudsayavudn x(n) Tavldimainms

a Y] <] { o o w
szmandaudulddendr  FLP)  dswaenlaszunsuuaaslugli 3-2 uagdimsiiia

[ = 9 d‘ 9 o a d‘ 1 d‘ [ a
ﬂ'ﬂ]uﬂlﬂﬂllﬁﬂx‘llslﬂﬂ‘ﬂﬁmﬂﬂ!ulﬂﬂ’E)ﬂ%'lﬂﬁﬂ]ﬂﬂﬂmﬂwa"lﬂ e(n) VDILATOITIH AU YIUNANAIN

L)

v o =)

e(n) liliguilsznevvesdayanandsudt x(n) ual matadya andestlounduvesszuy

] o 1A A A F a
AFC fagiinanuedailszansnn laaualng

e(n) ¥ e,(n)

u(n) ——4
Z_l—>wf (n) |
zZ —

= < a
?;lh/‘l 3-2 Uaaﬂ"lmmimmmmﬂuﬂ FLP

40



(3 =)

A Y o a & @ 9
o lidyanaranaia  en) vedIzUy AFC Falwasnuvesdgyaaudsadn  x(n)
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A5 197 3-2 ?i"lﬂ’)"m“]?"]ﬁ%l@uﬁluf‘lﬁﬁﬂ!’)ﬂ!ﬁﬂ’i‘%ﬂdﬁu FLP
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= Y o (Y Q'J =X < Y
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ABSTRACT

An efficient approach to mitigate the howling effect in hear-
ing aids is via the use of Acoustic Feedback Cancellation
(AFC). In this paper, the use of a Forward Linear Predictor
(FLP) isinvestigated to improve the performance of an AFC
system in multi-band hearing aids. The FLP is used to pre-
dict the speech input signal before eliminating it from the
error signal of the AFC system. Computer simulations dem-
onstrate that more accurate estimation of the acoustic feed-
back signal than the conventional AFC system can be ob-
tained. In addition, maximum usable gain of hearing aids
required by the users can be achieved when employing the
proposed multi-band AFC system.

1. INTRODUCTION

In order to facilitate the hearing impairment problem, hearing
aids are normally employed to amplify the sounds of interest.
However, hearing-impaired people usually have frequency-
dependent characteristics of hearing loss [1]. Thus, conven-
tional hearing aids, which amplify al the sounds at different
frequencies with the same amount of amplification, should
not be selected. Multi-band hearing aids, where various am-
plification gains are applied in different frequency bands, are
therefore focused in this paper.

For people with sensorineural hearing loss, In-The-Ear
(ITE) hearing aids are normally used. The air vent between
the hearing aid device and the ear of ‘the user, however,
causes the acoustic feedback path. Therefore, the |eakage of
the amplified sounds from the output of the device is sent
back to its microphone. With high values of the amplification
gain, the acoustic feedback signal is perceived as whistling or
howling by the hearing aid user. As a result, possible maxi-
mum gain of the deviceis limited in order to avoid the howl-
ing effect. Acoustic Feedback Cancellation (AFC), which
employs an adaptive filter to estimate the acoustic feedback
signal, is therefore necessary for hearing aids. Thus, the re-
quired amplification gain of the devices can be adjusted ac-
cording to the hearing loss of the users.

The AFC system is usually categorized into two types;
non-continuous and continuous adaptation of the adaptive
filters. For the AFC system with non-continuous adaptation
[2, 3], the acoudtic feedback signal is eliminated solely when

the howling effect is detected. Since the training sequence,
such as white noise, of the adaptive filter can be perceived by
the hearing-aid users, this type of AFC system is only suit-
able for the people with severe hearing loss.

On the other hand, the AFC system with continuous ad-
aptation [4] — [7], where the adaptive filter continuously
identifies the acoustic feedback path, is preferred. However,
misconvergence of the adaptive filter occurs. Two main fac-
tors of the misconvergence problem are due to the correlation
between the input and the output signals of hearing aids and
the existence of the speech input energy within the error sig-
nal. To sufficiently decorrelate the input and the output sig-
nals, a fixed delay of at least 1 ms is suggested to be em-
ployed in the forward path of the AFC system [6]. To elimi-
nate the speech input signal from the error signal of the AFC
system, it is proposed in [8] to use a Forward Linear Predic-
tor (FLP) for speech input signd estimation. The predicted
speech signal is then removed from the error signal before
sending to the adaptation process. Alternatively, a technique
to estimate the inverse of the speech signal mode is pro-
posed in [9]. These approaches result in improved perform-
ance of the adaptivefilter in the AFC system.

When the hearing-aid user wear the device in one ear,
the output signa arriving the impaired ear will be delayed, as
compared to the signal arriving at the other ear. In order not
to destroy the stereo perception of the signals, the inter-aural
delay, whichis the difference between the group delay of the
left-channel-and the right-channd signals, should be under
thelimit of 200 s [8, 10]. The use of afixed delay of 1 msto
the signal in the forward path will, however, result in fixed
inter-aural delay that exceeds the 200 s limit and thus, will
lead to the degradation of the stereo signals. Therefore, in
this paper, the use of FLP in [8] without any fixed delay in
the forward path is investigated to be employed with the AFC
system in multi-band hearing aids. This will be compared to
the AFC systems; with and without fixed delay in the for-
ward path, in conventional hearing aids.

This paper is organized as follows. Section |l describes
the AFC system in hearing aids. In Section I11, the use of FLP
in the multi-band AFC system are presented, followed by
simulation results based on a real speech signal and red da
tabase of hearing-impaired people. Finally, the conclusions
aregivenin Section V.
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2. THE AFC SYSTEM

A block diagram of the conventional AFC system for hearing
aids isillustrated in Fig. 1. The input and the output signals
of the system are denoted by x(n) and s(n) respectively. The
impul se response of the acoustic feedback path is represented
by f(n). The microphone signal, d(n), contains both the input
signal, x(n), and the feedback signal, y(n). The forward path
of the hearing aid, g(n), is represented by the amplification
gain, Gy, of the device. Therefore, the feedback signal, y(n), is
sent to the ear canal of the HA user via the output signal,
s(n). A Finite Impulse Response (FIR) adaptive filter of
length L, w(n)=[wy(n), w(n),..., W|__1(n)]T , is used to
estimate the feedback path, f(n). The error signal, which is
the difference between the microphone signal and the esti-
mated feedback signal, J(n) = w' (n)s(n) , is given by

y(n)
x(n) f(n) -t » s(n)
bl
w(n) =
GO

Figure 1: Acoustic feedback cancellation with
continuous adaptation.

en) = d(n-y(n) ()

= x(M)+[fM)-wn)]'s(n) (2

Where the output signal vector of length L is given by
s(n) =[s(n), s(n-1),...,s(n—L+1)]". Once the adaptive
filter can identify the feedback path correctly, it can be seen
from Eq.(2) that the error signal, e(n), approaches the speech
input signal, x(n). According to linear optimal filtering that
chooses to minimize the mean-square value of the error sig-
nal [9], the existence of x(n) within e(n), however, makes the
adaptive filter not converge to the acoustic feedback path.

Hence, the acoustic feedback signal cannot be efficiently
eliminated.

3. THE PROPOSED AFC SYSTEM

One of the main reason that the adaptive filter does not con-
verge to the true solution, or diverges from its steady state, is
because the error signal, e(n), becomes enormaus, i.e. con-
tains the speech input signal, x(n), as shown in the previous
subsection. In order to make the error signal, &(n), to be mini-
mum in the mean-square sense, it is suggested in [8] that the
speech input signal, x(n), should be estimated by employing
the FLP. In this section, Recursive Least Square (RLS)-type
FLP in [8] is summarized in brief. Then the hearing loss
characteristics of two study cases are given, followed by the
calculation of the amplification gain for multi-band hearing
aids. Finally, the use of FLP in the proposed multi-band AFC
system is presented.

3.1. The forward linear predictor

The error signal, e(n), is used as the input signd to the FLP
part, as showin in Fig. 2. With the prediction order of M, the
estimation of input signd is given by

M
&n) = Y wi(jen-ij) )
j=1
where wY' (n) =[w; 1(n), W; »(n), ..., w; y, (N)]T denotes the

prediction coefficient vector of FLP. The forward prediction
error is defined as

a(n = en)-&n) (4)
The update equation of the prediction coefficientsis given by
wi (n+D) = wi (n) +k(n)ey(n) ®)

The Kalman gain vector is obtained from
k() - — ©

A+u' (n-1)r(n)
where u(n) =[u(n), ..., u(n—M +12)]" is the vector of length
M of the delayed input signal of FLPand
n(n) = P(n-Du(n) ()
Theinverse of the autocorrelation matrix of the signal u(n),
P(n), can befound recursively as
P(n) = A7(1, —k(mu' (n))P(n-1) )

where 0<< A <1 is the forgetting factor and I,,is an

M x M identity matrix. When the predicted speech signa,
é(n), is removed from the error signal, e(n), the new error

signal, ey(n), is subsequently used for the adaptation process
of the adaptive filter, w(n) . The desired speech signal, x(n),

contained in the error signal, e(n), is sent to the forward path
of the hearing aid for amplification, as required.

e(n) 2 (3

e (n)

z" lu—(n)>|W¢A (n)

Figure 2: A Forward Linear Predictor.

3.2. Hearing loss characteristics

Two different hearing characteristics, collected from two
patients at Chulalongkorn hospital, Bangkok; one with high-
frequency hearing loss and the other with moderate-to-severe
hearing loss, are shown in the audiogram in Fig. 3. The hear-
ing test used a pure tone that automatically sweeps in fre-
guency over the desired frequency range as measurement
signals [11]. The hearing senditivity of the patients is illus-
trated in minimum hearing threshold level of pure tone sig-
nals perceived for different frequencies, which is called
Sound Pressure Level (SPL), measured in dB. The normal
hearing threshold, obtained from a person with normal hear-
ing, isalso givenin Fig. 3 asareference[12].

151



FURE TONE AUDIOGRAM

FREQIUEMNCY IN Hz
250 500 1000 2000 40040 8000

<10

20

HEARING THRESHOLD LEVEL IN dB

Normal Hearing Thrershold

—Q———Q—0—  High Frequency Hearing Loss Thrershold

—3——3—3¢— Moderate to Severe Hearing Loss Thrershold

Figure 3: Pure tone audiogram indicating hearing threshold
of two patients with different hearing thresholds.

3.3. Amplification gain

Tablel: Insertion gain used for two types of hearing loss.

Frequency Types of hearing loss
Range of Input | High-frequency |Moderate-to-severe
Signal (Hz) hearing loss (dB) | hearing loss (dB)
0-1k 8 25
1k - 2k 5 28
2k - 4k 10 31
4k - 8k 25 37

To restore normal loudness perception, the gain needed at
each frequency for the amplification of the input signa is
equd to the threshold loss, which is equa to the difference
between the measured SPL characteristics and the normal
hearing threshold a any particular frequency.-Due to the
variation of speech energy across frequencies, the haf-gain
rule [11] is applied in this paper,in order to avoid excessive
loudness, i.e. the gain chosen at each frequency is approxi-
mately half of the amount of the previously calculated gain.
For any selected frequency subband, the average of calcu-
lated gains within that band of interest is obtained. Table 1
shows the insertion gains (in dB) according to the audiogram
of two patients in Fig. 2. It can be seen that higher levels of
amplification gain are required in the high-frequency ranges
than in the low-frequency ones.

3.4. The Proposed Multi-band AFC System
According to the hearing loss characteristics, hearing aids

should therefore be divided into a number of subbands so
that different amplification gains can be applied accordingly.

e

2‘

»| Octave Band
Multilevel
Filters

*®
ez PO o

N ey (n)
(3 )
Figure4: The proposed multi-band AFC system.
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Figure5: Octave Band Multilevel Filters.
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Figure 6: Frequency response of the Octave Band Multilevel

Filtersfor (a) high-frequency hearing loss and (b) moderate-
to-severe hearing loss.

A block diagram of the proposed AFC system for multi-band
hearing aids, with the use of FLB, isillustrated in Fig. 4. The
number of subbands is chosen to be M = 4 due to the fre-
guency range of the hearing test, asgiven in Table 1.
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The Octave Band Multilevel Filters[13] is employed for
splitting the error signal, e(n), into M subbands. A single pro-
totype FIR halfband filter is used to generate the filter bank
for al subbands via the tree structure, as shown in Fig. 5.
With different amplification gains, G;, according to Table 1,
the frequency responses of the Octave Band Multilevel Fil-
ters for high-frequency hearing loss and moderate-to-severe
hearing loss are depicted in Fig. 6 (a) and Fig. 6 (b), respec-
tively. Subsequently, these subband signals, s(n), are
summed up to obtain the amplified signal, s(n).

4. SIMULATION RESULTS

A speech signal with sampling rate of 16 kHz, normalised to
have unity variance, as depicted in Fig. 7, was used as the
input signal, x(n), of the hearing aids. In al simulations, the
AFC system employed the Normalised Least Mean Square
(NLMS) dgorithm with step-size p= 0.03 and p = 0.0055
for patients with high-frequency hearing loss and moderate-
to-severe hearing loss, respectively. The acoustic feedback
path was assumed to be time-invariant, f, and modelled as
shown in Fig. 8. The performance of the AFC system was
evaluated viathe Weight Error Vector Norm (WEVN), which
isgiven by
I - wim[’

= 10X|0910W (9)

where || . || denotes the Euclidean norm of a vector.

WEVN(n)

For comparison, the amplification gains in the conven-
tional AFC system were chosen to be the average of those
gainsin al frequency ranges, i.e. 12 dB for the patients with
high-frequency hearing loss and 30 dB for those with moder-
ate-to-severe hearing loss. The conventional AFC systems
with and without the use of FLP were compared with the
proposed multi-band AFC system. For high-frequency hear-
ing loss, it isshownin Fig. 9 (a) that the WEVN performance
when using the proposed technique reaches about —7 dB,
which is far better than those of the conventional AFC sys-
tems that diverge from their steady state. In the case of mod-
erate-to-severe hearing loss, Fig. 9 (b) illustrates that the pro-
posed AFC system gives much superior WEVN performance
than the conventional ones that become divergent either with
or without the use of FLP. This can be explained that the
feedback signal of the multi-band AFC system.is much less
than that of the conventiond one, as shown in Fig. 10.

For each case, the amplification gain was increased until
its maximum value was reached and the output signal, s(n),
did not cause any discomfort to the listeners performing lis-
tening tests. It can be seen from Fig. 11 that, the multi-band
hearing aid scheme enables the peak gain to reach 45 dB for
the patient with high-frequency hearing loss and 42 dB for
that with moderate-to-severe hearing loss. These are 10 dB
higher than the achievable gain of the conventional hearing
aid. As aresult, this demonstrates that maximum usable gain
of hearing aids required by the users can be achieved when
employing the proposed multi-band AFC system, whereas
lower level of the amplification gain can be applied when
employing the conventional AFC system.
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Figure7: Speech input signal.
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Figure8: Impulse response of the acoustic feedback path.

5. CONCLUSIONS

The proposed AFC system for multi-band hearing aids, using
FLP has been suggested in this paper. It has been demon-
strated that improved performance of the proposed AFC sys-
tem can be achieved, as compared to the conventiona hear-
ing aids, with and without fixed delay in the forward path. By
using the proposed multi-band AFC system, with half-gain
rule, maximum usable gain of hearing aids to fit the require-
ments of the patients can be abtained.
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Abstract

Effects of numbers of bands in multi-band
compression hearing aids are investigated in this paper.
Significant improvement in the performance of the AFC
system is demonstrated via computer simulations based
on different hearing loss characteristics. Moreover, the
increment of the dynamic range of hearing when
employing multi-band compression hearing aids is
shown, as compared to that of conventional hearing aids.

Keywords: Acoustic  Feedback
multi-band compression, hearing aids.

Cancellation,

1. Introduction

Hearing-aid devices are normally employed to
compensate for hearing loss in hearing-impaired people.
For people with sensorineural hearing loss, they usually
experience abnormal perception of loudness named
loudness recruitment, i.e. a slight increase in sound
intensity above the threshold of hearing can be
unbearably loud for them but very-low-intensity sounds
are inaudible. A similar phenomenon also occurs when
employing conventional linear hearing aids where all
sounds at different frequencies are amplified by the same
amount of gain. When the gain of the device is increased
with linear amplification so as to make low-intensity or
soft sounds audible, other high-intensity or loud sounds
will become uncomfortably loud for the hearing-aid
users. Likewise, soft sounds may be inaudible when the
gain of the device is reduced. As a result, the range of
useable amplification gain of the hearing-aid devices is
narrowed. In effect, the hearing-aid users may not be
able to hear some weaker sounds in the high-frequency
regions, for example, some consonants might be
misheard, since the speech signals are dominated by
their low-frequency components.

Another discomfort for people with sensorineural
hearing loss is the howling effect.  When In-The-Ear
(ITE) hearing aids are used, the amplified sounds can,
however, leak to their microphones through the air vent.
This acoustic feedback signal is perceived as howling by
the hearing-aid wusers, particularly when high
amplification gains are used. Thus, possible maximum
gains of the device are limited to prevent from the
howling effect. An Acoustic Feedback Cancellation
(AFC) system [1] is therefore necessary to eliminate the
feedback signal.

In order to avoid these difficulties, multi-band
compression hearing aids are therefore considered to be
more appropriate for hearing loss compensation than the

conventional ones with linear amplification gain. By
splitting the incoming signal into different frequency
bands, various amplification gains can be applied to
those bands accordingly to the frequency-dependent
characteristics of hearing loss [1]. In addition, to better
match the dynamic range of hearing-impaired people,
which is normally less than those with normal hearing,
compression systems are necessary. In this paper, multi-
band compression hearing aids are investigated in order
to observe the choice of numbers of bands of the
devices. The performance of multi-band compression
hearing aids, in terms of dynamic range of hearing and
the ability of acoustic feedback cancellation, are
compared against the conventional ones.

This paper is organized as follows. Section II
describes the AFC system for multi-band compression
hearing aids. In Section III, the compression rule is
presented. Simulation results based on real speech
signals and real database of hearing-impaired people are
given in Section IV. Finally, the conclusions are given in
Section V.

2. The AFC system for multi-band compression
hearing aids

A block diagram of the AFC system for a multi-
band compression hearing aid is illustrated in Fig. 1. On
the forward path of the system, the input signal, x(n), is
divided into M bands via the Analysis Filter Banks.
Various amplification gains in M bands are represented
by the amplitude compression blocks. The amplified
signal, s(n), is obtained through the Synthesis Filter
Banks. Due to the acoustic feedback path, represented by
the impulse response f(n), the feedback signal, y(n),
however, occurs. This is perceived by the hearing-aid
user since the microphone signal of the device, d(n),
contains both the required input signal, x(n), and the
feedback signal, y(n). An L-tap adaptive filter w(n), is
employed to estimate the feedback path f(n). When w(n)
converges to f(n), the howling effect can therefore be
diminished.

3. Compression Rule

The dynamic range of human hearing is defined as
the difference between the softest sound we can
perceive, known as threshold of hearing (THR), and the
loudest sound before being uncomfortable, which is
known as threshold of pain [2], or is sometimes called
the uncomfortable level (UCL). The major role of
compression is to decrease the dynamic range of signals
so that all signals of interest can fit within the restricted

155



Figure 1: The multi-band compression AFC system.

dynamic range of aelfearing-impaired person [3]. The
THR for people with hearing impairment (THR,) are
normally higher than those for people with normal
hearing (THRy). In this paper, the compression rule
called Desired Sensation Level (DSL) is used for gain
calculation in each frequency band. As shown in Fig. 2,
there are three regions with different compression rules.
First, for the input signals below THRy level, linear
compression is used. Second, for those input signals
between THRy and THR; levels, Wide Dynamic Range
Compression (WDRC) is employed. Then, high level
compression is selected for the input signals above THR;
level, i.e. any input signal above THR,; level is
compressed to be equal to the UCL. Note that, UCL of
normal hearing and hearing-impaired people, are set to
be equal to each other [3].

Analysis Filter Banks

L]

L ol

.

Figure 2: Desired Sensation Level (DSL)

4. Simulation Results

The pure tone audiogram of two patients at King
Chulalongkorn Memorial hospital is shown in Fig. 3;
one with high-frequency hearing loss and the other with
moderate-to-severe hearing loss. The hearing test uses a
pure tone that automatically sweeps in frequency over
the desired frequency range as measurement signals [3].
Note that, those pure tones are at 250, 500, 1000, 2000,
4000 and 8000 Hz. The hearing sensitivity of the patients

48

Figure 3: Pure tone audiogram indicating two different
thresholds of hearing as compared with the normal one.
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Figure5: Impulse response f(n).

is illustrated via minimum level of pure tone signals
perceived at different frequencies, known as Sound
Pressure Level (SPL). The normal threshold of hearing,
obtained from a person with normal hearing, is also
given as a reference.
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A speech signal with sampling rate of 16 kHz,
normalised to have unity variance, as depicted in Fig. 4,
was used as the input signal, x(n), of the hearing aids. In
all simulations, the AFC system employed the
Normalised Least Mean Square (NLMS) algorithm with
step-size p= 0.0055 for both patients. The acoustic
feedback path was assumed to be time-invariant, f, and
modelled as shown in Fig. 5. The performance of the
AFC system was evaluated via the Weight Error Vector
Norm (WEVN), which is given by

If ~we]”
WEVN(n) = lOXlOng (1)
f
where || . || denotes the Euclidean norm of a vector. The

gain at each frequency can be obtained as the difference
between the measured SPL characteristics, as shown in
the audiogram, and the normal threshold of hearing at
that particular frequency.

The AFC system of multi-band compression hearing
aids was investigated for different cases of M =1, 2, ...,
6 in order to find the proper choice of number of bands.
The WEVN performance when employing linear hearing
aids happened to be divergent for both cases of patients.
It was found that the AFC system of multi-band
compression hearing aids yielded better performance
than that of the linear ones. It is shown in Fig. 6(a) and
6(b) that better WEVN performance can be obtained
when numbers of bands, M, are increased.

To observe the output signal level, the dynamic
ranges of the processed signals were measured.
According to [4, 5], the dynamic range of a speech signal
can be determined by measuring the 10% and 90% levels
(the levels at which 10% and 90% of speech samples
exceed respectively). In Fig. 7, the dynamic ranges of
output signals from the AFC system for multi-band
compression hearing aids are shown by using the above
criteria. The x-axis is according to 1/3rd octave band
analysis, with center frequencies at 200, 250, 315, 400,
500, 630, 800, 1k, 1.25k, 1.6k, 2k, 2.5k, 3.15k, 4k, 5k,
6.3k, and 8k Hz.

In Fig. 7(a), a pair of line(1) shows the dynamic
range of the input signal. The THR of patient (a) is also
shown. Evidently, the dynamic range of the output signal
of AFC with six-band compression hearing aids [the
region between the pair of line(3)] is-far -more-suitable
than that of the input signal for this type of hearing loss
characteristic. In other words, most of the region
between line(3) is above the THR comparing to the
region between line(1).

Nevertheless, using hearing aids with too few
numbers of bands has an adverse impact on the dynamic
range of the output signal. For instance, the output
signals when M = 1, 2, 3 were too loud for patient (a).
This problem did not occur when numbers of bands were
beyond M = 4. As seen in the same figure that the
dynamic range of the output signal of AFC with a—band,
o = 4, compression hearing aids [the region between the
pair of line(4)] is very similar to that of AFC with six—
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Figure 6: Comparison of WEVN performance of the AFC
systems with (a) high-frequency hearing loss and
(b) moderate-to-severe hearing loss.

band compression hearing aids. For patient (b) who has a
flatter hearing loss characteristic than that of patient (a),
it is shown in Fig. 7(b) that the output from AFC with
single-band compression hearing aids [the region
between the pair of line(1)] is much lower than that of
AFC with six-band compression hearing aids [the region
between the pair of line(3)]. However, by increasing the
numbers of bands to only two bands, the dynamic range
of the output signal of AFC with o-band, a = 2,
compression hearing aids [the region between the pair of
line(4)] is very similar to that of AFC with six—band
compression hearing aids.
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Figure 7: Comparison of compressed dynamic ranges of
the outputs of AFC systems for multi-band compression
hearing aids with different numbers of bands; for two
cases of (a) high-frequency hearing loss and (b) moderate-
to-severe hearing loss.

(1) Dynamic range of the input signal

(2) Dynamic range of the output from AFC with single-band
compression

(3) Dynamic range of the outputfrom AFC with six-band
compression

(4) Dynamic range of the output from AFC with a-band
compression

5. Conclusions

The investigation of multi-band compression
hearing aids has been performed in this paper. The most
suitable choice of number of bands for each patient has
been found as a compromise between the acoustic
feedback cancellation performance and the dynamic
range from the output of the AFC system. By using
multi-band AFC system, with the compression rule
designed for particular hearing-aid users, the required
amplification gains of the hearing-aid devices can be
employed without introducing the howling effect. In
addition, it is found that the patient with steeply sloping
hearing loss needs more number of bands to properly

compensate for hearing impairment than does the patient
with flatter hearing loss.
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Abstract-In this paper, the effect of numbers of bands for
Acoustic Feedback Cancellation (AFC) in multi-band compression
hearing aids is investigated. Significant improvement in the
performance of the AFC system is demonstrated via computer
simulations based on different hearing loss characteristics.
Moreover, the increment of the dynamic range of hearing when
employing multi-band compression hearing aids is shown, as
compar ed to that of conventional hearing aids.

[.  INTRODUCTION

Hearing-aid devices are normally employed to compensate
for hearing loss in hearing-impaired people. For people with
sensorineural hearing loss, they usually experience abnormal
perception of loudness named loudness recruitment, i.e. a
slight increase in sound intensity above the threshold of
hearing can be unbearably loud for them but the very-low-
intensity sounds are inaudible. A similar phenomenon also
occurs when employing conventional linear hearing aids where
all sounds at different frequencies are amplified with the same
amount of gain. When the gain of the device is increased with
linear amplification so as to make low-intensity or soft sounds
audible, other high-intensity or loud sounds will become
uncomfortably loud for the hearing-aid users. Likewise, soft
sounds may be inaudible when the gain of the device is
reduced. As a result, the range of useable amplification gain of
the hearing-aid devices is narrowed. In effect, the hearing-aid
users may not be able to hear some weaker sounds in the high-
frequency regions, for example, some consonants might be
misheard, since the speech signals are dominated by their low-
frequency components.

Another discomfort for people with sensorineural hearing
loss is the howling effect. When In-The-Ear (ITE) hearing aids
are used, the amplified sounds can, however, leak to their
microphones through the air vent. This acoustic feedback
signal is perceived as howling by the hearing-aid users,
particularly when high amplification gains are used. Thus,
possible maximum gains of the devices are limited to prevent
from the howling effect. An Acoustic Feedback Cancellation
(AFC) system [1] is therefore necessary to eliminate the
feedback signal.

In order to avoid these difficulties, multi-band
compression hearing aids are therefore considered to be more
appropriate for hearing loss compensation than the
conventional ones with linear amplification gain. By splitting
the incoming signal into different frequency bands, various
amplification gains can be applied to those bands. Therefore,
the amplification gain in each frequency band is adjusted
accordingly to the frequency-dependent characteristics of
hearing loss [1]. In addition, to better match the dynamic range

of hearing-impaired people, which is normally less than those
with normal hearing, compression systems are necessary. In
this paper, multi-band compression hearing aids are
investigated in order to observe the choice of numbers of bands
of the devices. The performance of multi-band compression
hearing aids, in terms of the ability of acoustic feedback
cancellation, is compared with the conventional ones.

This paper is organized as follows. Section II describes the
AFC system for multi-band compression hearing aids. In
Section III, the compression rule is presented. Simulation
results based on real speech signals and real database of
hearing-impaired people are given in Section IV. Finally, the
conclusions are given in Section V.

II. THE AFC SYSTEM FOR MULTI-BAND COMPRESSION
HEARING AIDS

A block diagram of the AFC system for multi-band
compression hearing aids is illustrated in Fig. 1. On the
forward path of the system,the input signal, x(n), is divided
into M bands via the Analysis Filter Banks. The amplitude
compression blocks indicate various amplification gains in
each band. Through the Synthesis Filter Banks, the
amplified signal, S(n), is obtained. However, the feedback
signal, Y(n), occurs due to the acoustic feedback path, which is
represented by the impulse response f(n). This is perceived by
the hearing-aid user since the microphone signal of the
device, d(n), contains both the required input signal, x(n), and
the feedback signal, y(n). Anadaptive filter of lenght L

W(n):[WO(n),Wl(n),...,W,__l(n)]T, is employed to estimate
the feedback path, f(n). Whenw(n) converges to f(n), the
howling effect can therefore be diminished.

III. COMPRESSION RULES

The dynamic range of human hearing is defined as the
difference between the softest sound we can perceive, known
as threshold of hearing (THR), and the loudest sound before
being uncomfortable, which is known as threshold of pain [2],
or is sometimes called the uncomfortable level (UCL). The
major role of compression is to decrease the dynamic range of
signals so that all signals of interest can fit within the restricted
dynamic range of a hearing-impaired person [3]. To restore
normal loudness perception, the amplification gain needed at
each frequency of the input signal is equal to the threshold loss.

In this paper, the compression rule used for gain calculation
in each frequency band is shown in Fig. 2 [1]. There are three
regions with different compression rules. First, for the input
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Figure 1. The multi-band compression AFC system.

signals below THRy level, linear compression is used. Second,
for those input signals between THRy and THR; levels, Wide
Dynamic Range Compression (WDRC) is employed. Then,
High Level Compression is selected for the input signals above
THR; level, i.e. any input signal above THR; level is
compressed to be equal to the UCL. Note that, UCL of normal
hearing and hearing-impaired people, are set to be equal to
each other[3].

IV. SIMULATION EXAMPLE

The pure tone audiogram of two patients at King
Chulalongkorn Memorial hospital is shown in Fig. 3; one with
high-frequency hearing loss and the other with moderate-to-
severe hearing loss. The hearing test uses a pure tone that
automatically sweeps in frequency over the desired frequency
range as measurement signals [3]. Note that, those pure tones
are at 250, 500, 1000, 2000, 4000, and 8000 Hz. The hearing
sensitivity of the patients is illustrated via minimum level of
pure tone signals perceived at different frequencies, known as
Sound Pressure Level (SPL). The normal threshold of hearing,
obtained from a person with normal hearing, is also given as a
reference.

A speech signal with sampling rate of 16 kHz, normalised to
have unity variance, as depicted in Fig. 4, was used as the input
signal, X(n), of the hearing aids. In all simulations, the AFC
system employed the Normalised Least Mean Square (NLMS)
algorithm with step-size p= 0.0055 for both patients. The
acoustic feedback path was assumed to be time-invariant, f, and
modelled as shown in Fig. 5. The performance of the AFC
system was evaluated via the Weight Error Vector Norm
(WEVN), which is given by

WEVN( = If - wef?
(n = IOXIOgIOW (1)

UCL[~""" "= = === === =" >

THR[-------

\

|
I
I
I
I
I
I
|
:
THR ucL

Figure 2. Compression Rule

THRy : Threshold of hearing for people with normal hearing.
THR; : Threshold of hearing for people with hearing impairment.

AN

Figure 3. Pure tone audiogram indicating two different thresholds of hearing as
compared with the normal one.

Wagntads
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o ‘ 5
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Figure 4. Speech input.
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Figure 5: Impulse response f(n).
where ” . ” denotes the Euclidean norm of a vector. The gain at

each frequency can be obtained as the difference between the
measured SPL characteristics, as shown in the audiogram, and
the normal threshold of hearing at that particular frequency.

The AFC system of multi-band compression hearing aids
was investigated for different cases of M = 1, 2, ..., 6 in order
to find the proper choice of number of bands. The WEVN
performance when employing linear hearing aids happens to be
divergent for both cases of patients. It is found that the AFC
system of multi-band compression hearing aids yields better
performance than that of the linear ones. It is shown in Fig.
6(a) and 6(b) that better WEVN performance can be obtained
when numbers of bands are increased.

One way to demonstrate the suitability of speech is to
measure the dynamic range of a processed speech signal.
According to [4, 5], the dynamic range of a speech signal can
be determined by measuring the 10% and 90% levels (the
levels at which 10% and 90% of speech sample exceed
respectively). In Fig. 7, the dynamic ranges of output signals
from the AFC system for multi-band compression hearing aids
are shown by using the above criteria. The x-axis is according
to 1/3rd octave band analysis, with the center frequencies at
200, 250, 315, 400, 500, 630, 800, 1k, 1.25k, 1.6k, 2k, 2.5k,
3.15k, 4k, 5k, 6.3k, and 8k Hz.

In Fig. 7(a), a pair of line(1) shows the dynamic range of
the input signal. The THR of patient (a) is also shown.
Evidently, the dynamic range of the output signal of AFC with
six-band compression hearing aids.[the region between the
pairof line(3)] is far more suitable than that of ‘the "input
signal for this type of hearing loss characteristic.In other
words, most of the region between line(3) is above the hearing
threshold (THR) comparing to-the region between line(l).
Nevertheless, using hearing aids with too few numbers of
bands has an adverse impact on the dynamic range of the
output signal. For instance, the output signals when M = 1, 2
are unnecessarily too loud for patient (a). This problem does
not occur when numbers of bands are beyond M = 3. as seen in
the same figure that the dynamic range of the output signal of
AFC with o— band, o = 3, compression hearing aids [the region
between the pair of line(4)] is very similar to that of AFC with
six—band compression hearing aids.
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Figure 6. Comparison of WEVN performance of the AFC systems with
(a) high-frequency hearing loss and
(b) moderate-to-severe hearing loss.

For patient (b) who has a flatter hearing loss characteristic
than that of patient (a), it is shown in Fig. 7(b) that the output
from AFC with single-band compression hearing aids [the
region between the pair of line(1)] is much lower than that of
AFC with _six-band compression hearing aids [the region
between the pair of line(3)]. However, by increasing the
numbers of bands to ‘three bands, the dynamic range of the
output signal-of AFC with o—band, a = 3, compression hearing
aids [the region between the pair of line(4)] is very similar to
that of AFC with six—band compression hearing aids.

V. CONCLUSIONS

The investigation of multi-band compression hearing aids
has been performed in this paper. The most suitable choice of
number of bands for each patient has been found as a
compromise between the feedback cancellation performance
and the dynamic range from the output of the AFC system. By
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using multi-band AFC system, with the compression rule
designed for particular hearing-aid users, the required
amplification gains of the hearing-aid devices can be employed
without introducing the howling effect. In addition, it is found
that the patient with steeply sloping hearing loss needs equal
numbers of bands to properly compensate hearing impairment
as does the patient with flatter hearing loss.
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Figure 7. Comparison of compressed dynamic ranges of the outputs of AFC
systems for multi-band compression hearing aids with different numbers of
bands; for two cases of
(a) high-frequency hearing loss and
(b) moderate-to-severe hearing loss.

(1) Dynamic range of the input signal

(2) Dynamic range of the output from AFC with single-band compression
(3) Dynamic range of the output from AFC with six-band compression
(4) Dynamic range of the output from AFC with a-band compression

162



FONUUINYUTNNS )
ANRINITUNINEAE



	ปกภาษาไทย 
	กิตติกรรมประกาศ
	บทคัดย่อภาษาไทย 
	บทคัดย่อภาษาอังกฤษ 
	สารบัญ
	บทที่ 1 บทนำ
	1.1 เครื่องช่วยฟังกับการสูญเสียการได้ยิน
	1.2 ปัญหาที่เกิดขึ้นในการใช้งานเครื่องช่วยฟัง
	1.3 วัตถุประสงค์ของโครงการวิจัย

	บทที่ 2 วิธีการดำเนินการวิจัย
	บทที่ 3 ผลการวิจัย
	3.1 การศึกษางานวิจัยและเทคนิคต่างๆ ที่มีการนำเสนอ ของระบบ AFC สำหรับการใช้งานในเครื่องช่วยฟัง
	3.2 การศึกษาและออกแบบการทดสอบการได้ยินสำหรับบุคคลทั่วไป รวมถึงการเก็บข้อมูลผู้สูญเสียการได้ยิน
	3.3 การพัฒนาปรับปรุงประสิทธิภาพการทำงานของระบบ AFC ในเครื่องช่วยฟัง
	3.4 การกำจัดเสียงป้อนกลับของเครื่องช่วยฟังในช่วงความถี่ต่างๆ ในปริมาณที่ต่างกัน
	3.5 คุณภาพสัญญาณเสียงออกของเครื่องช่วยฟัง

	บทที่ 4 สรุปและวิจารณ์ผลการวิจัย
	บทที่ 5 งานที่จะพัฒนาต่อไปในอนาคต
	เอกสารอ้างอิง
	ภาคผนวก

	Button3: 


